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Preface 

The work presented in this PhD thesis was conducted within the Department 

of Environmental Engineering at the Technical University of Denmark (DTU) 

under the supervision of associate professor Ursula S. McKnight and 

professor Poul L. Bjerg. The PhD project was funded in part by the Sino-

Danish Centre and DTU.  

 

The thesis is organised in two parts: the first part puts into context the 

findings of the PhD in an introductive review; the second part consists of the 

papers listed below. These will be referred to in the text by their paper 

number written with the Roman numerals I-IV. 

 

I Carnohan, S.A., Clifford-Holmes, J.K., Retief, H., McKnight, U.S., & 

Pollard, S. (2021). Climate change adaptation in rural South Africa: 

Using stakeholder narratives to build system dynamics models in data-

scarce environments. Journal of Simulation, 15 (1–2): 5–22. 

https://doi.org/10.1080/17477778.2020.1762516 

II Carnohan, S.A., Trier, X., Liu, S., Clausen L.P.W., Clifford-Holmes, 

J.K., Hansen, S.F., Benini, L., McKnight, U.S. (2021). Next generation 

application of DPSIR for sustainable policy implementation. Submitted. 

III Carnohan, S.A., Lemaire, G.G., Bjerg, P.L., McKnight, U.S.  (2021). 

The Dynamic Aquatic Simulation Hub: An Agile, Integrated Model and 

Boundary Object for IWRM. Manuscript. 

IV Lemaire, G.G., Carnohan, S.A., Grand, S., Mazel, V., Bjerg, P.L., 

McKnight, U.S. (2021). Data-driven system dynamics model for 

simulating water quantity and quality in peri-urban streams. Submitted. 

 

TEXT FOR WWW-VERSION (without papers) 

In this online version of the thesis, paper I-IV are not included but can be 

obtained from electronic article databases e.g. via www.orbit.dtu.dk or on 

request from DTU Environment, Technical University of Denmark, 

Miljoevej, Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk. 
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In addition, the following publication, not included in this thesis, were also 

concluded during this PhD study:  

Figari, S., Carnohan, S.A., Hambly, A., Mariani, P., Stedmon, C., 

McKnight, U.S. (2021). Sustainability check for policy development: 

innovative technologies and the role of transition frameworks for 

improving water quality. Submitted. 

 

  



v 

Acknowledgements 
“We can't impose our will on a system. We can listen to what the system tells us, 

and discover how its properties and our values can work together to bring forth 

something much better than could ever be produced by our will alone.”  

― Donella H. Meadows, Thinking in Systems: A Primer 

The PhD research described here represents much more than my own efforts, 

it is the result of a collective effort of many, whose support made the journey 

both possible and enjoyable, thank you: 

…to my supervisor Ursula S. McKnight for the countless epiphany-

generating conversations over the last 4 years. Your transparent and kind 

leadership style has given me much to aspire to in my future endeavours. 

…to my co-supervisors. Poul L. Bjerg provided experience and excellent 

devil’s advocate skills which helped to sharpen ideas. Suxia Liu for brilliant 

ideas, research that almost was, and my Chinese name. 

…to Gregory Lemaire for helping me close the loop. 

…to all my co-authors colleagues and collaborators for constantly helping to 

expand my intellectual boundaries. Jai-Clifford Holmes the most anti-fragile 

friend and mentor. Alec Rolston, Steffen Foss Hansen, Lauge Clausen, 

Morton Graversgaard, Xenia Trier, Lorenzo Benini, Hugo Reteif, Sharon 

Pollard for supporting research and article writing. 

…to all those who tolerated my Danish presentations and made this research 

possible. Claus Matzen at Fredensborg Municipality and the many sharp 

minds at Novafos and Dansknaturfredningsforening. 

…to my family. Lucas, you made it first but we both got it done eventually! 

My mom for giving me absurd optimism and my father for giving me my 

vagabond adventurous side. Christina for your kindness and quiet strength. 

Benji for bringing joy and laughter into my life. Birthe and Nudi for making 

me feel at home in Denmark, and for Christina.  

…to my friends. Navid for navigating ups and downs of expat life. Nicolas 

for the many kilometres and Danish courage. Ricarda for karaoke. Mark for 

wise insider tips and local exploration excellence. Eloi for all the best 

questions. Martins and Danielle for summerhouses and philosophical musings 

and Adam Mellotte for helping me laugh at myself. 



vi 

Summary 

The global environmental system is approaching a breaking point driven by 

human activities within the Anthropocene. Population growth and 

urbanisation are reshaping landscapes placing pressure on natural resources 

that are needed to sustain human civilisations. Global climate change 

compound these pressures, adding urgency and leading to unfamiliar 

problems. Fundamental changes are needed to successfully manage coupled 

social and ecological systems. In recognition of this, policies and legislation 

have shifted towards a systems thinking paradigm, e.g. the United Nations 

Sustainable Development Goals (SDGs) and EU Water Framework Directive 

(WFD). Implementation has proven challenging where, even two decades 

after the WFD was enacted, results lag behind expectations especially for 

surface waters. This foreshadows challenges for emerging policies that have 

also developed their core aims within a systems thinking paradigm. It is 

therefore prudent to distil lessons stemming from the water resources 

management (WRM) domain as these findings will also be relevant more 

broadly.  

Surface water systems are beset by issues stemming from increased 

agricultural production and rapid urbanisation, which has created patchworks 

of mixed land-use composed of urban, industrial, agricultural, and natural 

features. These peri-urban systems present a high-level of complexity having 

multiple, sources of pollution while crossing boundaries of management 

institutions. Surface waters hold significant cultural and economic 

significance and become a contested resource fraught with potential conflict 

in connection with the multiple use interests found within peri-urban settings. 

Participatory modelling is an increasingly prescribed approach for addressing 

these social and ecological aspects of WRM concurrently. Despite 

widespread use and decades of learnings from empirical and experimental 

research settings, the success of this approach is mixed. Key challenges are 

time and resource intensiveness, simulation model complexity and 

transparency, as well as transferability of processes and models used. These 

factors can lead to a lack of uptake of results and/or tools that are necessary 

for supplementing human cognitive abilities and creating sustainable 

management policies.  

This thesis therefore aims to improve WRM by: (1) developing novel 

participatory process guidance for data scarce and acrimonious contexts; (2) 

assessing the role of frameworks in bridging across policy, science, and 
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societal silos for sustainable policy implementation, and (3) co-developing an 

integrated water quantity and quality systems dynamics (SD) modelling tool 

with expanded potential for use within participatory WRM.  

Research was conducted in a South African and Danish catchment, both facing 

climate change adaptation challenges and high conflict potential among 

stakeholders. Data scarcity in the South African catchment characterises the 

major difference between the two catchments, with the Danish catchment 

benefitting from multiple online gauging stations covering indicators for both 

water quantity (e.g. stream depth) and quality (e.g. dissolved oxygen sensors). 

In the South African catchment, stakeholders included local and national water 

utilities, mining, and industrial companies, as well as regulation and 

conservation groups. A novel adaptation of established participatory methods 

was made, when the locally embedded approach led to recognition of the 

need to create an inclusive process by combining stakeholder narratives with 

SD conceptual diagrams. Conceptual diagrams from different sectors were 

refined and combined through an iterative process into a final diagram 

reflecting the connections among the groups. Within the same process, a 

semi-quantitative simulation model was developed, and together with the 

diagram, used as multi-interpretative and structured visual supplements to 

support strategic conversations regarding management options. The novel 

process also gave insights regarding how diverse visual tools could be leveraged 

to address project time and human resource constraints. A parallel monitoring 

and evaluation program showed successful learning outcomes for participants 

regarding strategies for systemic climate change adaptation and ecosystem 

impacts.  

Policy frameworks are critical to support a more rapid uptake of scientific 

discovery/results, seen as essential for solving complex social ecological 

system challenges, because due to their role in organising, and facilitating 

communication of challenges and solutions.   The long-standing, Drivers-

Pressures-State-Impact-Response (DPSIR), was chosen for analysis due to its 

history of use in an operational and reporting framework. A case-study 

approach was taken that included the South African case, policies for 

greening in China, and regulation of nanosilver and per- and polyfluoroalkyl 

substances (PFAS) in the EU. This was done by first synthesizing lessons of 

three previous DPSIR reviews, situating lessons within the most recent 

literature. This led to the identification of implicit properties of the 

framework and the recommendation of five key elements which should be 
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made explicit: 1) iteration; 2) risk, uncertainty, and analytical bias; 3) flexible 

integration; 4) use of quantitative methods, and; 5) clear and standard 

definitions for DPSIR.  The case studies were analysed using the lens of this 

proposed next generation DPSIR. The successes and pitfalls of the case 

studies were characterised using the updated framework, showing its 

versatility across scales and topics while providing a roadmap for next 

generation DPSIR application.  

The co-development of a novel tool, the Dynamic Aquatic Simulation Hub 

(DASH) was motivated by insights from the first two objectives, including 

experiences in the South African catchment. SD simulation approaches were 

used because it is shown to be a preferred method for engaging with 

stakeholders and is gaining in use within WRM. It was built as an integrated 

water quantity and quality model, using a lowland, peri-urban Danish 

catchment as a blueprint, to provide insights in both data scarce and data rich 

catchments. Data rich application could demonstrate its ability to capture spatio-

temporal dynamics found in water quality and quantity data. Data scarce 

application showed the importance of the SD structural modelling approach 

which gave insight into the importance of anthropogenic controls on key water 

resource indicators.  Its fast simulation time allows rapid iterative testing of 

model structural and parameter assumptions, which can be refined with 

stakeholder input.  

The software used for DASH can extend these iterations to broader stakeholder 

groups via visual user interfaces, which gives new potential for the structured use 

of multi-interpretative elements within participatory modelling processes. Data 

rich application furthermore showed the importance of dynamic flow 

contributions, providing evidence for negative consequences for water quality 

caused by consolidation of and reduction of urban flow contributions, driven 

by green transition goals. The importance of integrating quality and quantity 

was highlighted by findings that high summer temperatures fluctuations have 

outsized impacts due to low flows during the same period. This was shown to 

have negative consequences for dissolved oxygen levels, which may be 

further impacted by nutrient releases brought on by these conditions. The 

modular design of DASH makes it readily transferable, responding to broader 

challenges related to WRM. It is anticipated that this will allow resources 

within participatory modelling processes to be used more efficiently.  

In summary, this PhD thesis has demonstrated the role of system dynamics 

modelling tools to support participatory processes. The need to develop more 
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operational frameworks to improve WRM has been shown by different case 

studies and experiences. These results can improve future WRM and 

learnings can hopefully be transferred to broader sustainability challenges 

globally.  
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Dansk sammenfatning 

 

Det globale miljøsystem nærmer sig et bristepunkt drevet af menneskelige 

aktiviteter siden midten af 1900-tallet. Befolkningsvækst og urbanisering 

omformer landskaber og lægger pres på naturressourcer, der er nødvendige 

for at opretholde nuværende samfundsstrukturer og menneskelige aktiviteter. 

Globale klimaændringer forværrer denne presserende udvikling og fører til 

nye, ukendte problemer. Helt fundamentale ænderinger  er nødvendige for at 

muliggøre succesfuld  sammenhængende social og økologisk management. I 

erkendelse af dette, har politiker og lovgivning skiftet i retning af et 

systemtænkningsparadigme som f.eks. De Forenede Nationers mål for 

bæredygtig udvikling (SDG'er) og EU vandrammedirektivet. Begge initiativer 

har dog vist sig at være udfordrende, da resultaterne, selv to årtier efter at 

vandrammedirektivet blev vedtaget, halter efter forventningerne, især for 

overfladevandsområdet. Dette varsler udfordringer for nye politikker, der 

også går i en systemtænkende retning. Det er derfor værdifuldt at opsamle 

erfaringer fra håndtering af vandressourceområdet (WRM), da disse resultater 

også vil være relevante i en bredere sammenhæng. 

Overfladevandssystemer er ramt af udfordringer, der stammer fra hurtig 

urbanisering, som har skabt områder med blandet arealanvendelse bestående 

af by-, industri-, landbrugs- og naturområder. Disse bynære systemer er 

komplekse med flere diffuse forureningskilder, som ikke respekterer grænser 

mellem forvaltningsområder og myndigheder. Vandområderne har kulturel og 

økonomisk betydning og disse bynære vandsystemer er fyldt med 

interessemodsætninger. Modellering med inddragelse af brugere og 

interessenter har vundet indpas for at kunne håndtere disse sociale og 

økologiske aspekter på vandressourceområdet på en sammenhængende måde. 

På trods af udbredt brug, og årtiers læring fra empirisk og eksperimentel 

forskning, er succesen med denne tilgang blandet. De store udfordringer er 

tid og ressourcer, kompleksitet og gennemsigtighed i simuleringsmodeller 

samt overførsel af forståelse ad processer og modeller til interessenter. Disse 

faktorer kan føre til mangel på udbredelse/optagelse af resultater og/eller 

værktøjer, der er nødvendige for at supplere kognitive evner og skabe 

bæredygtige ledelsespolitikker. 
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Denne synopsis har derfor til formål at forbedre WRM ved at: (1) udvikle nye 

vejledninger/guidelines for inddragelse af interessenter ved begrænsede data 

og i konfliktfyldte sammenhænge; (2) vurdere rammernes betydning for at 

bygge bro på tværs af politik, videnskab og samfundsstrukturer 

(silotænkning) for bæredygtig implementering af politikker, (3) bidrage til 

udvikling af et integreret system-dynamik (SD) modelleringsværktøj, som 

kan håndtere vandkvantitet og -kvalitet med særlig fokus på inddragelse af 

aktører i vandressourceområdet. 

Der blev udført forskning i et sydafrikansk og dansk opland, der stod over for 

udfordringer med tilpasning til klimaændringer og stort konfliktpotentiale 

blandt interessenter. Den største forskel mellem de to oplande var en 

udpræget mangel på data i det sydafrikanske tilfælde, hvorimod der i det 

danske opland var adgang til data fra online måleinger af indikatorer for både 

vandkvantitet og –kvalitet.  

I det sydafrikanske tilfælde omfattede interessenterne repræsentanter fra 

lokale og nationale vandforsyninger, minedrift og industrivirksomheder samt 

administrations- og naturbevaringsgrupper. En nytænkning af eksiterende 

metoder til interesentinddragelse var nødvendig for at skabe en inkluderende 

proces, der kombinerede narrativer med konceptuelle SD diagrammer.. 

Konceptuelle diagrammer fra forskellige sektorer blev forfinet og kombineret 

gennem en iterativ proces til et fællesdiagram, der afspejlede 

forbindelserne/interaktionerne mellem grupperne. I den samme proces  blev 

en semi-kvantitativ simuleringsmodel udviklet. Sammen med diagrammet 

brugt modellen brugt som multitolkende og strukturerede visuelle 

supplementer til understøttelse af strategiske samtaler vedrørende 

management alternativer. Denne nye proces gav tillige indsigt i hvordan 

forskellige visuelle værktøjer kan anvendes, når både tid og menneskelige 

ressourcer er begrænsede. Overvågning og evaluering viste klare 

læringsresultater vedrørende strategier for systemisk tilpasning til 

klimaændringer og påvirkninger af økosystemer. 

Evaluering af den velkendte model, Drivers-Pressures-State-Impact-Response 

(DPSIR), blev udført ved at sammenligne empiriske casestudier. Dette 

omfattede den sydafrikanske sag, politikker for grøn omstilling i Kina og 

regulering af såvel nanosølv som per- og polyfluoroalkylstoffer (PFAS) i EU. 

Dette blev gjort ved først at syntetisere læringer/erfaringer fra tre tidligere 

DPSIR - reviews og sammenstille læringer i den nyeste litteratur. Dette førte 

til identifikation af rammens implicitte egenskaber og anbefalingen af fem 
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nøgleelementer, som bør gøres eksplicitte i anvendelsen af DPSIR: 1) 

iteration; 2) risiko, usikkerhed og analytisk bias 3) fleksibel integration; 4) 

brug af kvantitative metoder, 5) klare og standarddefinitioner af DPSIR. 

Casestudierne blev analyseret i lyset af den foreslåede næste generation 

DPSIR. Succeser og faldgruber i casestudierne blev karakteriseret ved hjælp 

af den opdaterede model. Resultatet af dette, demonsterede modellens 

alsidighed på tværs af skalaer og emner, og gav en køreplan for næste 

generation af DPSIR -anvendelse. 

Udviklingen af et nyt værktøj, Dynamic Aquatic Simulation Hub (DASH) var 

motiveret af indsigt fra de to første formål for PhD arbejdet samt erfaringerne 

fra den sydafrikanske case. SD simuleringstilgangen blev anvendt, da den er 

den foretrukne tilgang til interessentindragelse inden for WRM-området. 

DASH blev bygget som en integreret hydrologisk- og vandkvalitetsmodel 

med et dansk bynært opland som skabelon og rettet mod både. datasvage og 

datatætte oplande. I tilfælde med stor datatæthedkan modellen fange rumlig 

og tidsmæssig variation for et bynært vandløb (periurban) og håndtere 

vandkvalitet og -kvantitet på en integreret måde Når der kun er en begrænset 

mængde relevant data tilgængelig gav den strukturelle SD modellingstilgang 

indsigt i vigtigheden af menneskelige ændringer af vandsystemer. Dens 

hurtige simuleringstid tillader løbende iterativ test af modelstruktur- og 

parameterantagelser, som kan forfines med input fra interessenter. Softwaren 

kan udvide disse iterationer til bredere interessentgrupper via visuelle 

brugerflader, hvilket giver nyt potentiale for struktureret brug af 

multitolkningselementer inden for brugerinddragende modelleringsprocesser. 

For et opland med stor datatæthed, viste modellen betydningen af dynamiske 

flowbidrag, der viser negative konsekvenser for vandkvaliteten forårsaget af 

tiltag drevet af kommende grønne omstillingsmål. Betydningen af at integrere 

kvalitet og kvantitet blev vist ved, at høje sommertemperaturer har større 

betydning for vandkvaliteten end lille vandføring i den samme periode. 

Temperaturen viste sig især at have negative konsekvenser for opløste 

iltniveauer, som kan blive yderligere påvirket af næringsstofudslip forårsaget 

af den lille vandføring. Modulopbygningen af DASH gør det let at overføre 

og reagere på bredere udfordringer i forbindelse med WRM. Det forventes, at 

dette vil gøre det muligt at optimere modelleringsprocesser med inddragelse 

af aktører og interessenter. 

Sammenfattende har denne ph.d.-afhandling demonstreret mulighederne ved 

anvendelse af systemdynamik modelleringsværktøjer og deres potentielle 

rolle ved interessentinddragelse på vandressourceområdet. Behovet for at 
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udvikle flere operationelle rammer for at forbedre WRM er blevet vist ved 

forskellige casestudier og erfaringer. Disse resultater kan forbedre fremtidig 

WRM, og læringerne kan forhåbentlig overføres til bredere 

bæredygtighedsudfordringer globalt. 
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1 Introduction  

1.1 The need for a paradigm shift for water resources 

management  

Despite increased legislative efforts (EU Water Framework Directive, WFD), and 

international agreements (UN Sustainable Development Goals, SDGs) multiple 

pressures related to anthropogenic expansion continue to impact freshwater eco-

systems, which experience higher extinction rates than other ecosystems (Collen 

et al., 2014).  These are complex social-ecological systems (SESs) in which eco-

logical challenges are inextricably linked to social and economic dimensions 

(Ostrom, 2009, Carnohan et al. III). Fragmented problem-solving approaches pro-

duce inadequate results for addressing SESs, with various research and manage-

ment entities focussing on compartments (Brown and Farrelly, 2009; Mosaffaie et 

al., 2021) rather than interconnections. There is growing recognition that a para-

digm shift towards systems thinking approaches, informed by local knowledge, 

are required to ensure sustainable and equitable solutions are implemented.  

This need is recognised in WFD language, however, its delayed and/or incomplete 

implementation is an indication of the absence of such a paradigm shift  

(Voulvoulis et al., 2017). Despite such obstacles, there remains a growing recog-

nition of the pivotal role that systems thinking approaches play in ensuring sus-

tainable policy development – in the EU and internationally. This is perhaps best 

reflected in the suite of initiatives emerging from the European Green Deal 

(EGD), many of which are unachievable without international cooperation (EEA, 

2020; Fuchs et al., 2020). The SDGs align with this notion, and it is thus clear that 

achieving a sustainable anthropogenic presence within earth’s carrying capacity, 

or planetary boundaries (Randers et al., 2018), will require increased use of sys-

tems thinking approaches. Failure to do so will likely lead to unintended conse-

quences (i.e. unsustainable policies) with severe ramifications for human well-

being (Meadows, 1972; Fuchs et al., 2020, Carnohan et al. II).  

A key challenge is rapid urban and agricultural growth worldwide which has led 

to the development of peri-urban landscapes, characterised by heterogeneous 

patchworks of urban, rural and natural areas (e.g. Lemaire et al., 2020). Anthropo-

genic disturbances within SESs have had profound impacts on surface water bod-

ies in the EU, where approximately 60% have yet to achieve minimum water and 

ecological quality requirements under the WFD (EEA, 2018). Sources and path-

ways for pollutants stem from the various land-use activities in a catchment 

(Sonne et al., 2017; Lemaire et al., IV) and streamflow regimes may be modified 

by the coexistence of mixed catchment response times. This can create counterin-
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tuitive patterns in contaminant distributions that may discharge via numerous 

pathways (Lemaire et al., 2020), adding further impediment to linking the occur-

rence of well-known compounds (e.g. nutrients, metals), as well as emerging con-

taminants to their respective sources.   

Developing water resources management (WRM) strategies within peri-urban set-

tings is therefore fraught with challenges, stemming from both the ecological and 

social systems  (Carnohan et al., I; III). A widely applied approach for addressing 

WRM systemically is simulation modelling as decision support (Purkey et al., 

2018). This may be due to evidence that simulation models outperform expert 

judgement in prioritizing management actions for ecological systems (Czaika and 

Selin, 2017), as well as their utility in addressing complex systems (Forni et al., 

2016). Despite this, they are often not used for their intended purpose (Holden and 

Ellner, 2016). This is unfortunate as the biochemical and hydrological expertise 

behind these models is needed to support more sustainable and equitable decision-

making (Fatichi et al., 2016; Orth et al., 2015). Dynamic integrated models exist 

for assessing the impacts of urban and agricultural discharges (Saagi et al., 2017; 

Wittmer et al., 2016) but are applied primarily in research (Benedetti et al., 2013). 

Their complexity and low transparency deter other users (Bach et al., 2014), gen-

erally preventing their direct usage in participatory modelling processes.  

Participatory modelling, which is a powerful way to integrate knowledge that sup-

ports productive discussions and ensure model-driven decision-making, is more 

widely accepted in complex problem spaces (Smetschka and Gaube, 2020). A 

combination of emerging technology and decades of practical participatory model-

ling knowledge provides an unprecedented opportunity to strengthen the uptake of 

models into the realm of WRM decision-making using system dynamics (SD) 

(Voinov et al., 2018, Carnohan et. al. III). SD is a proven (Gallagher et al., 2020; 

Scott et al., 2016; Zarghami et al., 2018) and preferred tool for the participatory 

WRM modelling community (Voinov et al., 2018).  This includes new opportuni-

ties to utilise visual user interfaces (VUIs) to overcome critical barriers to suc-

cessful participatory modelling outcomes (Carnohan et al. III). Despite this evi-

dence, such participatory processes are routinely dis-incentivised by funding bod-

ies (Norström et al., 2020).  

It is widely recognised that WRM requires bridging disciplines, political bounda-

ries and spatio-temporal scales (Apostolaki et al., 2019). This is reflected in the 

prevailing theoretical frameworks of Integrated Water Resources Management, 

Adaptive Management, and the Water-Energy-Food nexus. In order to discuss this 

research in that context, WRM is used as an umbrella term for management activi-

ties relating to water resources. Figure 1 provides an overview of how this re-

search addresses these requirements through the real-time integration of scientific 
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knowledge (Carnohan et al., III; Lemaire et al., IV) with decision-making strate-

gies for WRM at catchment scale (Rolston et al., 2017; Carnohan et al. I).  

 

Figure 1. Achieving a paradigm-shift in WRM will require new solutions within applied 

research settings, this is the focus of the research presented here.  

Radical changes are needed to improve collaboration of scientists with practition-

ers and ensure the progression of science has defined pathways to apply new 

knowledge to real-world situations (Saltelli et al., 2020, Carnohan et al. II). There 

is therefore acute need to continue to improve methodologies such as participatory 

SD, that can support managers facing context specific WRM challenges and en-

sure that cutting-edge scientific knowledge is operationalised as needed (Mashaly 

and Fernald, 2020). This may be enabled through disruptive technological solu-

tions (Carnohan et al. III) that can overcome the existing fragmentation between 

scientific discovery and decision-making (Carnohan et al., II) and better enable 

broader stakeholder involvement to support holistic WRM (Akhmouch and 

Clavreul, 2016; Norström et al., 2020).  

 

1.2 Objectives of the study 
This study set out to develop improved knowledge and insights that may support a 

paradigm-shift for water resources management. The central line of inquiry is fo-

cused around the contention that globally interconnected societies and ecological 

systems require new pathways to action if humanity is to reach a sustainable and 



3 

equitable use of this resource. Freshwater peri-urban water resources are chosen as 

the lens of inquiry due to their integrative, complex, and transboundary nature, 

with an overall aim to contribute to improving WRM. 

 

To that end, this research has the following three specific objectives:      

• Advance novel participatory process guidance within a data scarce and ac-

rimonious context using SD tools that can overcome common constraints in 

water resources management (Carnohan et al. I, III);  

• Assess the role of frameworks for better coupling of science, society, and 

policy silos, recognizing the need for innovative tools to improve and sup-

port the development and implementation of sustainable policy (Carnohan 

et al. II);  

• Co-develop an integrated SD modelling tool for water resources manage-

ment capable of distributing and integrating knowledge from multiple 

sources within a surface water catchment (Carnohan et al. III; Lemaire et 

al. IV). 

 

 

1.3 Thesis Outline 

This synopsis begins with an introduction to water resources as a complex inter-

connected system, and defines the three elements (processes, tools, and frame-

works) used for structuring this research. These elements are then motivated for 

using a selection of recent and prominent examples from the literature.  In Chapter 

2, findings from papers I and II are presented along with context and motivations. 

In Chapter 3, findings for all included papers are contextualised more broadly 

within WRM discourse.  Chapter 4 delivers conclusions and Chapter 5 posits per-

spectives and reflections for future research on this topic.  
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1.1 Research Contexts and Focus 

1.1.1 Overview of Study Catchments 

This research was carried out within South African and Danish empirical contexts 

with differing scales and WRM challenges, as well as applied research constraints. 

In South Africa, a sub-catchment of the trans-boundary Olifants River Catchment, 

was selected for piloting participatory system dynamics modelling to address wa-

ter quality impacts to biodiversity. The Selati River sub-catchment land use fea-

tures upstream agricultural activities, while downstream areas contain a large min-

ing and industrial complex, interspersed with urban areas.  The sub-catchment 

joins the Oliphants River shortly before it enters Kruger National Park, a conser-

vation well-known for its unique biodiversity including iconic megafauna. Up-

stream activities leading to detrimental impacts to aquatic biodiversity in this area, 

characterise a complex problem space with many competing interests and high-

conflict potential. Within this contested governance setting, monitoring and data 

related to water quality parameters are scarce, creating further challenges to de-

velopment of coordinated solutions. This context provided the backdrop for work 

conducted in Carnohan et al. (I) and lessons learned set the stage for Carnohan et 

al. (II; III). 

In Denmark, the lowland, peri-urban Usserød Stream catchment was chosen for 

further exploration of ideas stemming from the work carried out in the Selati Riv-

er. It is composed of intermixed agricultural, urban, and natural areas, and is chal-

lenged by flooding issues. It crosses the boundaries of several municipalities, 

which adds complications for integrated water resources management. Further-

more, despite various projects aimed at improving water quality, the Usserød 

Stream still has not managed to reach targets set by EU legislation.  This context 

served as the setting for the development of new tools (Lemaire et al., IV) to sup-

port the exploration of connecting these to novel participatory processes (Carno-

han et al., III).   
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1.1.2 Research Focus 

Frameworks chosen for focus included integrated water resources management 

(IWRM), a prevailing theoretical framework and paradigm, and the Drivers-

Pressures-State-Impacts-Response (DPSIR) conceptual and reporting framework. 

These were chosen for a more in-depth analysis due to their widespread use within 

water resources management practice.  

Water quality, as referred to in this thesis, is focused primarily on general water 

quality parameters including temperature, dissolved oxygen, and biological oxy-

gen demand, as well as nutrients (e.g. nitrate and phosphate). The reason for this 

choice is driven by the model development objectives, which were not focused on 

advancing process modelling but rather aimed to further advance the science in 

terms of opportunities to improve distribution and integration of knowledge, as 

well as to co-create this knowledge with stakeholders. This relates to the featured 

modelling approach, system dynamics (SD), which was also chosen to further 

support these objectives. This is due to its suitability for supporting stakeholder 

interaction, which has been widely investigated and promoted increasingly within 

WRM settings as well as its structure-behaviour approach to investigating sys-

tems. This latter aspect gives potential to form new hypotheses in terms of drivers 

governing complex systems, such as surface water systems.  
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2 Defining the Role of Processes, Tools and 

Frameworks for WRM 

2.1 Water resources as complex social-ecological 

systems 
WRM requires the use of transdisciplinary approaches, as it involves frequent bi-

directional interaction between both ecology and society  (Gain et al., 2020).  

Thus, it is valuable to study WRM through an SES lens, since human and natural 

systems cannot be decoupled and therefore must be studied as co-evolving com-

plex systems (Gain et al., 2013).  

For surface water resources a great deal of complexity is found already in the eco-

logical system itself, which spans hydrological, physical, and biogeochemical pro-

cesses of streams, rivers, and lakes. Taken together, these environmental processes 

contribute to the overall status of surface waters. Taken individually they repre-

sent highly complex areas of continued research where a range of methods are ap-

plied across the scientific community to generate improved knowledge. Methods 

span from modelling (Fu et al., 2019)  to in-situ data collection (Höss et al., 2017) 

and in-vitro experimentation (Wasel et al., 2021). Advances from this research can 

help us better understand the state of surface waters and inform actions to improve 

them.  

As scientific findings begin to interface with both society and policy, complexity 

is further increased.  The informational feedbacks between these silos are highly 

complex. They are influenced by prevailing social, economic, and cultural values 

that dictate interactions with water resources. Human behaviour is therefore a key 

driver for ecological outcomes (Schill et al., 2019).  The way in which problems 

facing water resources are defined is increasingly subjective, which is impacted by 

choice of methodological/analytical lens, or individual perceptions of reality 

(Saltelli et al., 2020b; Vennix, 1999). This presents an added challenge for end-of-

pipe technological solutions (i.e. wastewater treatment), which are becoming less 

viable (i.e. more expensive) as human impacts to surface waters are increasingly 

dispersed (Pahl-Wostl, 2002). 

Within this complex SES, WRM theory has played a key role influencing policy 

initiatives such as the WFD (Fritsch, 2017).  This chapter explores prevailing the-

oretical and conceptual frameworks shaping WRM and situates the motivation and 

need for participatory processes and simulation modelling tools used to address 

complex management challenges.  
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2.2 Addressing complexity with participatory 

processes  

2.2.1 Motivation and challenges for participatory processes for WRM 

Participatory engagement of stakeholders has been a strong focus within water 

management for more than two decades (Van Cauwenbergh et al., 2018).  Stake-

holders are defined as people or organizations affecting or affected by manage-

ment actions and outcomes (Glicken, 2000). Participants are then distinguished 

from all stakeholders by their active involvement within the engagement process 

(Hassenforder et al., 2016). These terms will be used interchangeably throughout 

this synopsis. 

As stakeholder engagement has become increasingly synonymous with WRM, a 

variety of techniques for structuring group interactions have been applied. Some 

of the most common are the nominal group technique, Delphi method, citizen 

panels and participatory resource appraisal (Basco-Carrera et al., 2017).  In gen-

eral, these are methods for structuring communication processes and deriving con-

sensus in a qualitative manner. Stakeholder engagement via participatory process-

es is a means to co-produce knowledge, with the aim to better incorporate local 

knowledge with planning, thus leading to an improved alignment with context 

(Norström et al., 2020), and policies which are implementable (Van Cauwenbergh 

et al., 2018). Within Europe this idea has received political buy-in, with the WFD 

legal requirement for participation in the creation of river basin management plans 

(RBMPs) (Apostolaki et al., 2019; Voulvoulis et al., 2017). It is also recognised as 

a key element of the SDGs within goal 17 (United Nations, 2019).  

In general, participatory processes for improving water resources management 

have had mixed results (Van Cauwenbergh et al., 2018). While some have shown 

it to produce more potentially cost-effective management responses (Graversgaard 

et al., 2017), others point to a mismatch between the lengthy time requirement that 

is needed to ensure successful participation (Reed, 2008; Reed et al., 2018) and 

the relatively short implementation timeline of the WFD (Carvalho et al., 2019).  

Addressing this temporal tension is not only needed within the European context 

(Carnohan et al., I) and is therefore a major challenge to address to reap the bene-

fits that have driven the growth in this field generally. Furthermore, there remains 

limited data on the workflow and context-based choices made by those designing 

and guiding participatory processes (Badham et al., 2019).   
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2.2.2 Mental models and boundary objects within participatory 

processes 

The mental model concept is useful for understanding the way in which participa-

tory processes can lead to improvements in decision making. Mental models can 

be defined as “relatively enduring and accessible, but limited, internal conceptual 

representation of an external system” (Scott et al., 2014, p. 101). Mental models 

form a basis for decision-making, allowing for mental simulations of potential ac-

tions and outcomes of the external system under consideration. For example, an 

individual’s mental model is in use when they verbally describe a problem situa-

tion (Carnohan et al. I). Of course, such mental simulations are limited by human 

cognitive biases (Tversky and Kahneman, 1974) as well as subjective biases based 

upon the individual’s subjective reality (Vennix, 1999). Figure 2 depicts how an 

individual’s experience of the external system (environment) creates and reinforc-

es their mental model (reality) through selective memory. In this manner, multiple 

behaviours can emerge from the same environmental system.  

 

Figure 2. Diagram showing the formation of mental models and their role in dictating be-

haviour within group decision settings. Adapted from Vennix (1999). 

 

Participatory processes often employ boundary objects that enable disparate 

groups to concretely espouse and discuss their respective subjective viewpoints or 

individual mental models (Schaffernicht and Groesser, 2011). “Boundary objects 

are a sort of arrangement that allow different groups to work together without 

consensus” (Star, 2010, p. 602). They allow for multiple interpretations and re-

interpretations of a given problem. This “interpretive flexibility” is one aspect of a 

boundary object, along with its structure and scale.  

A boundary object can, for example, be a map (Majo, 2020) depicting a given 

catchment, a conceptual diagram and/or organisational chart; an excel spreadsheet 

can also contain the requisite aspects to be considered a boundary object. Multiple 

boundary objects may be used within a given process depending on the needs of 

stakeholders or to meet the needs of adjusting goals (Jakku and Thorburn, 2010; 
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Black, 2013; Sébastien et al., 2014; Islind et al., 2019, Carnohan et al, I). Simula-

tion models and other quantitative methods such as life-cycle analysis (LCA), can 

also serve as boundary objects (Benn and Martin, 2010; Luna-Reyes et al., 2018). 

To best explain their role in the participatory process, the theoretical and concep-

tual frameworks that inform and organise this approach will first be described.  

 

2.3 Theoretical and Conceptual Frameworks for WRM 

2.3.1 Prevailing theoretical frameworks 

The prevailing frameworks of Integrated Water Resources Management (IWRM), 

Adaptive Management (AM) and the Water-Energy-Food nexus (WEF) provide a 

lens for producing, organising, and applying water resources knowledge. Their 

overarching aim is to deliver insights for the management of water resources in 

complex SESs.  

These frameworks differ substantially in their approach to improving WRM. 

IWRM is focussed on institutional cohesion while AM incorporates an active 

learning element that more directly encourages experimentation and evaluation. 

WEF takes an even broader scope with the aim of breaking down silos between 

institutions governing connected resources (energy and food) (Simpson and 

Jewitt, 2019). A comparative overview of each theory is given in Table 1.  
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Table 1. Comparison of prevailing theoretical frameworks for WRM, adapted from 

Medema et al. (2008) with WEF informed by Bizikova et al. (2013); Simpson and Jewitt 

(2019).  

Theoretical Frameworks for WRM 

 IWRM AM WEF 

Problem Frame Problem lies in lack of 
connectivity between 
plans and processes 

Determinist approaches 
fail to effectively solve 
or describe manage-
ment failures 

Research, policy, 
and investment lack 
integration  

Overall Scope Call for joint govern-
ance of water land and 
related resources in 
an equitable and sus-
tainable manner 

Theory for effective 
management of natural 
resources through or-
ganisational learning 

Approach that builds 
on the system per-
spective, enables 
trade-off assess-
ments, and aims to 
promote transition to 
sustainability 

Engagement Organisations and 
stakeholders across 
sectors and scales 

Responsible authorities 
with support from stake-
holders 

Cross-sectoral and 
cross- departmental 
stakeholders includ-
ing local ac-
tors/communities 

Process scope Reform existing gov-
ernance system 

Program of active learn-
ing about system 

Planning and deci-
sion-support process 
for landscape in-
vestment and risk 
management 

Management 
Outcomes 

Coordinated and inte-
grated management 
plans and outcomes  

Management that em-
phasises exploration 
and learning 

Management that 
integrates water, 
energy, and food    

Success criteria Political commitment 
to reform towards 
inter-organisational, 
cross-sectoral man-
agement 

Hypothesis formulation 
leading to action and 
analytical reflection on 
the outcomes, empha-
sizing learning 

Removal of institu-
tional silos to 
achieve multi-sector 
management  

 

There is ongoing debate on whether the IWRM and AM theoretical frameworks 

may support each other or present conflicting guidance with regards to WRM. For 

example, policies informed by IWRM may take a less-open approach seeking to 

connect participation to previously defined goals, rather than co-designing these 

(Fritsch, 2017). It has also been argued that, although IWRM lacks adequate re-

flexivity, this can be remedied by incorporating flexibility found in AM (Gain et 

al., 2013).  Similarly, WEF has been considered both too complex to implement, 

but also a complement to IWRM as it prevents over emphasis on water resources 

alone (Simpson and Jewitt, 2019). Recent efforts have also been made to identify 

core principles for IWRM to shift its “water centricity” so that it may better align 

with SDGs (Benson et al., 2020). Nevertheless, these frameworks have served a 

pivotal role in shifting focus towards pluralistic decision-making (Basco-Carrera 
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et al., 2017), and their “open-ended nature” has also contributed to their strong 

influence within contemporary water management discourse (Grigg, 2014) includ-

ing the WFD (Fritsch, 2019). 

However, when linking from academic research to practice they suffer from ambi-

guity regarding procedures for implementation (Bizikova et al., 2013; Medema et 

al., 2008). Some have argued that, AM or IWRM theories may not be detailed 

enough to adequately capture the complex reality encountered in empirical re-

search settings (Fritsch, 2017). Conversely, the WEF framework is criticised as 

too complex (Bizikova et al., 2013) and may thus prevent adequate characterisa-

tion of spatial and temporal dimensions within current analytical techniques 

(Shannak et al., 2018).  

 

2.3.2 Conceptual frameworks for implementing WRM 

In order to advance the prevailing theoretical frameworks in practice, more opera-

tional, conceptual frameworks are often used to structure, explain and graphically 

represent both challenges and solutions (Patrício et al., 2016).  In that sense, they 

provide a means for creating increased procedural clarity within WRM 

(Apostolaki et al., 2019). An illustrative selection has been chosen and is shown in 

. Many have used the previously established Drivers-Pressures-State-Impacts-

Response (DPSIR) framework (Patrício et al., 2016, Carnohan et al, II). More re-

cently, nature-based solutions (NbS) has been conceptualised with increasing rig-

our to support its operationality for practitioners, policy makers and the private 

sector (Cohen-Shacham et al., 2019). Others have developed new conceptual 

frameworks inspired by IWRM, AM and WEF over the last decade (Bizikova et 

al., 2013; Pahl-Wostl, 2015; Pahl-Wostl et al., 2012). Others still, create concep-

tual frameworks through the linkage of methodologies in a prescribed or stepwise 

manner (Hassanzadeh et al., 2019; McAvoy et al., 2021).  For example, system 

dynamics and LCA have been used in this manner, as despite its advantages, LCA 

alone cannot capture spatiotemporal dynamics (McAvoy et al., 2021).  
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Table 2. Examples of conceptual frameworks that aim to address goals of IWRM, AM and 

WEF in empirical settings. 

Framework Description References 

DPSIR & DPSIR Deriva-

tives 

DPSIR used to organise infor-

mation with other analytical 

methods providing assessment. 

(Apostolaki et al., 

2019; Chandrakumar 

and McLaren, 2018; 

Gari et al., 2018; 

Mosaffaie et al., 

2021) 

Methodological Frame-

work to support initiation, 

design, and institutionali-

zation of participatory 

modelling  

Step-by-step approach includes: 

(1) problem framing and stake-

holder analysis, (2) process de-

sign, (3) individual modelling, 

(4) group model building, and (5) 

institutionalised participatory 

modelling.  

(Halbe et al., 2018) 

Monitoring and evaluating 

participatory planning 

processes  

Step-by-step approach to organ-

ise research with focus on con-

textual, procedural, substantive, 

and operational elements of par-

ticipatory research. 

(Hassenforder et al., 

2016) 

Q-methodology and SD Q-methodology used to elicit 

preferences from participants, 

organised as management prac-

tices provides input to SD model. 

(Hassanzadeh et al., 

2019) 

River Health Assessment 

Framework 

Includes four steps: understand 

(data, stakeholder preferences), 

identify (indicators), develop 

(modelling), and apply. The final 

step is enacted only when models 

are deemed “acceptably accu-

rate”.  

(Pinto and 

Maheshwari, 2014) 

NBS used for structuring 

framework 

Observes four dimensions for 

implementing NBS: 1) co-

benefits for humans; 2) environ-

mental performance; 3) trade-

offs for biodiversity, health & 

economy, and; 4) potential for 

participation. 

(Raymond et al., 

2017) 

Life Cycle Assessment and 

SD 

LCA used for impact assessment 

and coupled to SD to capture 

behaviour over time 

(McAvoy et al., 

2021) 

 

To highlight the importance of conceptual frameworks for addressing complex 

problems, two frameworks will be discussed in more detail; DPSIR due to its long 

history of use and wide adoption (Apostolaki et al., 2019), and NbS as an emerg-
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ing approach to merge sustainable development and conservation (Cohen-

Shacham et al., 2019; Nature, 2017).     

DPSIR was initially introduced by the EEA as an indicator-based reporting and 

assessment tool (EEA, 1999). It has since been taken up into the WFD realm to be 

widely applied (Apostolaki et al., 2019; Borja et al., 2006). It has also undergone 

numerous adaptations ranging from integration with ecosystem services to appli-

cations focusing on human health (Patrício et al., 2016). This showcases one of 

the key advantages of DPSIR, its wide interpretability within different contexts 

(Patrício et al., 2016, Carnohan et al. Paper II). Other strengths include its suita-

bility for stimulating trans-disciplinary research and providing direction to anal-

yses within empirical SES settings. However, its many interpretations has led to 

critiques, as indicators relating to each DPSIR element as well as their definitions 

have received various interpretations across empirical studies (Gari et al., 2015; 

Lewison et al., 2016; Patrício et al., 2016). DPSIR has also struggled to address 

temporal dynamics of complex systems which may narrow the scope of uncertain-

ties it can address (Gregory et al., 2013).  

 

Figure 3. The DPSIR conceptual framework. Adapted from Patricio et al. (2016); defini-

tions from Oesterwind et al. (2016). 

 

As a conceptual framework, NbS has its origins from the Ecosystem Approach, 

which is grounded in equitable and integrated management across biodiversity, 

water, and land-use (Cohen-Shacham et al., 2019). NbS targets societal challenges 

through innovation to promote resource-efficient systems for balancing the needs 

of humans with that of nature (Faivre et al., 2017). NbS is an emerging frame-

work, and thus lacks the extensive family tree of DPSIR. However, like DPSIR it 

has received strong institutional backing in the EU, with the European Commis-
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sion spending plan indicating a 240 million Euro budget for NbS-related projects 

up to 2020 (CBD, 2018).  

 

Figure 4. Overview of nature-based solutions conceptual framework, adapted from ecosys-

tem-based approaches across the categories of restoration, issue-specific, infrastructure, 

management, and protection. These approaches are aligned with societal challenges to 

achieve human well-being and biodiversity benefits in parallel.  Adapted from (Cohen-

Shacham et al., 2019). 

 

Advantages of the NbS framework include that it can be used alone or with other 

solutions, broaden the spatial scale of investigation and can be aligned with policy 

design. However, it lacks an AM element, strong links to participation, uncertain-

ty analysis and a temporal dimension (Cohen-Shacham et al., 2019). In order for 

NbS to be successful it must improve at integrating across multiple stakeholder 

perspectives and accounting for trade-offs giving rise to systemic consequences 

among the various ecosystem services (Seddon et al., 2020).  

Lafortezza et al. (2018) show how DPSIR can provide structure to NbS solutions 

and encourage interdisciplinary cooperation. They argue that DPSIR, as a more 
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recognisable framework beyond EU borders, can improve dissemination of find-

ings to other managers working in similar contexts. This example shows how con-

ceptual frameworks play a key role for aligning research and local perspectives 

with policy while sharing lessons for global sustainable development (Seddon et 

al., 2020).  

As specific methodologies are not prescribed by IWRM, AM or WEF theory, the 

multiple conceptual frameworks developed and deployed can be thought of as the 

natural outcome of researchers building upon established approaches (Fritsch, 

2017). Both DPSIR and NbS are examples of this tendency. However, attention 

must still be paid to divergence with regards to what factors contribute to success-

ful IWRM, AM and WEF outcomes (Fritsch, 2017; Simpson and Jewitt, 2019). 

This requires reflecting on the choice of analytical approach, including quantita-

tive and qualitative tools, in an iterative fashion to determine their fit to purpose 

for the problems at hand. Additionally, consideration of what perspectives are 

missing which might reveal additional uncertainties that ultimately may limit the 

implementation of sustainable management strategies or policy (Carnohan et al. 

II).  

 

2.4 Simulation models to support decision making in 

WRM 
As seen in section 2.2 and 2.3, quantitative methods are often employed in con-

nection with processes and within implementation of conceptual frameworks. 

Frameworks need quantitative tools like simulation models capable of interfacing 

with qualitative data sources which can operationalise them for producing action-

able science (Carnohan et al. II). Simulation models for WRM are numerous with 

varying degrees of complexity. All of these models have their strengths and weak-

nesses, and due to the nature of the complex system there is no model which can 

be considered as superior to all others (Ogden, 2021).    

Hydrological models are differentiated based on their computational (i.e. physical-

process based vs. statistical regression) and spatial sophistication (i.e. fully-

distributed vs. lumped) (Hesse et al., 2008). Surface water quality model devel-

opment is often driven by specific environmental characteristics (e.g. lowland or 

highland catchment, lake or river) and by prevailing legislation, which indicates 

parameters of interest for compliance with environmental regulations (Cox, 2003). 

As water quality models have developed they have become more complex in terms 

of parameter representation and dimensions for capturing their dispersion a water 
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body, but foundational elements include; dissolved oxygen (DO), nutrient cycling 

and temperature and sunlight (radiation)(Gao and Li, 2014).   

A recent review highlights the most commonly applied water quality models over 

the last two decades (Burigato Costa et al., 2019). Table 3 gives a breakdown of 

the scope and number of dimensions, and details which of these most common 

parameters are included in each model. All of the models have at some stage been 

linked to additional modelling and software packages in order to improve their 

hydrological component (Cox, 2003), advance assessments of management prac-

tices (Rousseau et al., 2013) or enhance their user interface (Park and Clough, 

2014). The improvements achieved through these links can however be a chal-

lenge, and there is a need for more flexible modelling tools that can be used for 

integrating additional features (Thuy et al., 2018, Carnohan et al., III).  
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Table 3. Most widely applied water quality models globally, including number of dimen-

sions, potential for linkage to other models, major processes and key parameters addressed 

in each model system (Burigato Costa et al., 2019); table adapted and updated from 

Arenfeldt (2019). 

Models 

AQUA-

TOX 

CE-

QUAL-

W2 

Environmen-

tal fluid dy-

namics code 

(EFCD) 

QUALs Spatially 

Referenced 

Regression 

on Water-

shed attrib-

utes 

(SPAR-

ROW) 

Soil and 

Water 

Assess-

ment Tool 

(SWAT) 

Water 

Quality 

Analysis 

Simulation 

Program 

(WASP) 

Scope 

Evaluate 

past, pre-

sent, and 

future di-

rect and 

indirect 

effects 

from vari-

ous stress-

ors in 

aquatic 

ecosystems 

Suited for 

relatively 

long and 

narrow 

water bod-

ies exhibit-

ing longi-

tudinal and 

vertical 

water qual-

ity gradi-

ents 

Simulating  

environmental 

flows and 

transport  

addressing 

human and 

ecosystem 

health 

Planning tool 

for waste load 

allocations, 

discharge 

permit deter-

minations, 

and other 

conventional 

pollutant 

evaluations 

Estimate 

pollutant 

sources and 

contaminant 

transport in 

watersheds 

and surface 

waters 

Evaluate 

effects of 

non-point 

pollution 

and man-

agement in 

large river 

basins 

Dynamic 

Compart-

ment model-

ling for 

aquatic sys-

tems, in-

cluding both 

the water 

column and 

the underly-

ing benthos 

Dimensions 

1 2 1, 2, 3 1,2  2 1 3 

Links to other models 

Yes Yes Yes Yes Yes Yes Yes 

DO Balance components included: 
CBOD 

NBOD 

SOD 

PR 

Algae 

CBOD 

NBOD 

SOD 

PR 

Algae 

CBOD 

PR 

Algae 

CBOD 

NBOD 

SOD 

PR 

Algae 

 CBOD 

NBOD 

SOD 

Algae 

CBOD 

NBOD 

SOD 

Algae 

Nutrients included: 

TA 

NH3 

NO3 

P 

ON 

TA 

NO3 

P 

OP 

NO3 

NH4 

NH3 

OP 

P 

TN 

TP 

ON 

NH3 

NO2 

NO3 

OP 

P 

TN 

TP 

ON 

TA 

NO2 

NO3 

OP 

P 

ON 

TA 

NO3 

OP 

P 

Abbreviations: carbonaceous biochemical oxygen demand (CBOD), nitrogenous biological oxygen de-

mand (NBOD), sediment oxygen demand (SOD), photosynthesis & respiration (PR), algae , organic nitro-

gen (ON), total nitrogen (TN), total phosphorus (TP), total ammonia (TA), ammonium (NH4) un-ionised 

ammonia (NH3), nitrite (NO2), nitrate (NO3), organic phosphorus (OP) and phosphate (P).  
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Pointing the way forward, Fu et al. (2020) suggest three areas that must be 

strengthened in connection with current water quality modelling practice; gaps 

this thesis has intended to begin to close. These include (1) a stronger collabora-

tion between data collection and modellers (Lemaire et al., IV), (2) improving fit 

for purpose and co-learning processes for stakeholder application (Carnohan et al., 

I, III) and, (3) improved operational frameworks for integration of modelling 

within organisations (Carnohan et al, II). As relatively limited number of models 

are used for most applications to WRM challenges, achieving this will require ad-

dressing structural assumptions of the dominant water quality modelling ap-

proaches (Jakeman et al., 2019), such as those listed in Table 3. This is a chal-

lenge requiring new technical solutions (Carnohan et al., III; Lemaire et al. IV), as 

the sophistication of current models limit other potential users of the model to 

conduct simulations, and, if successful in using the model, they may not be aware 

of how these assumptions influence results – due to lack of transparency (Fu et al., 

2020). 

 

2.4.1 System Dynamics Modelling  

SD simulation models offer particular promise related to improving the linkage to 

conceptual frameworks (Apostolaki et al., 2019) and supporting broader stake-

holder groups’ involvement in the application of integrated modelling of surface 

water systems (Voinov et al., 2018; Zarghami et al., 2018). This is enabled in part 

due to the object-oriented software’s ability to visually represent the connections 

between variables or indicators of interest, a key differentiator to models shown in 

Table 3. Furthermore, SD allows for fast management scenario simulations on an 

average laptop computer, and subsequent investigation of interdependencies 

among modelled compartments (Liu et al., 2015; McKnight and Finkel, 2013). 

These are useful features for exploring parameter uncertainty (Lemaire et al. IV), 

as well as uncertainty stemming from SES complexity (Carnohan et al. III).  

SD models can also fulfil the role of a boundary object in group processes (Luna-

Reyes et al., 2018), which can contribute to mental model change and shared 

learning outcomes (Scott et al., 2013, 2014, Carnohan et al., I).  This contributes 

to its preferential status among  practitioners in the field of participatory model-

ling (Mashaly and Fernald, 2020; Voinov et al., 2018; Winz et al., 2009; Zarghami 

et al., 2018). SD offers the technical solution where multiple boundary objects can 

be developed and refined without the need to link multiple modelling platforms 

together, which might deter stakeholder engagement. 
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SD uses series of first-order integral equations to create higher-order non-linear 

system structures. The basic form of the integral equation is:  

(Eq. 1) 

where x is an accumulation, t is time, f is a nonlinear function, and p is a set of 

parameters (Richardson, 2009). 

Series of equations are implemented using an object-oriented approach; a graphic 

representation of the key elements of system dynamics models are shown in Table 

4. 

Table 4. Visual elements used in system dynamics modelling. Table adapted from Clifford-

Holmes et al. (2017). 

Element Description 

Stock variables are the integration of 

all inflows and outflows at each time 

step. 

Flow variables determine the change 

over time of stock variables. Multi-

ple flows can connect multiple 

stocks. The cloud indicates the 

boundary of the system.  

Converters serve as both constants 

and variables that detail the cause-

effect relationships. They can be 

used to create relationships between 

stocks with different units.   

Graphic functions can also be used 

to define cause-effect relationships.  

Arrows indicate causal connections 

and a + or - sign can be added to 

denote the direction of causality. 
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In addition to this graphical approach to constructing non-linear mathematical sys-

tems, SD is distinguished by its emphasis on the relationship between structure 

and behaviour and feedback thinking (Sterman, 2000). The advantage of structure-

behaviour focus is that those applying the method must be able to develop a struc-

ture capable of producing problematic behaviour, which can then be used to un-

earth potential root causes. The model can then be used to investigate potential 

structural or input variables that may address the problem (Schoenberg et al., 

2020), and the impacts of proposed solutions can be quantified. Feedback thinking 

encourages the modeller to create a structure capable of producing the behaviour 

endogenously, without relying heavily on inputs (Ford, 2010). Furthermore, such 

cause-effect modelling approaches are regarded as critical for establishing evi-

dence based management of the stressors and responses within freshwater systems 

(Nichols et al., 2016).  

2.4.2 Expert modelling and participatory modelling 

WRM increasingly relies on modelling and simulation (McKnight et al., 2010) 

and, simultaneously, integration of local knowledge (Voinov et al., 2016). This 

creates a tension between developing more complex models and aligning that re-

sulting knowledge with actions to improve WRM. Achieving this alignment is 

considered to depend on three factors, as perceived by stakeholders or decision-

makers for whom the model and results are intended to transfer to. These are fac-

tors are; credibility (scientific adequacy), salience (relevance to stakeholder 

needs) and legitimacy (trust) pertaining to modelling tools (White et al., 2010). 

Model-based research and consultancy tends to prioritise credibility with model 

performance metrics (Moriasi et al., 2015). However, this credibility assessment 

relates to the modeller’s perception and in most cases likely does not reflect the 

perceived credibility of decision-makers. Indeed, evidence shows legitimacy is 

found to be a more important determinant impact of modelled knowledge (Posner 

et al., 2016) and this has been confirmed in experimental settings (Czaika and 

Selin, 2017).  

To better frame the challenge facing model application for improved WRM it is 

useful to evoke learnings from the field of operational research, where models are 

used to tackle complex problem situations. Franco and Montibeller  (2010) posit 

two modes of model application: expert and facilitated. Key differences between 

these two modes lie within their assumptions related to problem solving:  
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• Expert mode assumes problems are an objective reality, thus requiring ob-

jective solutions that can be optimised for using the scientific modelling 

tool. Once calculated, expert mode solutions are assumed to be readily im-

plementable, as the problem is clearly solved by the optimal nature of the 

modelled solution.  

• Facilitated mode views problems as social-constructs, and thus unavoidably 

subjective due to multiple perceptions of decision-makers and stakeholders. 

Therefore, this mode assumes that the best solution(s) will not be optimal 

but rather reflect compromises within the problem-context and among 

stakeholder views. Critically, the engagement with stakeholders and deci-

sion-makers in facilitated mode is viewed as the key to achieving imple-

mentation. 

These two modes illustrate reasons for the expansion of participatory modelling 

within complex WRM settings, and increased recognition of the critical role mod-

elling tools play in achieving implementation of results. As discussed in the pre-

ceding section, many modelling tools have become progressively more sophisti-

cated and the application of these models has spread and improved with increasing 

data-availability and computational power (Fatichi et al., 2016). This trend reflects 

problem solving efforts under expert mode assumptions, but can create barriers to 

supporting legitimacy due to lack of interpretability i.e. black box modelling 

(Maeda et al., 2021; Rudin, 2019).  This prevents the model from acting as a 

boundary object when it can only be interpreted (and re-interpreted) by those with 

selected educational backgrounds (Star, 2010), which is a key feature of models 

aiming to improve legitimacy (Posner et al., 2016).   

In contrast, the participatory modelling field reflects facilitated assumptions. Ex-

amples of participatory modelling approaches include Group Model-Building 

(GMB) (Vennix, 1999), Mediated Modelling (van den Belt, 2004) and Modelling 

in the Muddled Middle (M3) (Clifford-Holmes et al., 2018) among others (Voinov 

et al., 2016). Indeed, a common feature among these is the role of “facilitator” 

who takes the lead role in structuring the process of the work but strives to remain 

neutral to the content (Rouwette et al., 2002). Models that are specifically con-

structed within participatory modelling processes may not take advantage of in-

creased model sophistication. Instead, they focus on aligning the model with the 

context and collective purpose of participants and producing qualitative insights 

(Moallemi et al., 2021).  

A middle ground is needed to bridge expert modelling and current participatory 

approaches, starting with models which are interpretable in the first place (Rudin, 
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2019), and utilising increased data-availability and hardware to improve the inte-

gration of water quality and quantity modelling (as demonstrated in Lemaire et al., 

IV). Leveraging advancements to modelling software can then increase model 

utility in participatory processes (e.g. in the form of visual user interfaces) and 

within catchments where data is limited (Carnohan et al., I, III). This can lead to a 

better understanding of the drivers impacting water resources, granting the ability 

to go beyond existing data and form new hypotheses (Ward et al., 2021).   
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3 Addressing complexity in water resources 

management 

3.1 Aligning science and governance using 

conceptual frameworks  
Frameworks support the organisation of problem-solving efforts and create a vi-

sion for how tools and processes can lead to improved outcomes (Binder et al., 

2013). To enable broader learnings for both tools and processes for participation, 

communication within and across empirical studies is needed (Mclain and Lee, 

1996). Current frameworks do not appear to fulfil this need, especially in the em-

pirical experimental setting in which many WRM efforts are taking place (Pahl-

Wostl et al., 2012). Fragmentation of existing conceptual frameworks threatens to 

further hamper progress in this dimension (Carnohan et al. II). It may be possible 

to address this through critical evaluation of the motivation for framework adapta-

tion and consider whether increased complexity in a framework helps or hinders 

its application in practice (Carnohan et al. II).     

Creating a new framework does not automatically lead to improved operationali-

sation. Consider the UN SDGs that were put in place to outline a future agenda for 

humankind to organise themselves in order to survive and thrive. They lack an 

operational framework that can support development of a roadmap to reach these 

goals. It is therefore unsurprising that since the establishment of the SDGs, scien-

tific and private groups have been organizing to try to operationalise the SDGs 

(Benson et al., 2020; Mansell et al., 2020). Perhaps, this doesn’t require a “new” 

framework it simply needs to be addressed in an adaptive fashion engaging sci-

ence, society and policy utilizing the best analytical tools available and ensuring 

that attention is paid to the processes that bring together knowledge and values 

from these groups (Carnohan et al. II, III). NbS has already begun to lean in this 

direction (Seddon et al., 2020).  Considering the economic, resource and time con-

straints facing humanity’s most wicked challenges, a new framework is likely less 

important than an implementable and operational existing framework (Carnohan et 

al., II).  

Another common pitfall is that new frameworks (novel or derivative) prescribe 

specific methodologies thus limiting inter-comparability through e.g. diverging 

definitions for framework elements (Patrício et al., 2016). Carnohan et al. (II) 

showed that one of the key properties of DPSIR, is that it can flexibly integrate 

with multiple methods. The case studies presented all utilised different methods 
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for analysis, and included quantitative, semi-quantitative and qualitative ap-

proaches. However their successes and shortcomings could be compared directly 

utilizing the reporting strengths of the DPSIR framework. The authors argue that 

this implicit flexibility should be made explicit and maintained to allow for novel 

methods for quantitative and qualitative analyses to be incorporated more readily, 

while promoting broader learnings across empirical studies.     

 

3.2 Advancing participatory processes for catchment 

management  
Processes for knowledge co-production can support problem solving by adapting 

to specific contexts, at different scales, and by supporting synthesis across disci-

plines (Norström et al., 2020). It is essential that links to local communities are 

made to ensure equitable solutions are found, as well as to reduce conflicts that 

can hamper progress (Seddon et al., 2020).  

Carnohan et al. (I) adds to process insights in this regard, by adapting established 

participatory methods to meet context and local stakeholder needs. It has been 

shown that multiple boundary objects can be used by groups in a GMB setting 

(Luna-Reyes et al., 2018). The successful outcomes here give further evidence of 

this and point to the pivotal role of boundary objects even when used in situations 

where stakeholder groups hold high-conflict potential and vast differences in 

technical training. However, new ways of rapidly distributing boundary objects 

more broadly is needed to improve equity of decision-making processes with 

many interested and affected stakeholders, such as those concerning peri-urban 

systems (Carnohan et. al., III).  

For instance, it has been well-argued that conceptual diagrams can serve as a link 

to scientific evidence and reveal unexpected undesirable consequences of various 

management action (Norton and Schofield, 2017). Carnohan et al. (I) opens for the 

possibility of such diagrams used to support learning in combination with simula-

tion environments and participatory process (Figure 5). Furthermore, transferring 

learnings from one catchment to another may then be promoted through interac-

tive learning with the conceptual diagrams reducing cognitive load as a form for 

pre-instruction before modelling (Kopainsky et al., 2015). Thus, providing a 

smoother link from simulation models to mental models of participants (Voinov, 

2021).  
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Figure 5. Diagram showing how participatory processes can utilise conceptual diagrams 

developed from stakeholder narratives alongside simulation modelling with both acting as  

boundary objects and engage stakeholders in an agile manner. Adapted from Carnohan et 

al. (I).  

 

A key contribution to participatory processes found in Carnohan et al. (I) was the 

usage of narratives to support the development of conceptual diagrams which in-

formed simulation modelling (Figure 5).  This adaptive choice allowed for rich 

qualitative information to supplement sparse numerical data and is reflective of 

other recent findings on the use of conceptual diagrams (Coletta et al., 2021; 

Norton and Schofield, 2017). Narratives are not currently regarded as an elicita-

tion technique, but prove useful in combination with other methods for rapid men-

tal model elicitation (Hosseinichimeh et al., 2017). While narratives are criticised 

for the persuasive nature, the strategies used within interview settings as well as 

involvement of multiple stakeholders could be used to mitigate this. Advance-

ments such as these can support practitioners’ embeddedness within the problem 

context and support delivery of insights within restricted project timeframes and 

budgets. Such adaptation is essential (Pollard et al., 2014) and the positive out-

comes of the adapted approach found in Carnohan et al. (I) can stimulate further 

investigation into how to adapt participation in challenging settings.  

Participatory methods often meet resistance around their perceived time-

intensiveness and high cost (Halbe et al., 2018). However, it has also been shown 

that a two-person facilitation team can also be effective when functioning within 

tight timelines by operating in an agile and reactive manner (Carnohan et al., I; 
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Figure 5).  Stakeholders were engaged individually and on their own terms, ena-

bling meetings that might not have taken place otherwise, which differs from 

methodological recommendations of other more established participatory ap-

proaches, which advise more formal logistical organisation of workshops (e.g. 

Luna-Reyes et al., 2006; Hovmand et al., 2012). This created multiple iterations of 

feedback between the science-oriented author group and societal challenges, as 

suggested in Carnohan et al. (II). 

 

3.3 Integrated SD modelling to support participation 

and management 
Models are shown to improve individuals’ decision-making over expert judgement 

(Holden and Ellner, 2016; Sterman, 2000). Current practices don’t see the use of 

simulation models in their intended function for continued decision-support 

(Basco-Carrera et al., 2017; Halbe et al., 2018). Key challenges include overcom-

ing time and budget limitations relating to stakeholders and research projects 

(Halbe et al., 2018), model complexity excluding stakeholders and associated lo-

cal knowledge (Saltelli et al., 2020a), data limitations limiting application of mod-

els (Shannak et al., 2018) and lack of stakeholder trust in simulation models 

(Czaika and Selin, 2017).  Each of these challenges varies across different con-

texts of application, creating an additional challenge to sharing learnings across 

participatory modelling studies. In Carnohan et al. (I), the authors encountered 

many of these challenges, and collective insights from that process prompted ideas 

for future research which led to the creation of a novel tool, DASH (Carnohan et 

al., III). 
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3.3.1 DASH model: Data Driven and Data Scarce  

The Dynamic Aquatic Simulation Hub or DASH is a SD model comprised of mul-

tiple sub-modules that capture water quantity and quality processes in an integrat-

ed manner (Figure 6; Carnohan et al., III; Lemaire et al., IV). The hydrologic 

modules for natural components include source (lake, Figure 6) and natural water 

balance. Urban contributions are combined sewer overflows (CSO), separated sys-

tems sewer overflows (SSSO) and wastewater treatment plants (WWTP). CSO and 

SSSO components are regulated based on a precipitation volume threshold, deliv-

ering non-linear point input to the stream and, as anthropogenic controls of reser-

voirs is common in peri-urban catchments (e.g. (Pinto and Maheshwari, 2011), a 

regulated sluice function is also included which can be formulated to reflect vari-

ous management aims (for example flooding, minimum flows, minimum lake vol-

ume).This formulation allows for model simulations to be conducted with only the 

minimum data inputs indicated in Figure 6 with all other parameter inputs, for 

quality and quantity, provided as ranges derived from literature - thus providing 

the potential to simulate in data-scarce mode (Carnohan et al., III). A data-driven 

mode is also available, and the model can incorporate time series data for the var-

ious urban components and improve model accuracy through calibration proce-

dures. Applying these modules in a series allows for a semi-distributed representa-

tion allowing for portioning of peri-urban streams to capture key features. This 

can be done in a plug and play manner where DASH modules can be copied and 

pasted within the object-oriented software (Figure 6; Lemaire et al. IV).  
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Figure 6. The conceptual structure of DASH, for an individual reach. A lumped rainfall 

runoff model is used to drive the natural water balance sub-module. Depth and flow pro-

vide the connection to water quality driving flux of the listed water quality parameters to  

each connected reach. The modular design allows for sub-modules and entire modules for 

water quality or quantity to be copied, pasted and then re-parameterised based on GIS-

derived drainage areas and permeability. Adapted from Carnohan et al. (III) and Lemaire 

et al. (IV) 



29 

When applying the model, different insights can be gained in both data-driven and 

data-scarce modes. In data-driven mode, the model is directly applying time series 

from a gauging station located at the inflow from the lake to the initial stream 

reach (red line, Figure 7). Along with the natural water balance and data from the 

urban sub-module (Figure 6), the total flow for the first reach is calculated. A re-

gression analysis based on available data in the catchment (flow, depth), and as-

suming a rectangular cross section and uniform stream width (DeDoncker et al., 

2011), is used to calculate stream depth (Figure 8). This calculation represents the 

non-linear relationship between plant biomass and flow as a result of increased in-

stream resistance.  Results for dissolved oxygen (DO) are also shown in Figure 8 

as verification of the DASH water quality module, due to the fact that DO is a key 

regulator of biogeochemical processes in surface-water ecosystems (Stajkowski et 

al., 2020). Based on performance metrics given by Barbosa et al. (2019), the data-

driven model can deliver satisfactory-to-very good performance across flow, 

depth, temperature, dissolved oxygen and macronutrients (and shown in detail in 

Lemaire et al., IV). Overall, these results indicate that DASH is well situated to 

provide insights into lowland, peri-urban streams.  

 

Figure 7. Results for lake inflow to the stream, presenting the data driven (red line) simula-

tion, incorporation of a lake module and sluice function simulation (black line), and lake 

module simulation assuming natural flow conditions (green line). A secondary inverted axis 

shows precipitation (grey line). Adapted from Carnohan et al. (III) 

 

The data-scarce mode of operation offers further advantages, perhaps most obvi-

ously by positioning DASH for transferability and application to data-scarce con-

texts. Additionally, applying the data-scarce model in a data rich catchment re-

vealed the utility of the structural-behaviour SD modelling approach for forming 

new hypotheses about processes affecting water quality (Carnohan et al., III).  



30 

Removal of the lake inflow data necessitated the inclusion of new structure in the 

form the lake module (Figure 6). This provides simulation of natural flow condi-

tions (green line, Figure 7), and the inclusion of an informational feedback based 

on modelled depth and general flood risk guidelines impacts, produces a data-

scarce, sluice regulated inflow (black line, Figure 7). Implementing this additional 

module, and informational feedback between depth and sluice control, raised new 

questions regarding the operation of the sluice, leading to investigations regarding 

its management. Local reports as well as stakeholder interviews provided evidence 

that the sluice operates automatically based upon flood risk, derived from stream 

depth measurements. However, estimations were still required, as the precise algo-

rithm controlling this automatic sluice was not publicly available, and in data-

scarce mode, a replacement for the data-driven regression was needed. However, 

freeing DASH from reliance on data allowed for further testing of the importance 

of the sluice as an anthropogenic control, and implications for water quantity and 

quality.  

As expected, and shown in Figures 7-8, the overall performance of the data-scarce 

application was adversely affected (also detailed in Carnohan et al., III). This is 

especially evident when literature-derived ranges used in the data-scarce mode are 

used to drive the water quality loadings. In Figure 8, four scenarios are shown; the 

red and black lines utilise data-driven water quality loadings, whereas the grey 

and blue lines do not. Those not using water quality data underestimate DO con-

centration, due to higher estimated loadings derived from literature values. This 

will be further elucidated in the description of the water quality module.  
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Figure 8. Reach 1 simulated stream depth results (top) shows measured data (green dots), 

data driven calibrated results (red line), and lake model sluice function including water 

quality data (black line). Dissolved oxygen simulation results (bottom) include additional 

scenarios, data driven water quantity coupled with data scarce quality (blue line) and a 

completely data scarce scenario (grey line). Adapted from Carnohan et al. (III) 

 

Within the water quality module for each reach, dissolved substances in the simu-

lated stream (Figure 6) are all calculated as fully-mixed and mass balanced and 

the majority are dependent on temperature. Loadings of these parameters are the 

result of flow calculated in the water quantity module multiplied with concentra-

tions either taken from literature ranges or available catchment-specific data. 

Temperature is also calculated as fully-mixed, and integrates temperature from the 

previous reach as well as the equilibrium with air temperature, buffered by stream 

depth.  
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Figure 9 uses the SD conceptual diagram approach, or causal loop diagram (CLD) 

to visualise the interactions among these processes. The arrows connecting varia-

bles show causality with the “+” indicating the same causal direction i.e. increase-

increase or decrease-decrease. The “-“ symbols indicate opposite causal direction 

of the action, i.e. an increase in the initial variable results in a decrease in the sec-

ond, or vice-versa ‘decrease-increase’ behaviour is observed. The CLD diagram-

ming convention allows for feedback mechanisms to be traced and related to each 

other through common variables and identified as reinforcing or regulating. For 

example, in Figure 9, benthic growth creates more macrophytes which increase 

the rate of benthic growth - a reinforcing loop. However, increasing macrophytes, 

increase chlorophyll-a, leading to a decrease in light penetration which decreases 

benthic growth – a regulating loop. This differentiates DASH and the SD ap-

proach compared to prevailing water quality models (Table 3).  
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Figure 9. Causal loop diagram showing the interconnections among processes represented 

in the water quality module and sub-modules including: (1) biological oxygen demand, (2) 

nitrogenous biological oxygen demand (3) reaeration, (4) nitrification (5) sediment oxygen 

demand, (6) photosynthesis/autotrophic respiration, (7) nutrient assimilation, (8) ammoni-

um/ammonia partitioning.  Other processes external to this system include: denitrification, 

settling and water atmosphere heat exchange. Variables in red are mass-conserved flux 

driven by the water quantity module.  Adapted from Carnohan et al. (III) 
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This type of cause-effect investigation of interrelated processes aided by CLDs 

can help to refine hypotheses relating to water quality impacts. For example, 

based on recent studies (Alnoee et al., 2021; Blaszczak et al., 2019; Jarvie et al., 

2005), Lemaire et. al. (IV) argue that the DASH model underestimations of phos-

phorus may be related to a missing feedback between low DO conditions and en-

hanced nutrient availability. The lack of such a feedback is clear in the CLD con-

ceptualisation, and previously shown with the sluice function, could be readily 

included with initial estimates for testing, and deeper analysis for refining the re-

lationship. A similar feedback should also be explored pertaining to added re-

sistance of plants, impacting flow and depth.  Being able to clearly display known 

processes, can provide a novel method for hypothesis formulation, with subse-

quent testing in the model to reduce both conceptual and model uncertainties (Fu 

et al., 2019). It also provides a means to improve application of models with 

stakeholders, as explored further in the next section.  

Notably, modules such as these can be developed quickly (on the order of days) 

for inclusion based on stakeholder input/feedback. Once developed, they are 

available as adaptable modules for use in other catchments. The ability to develop 

and test new structural process hypotheses can support fill a current gap that has 

slowed progress in water quality modelling generally (Jakeman et al., 2019; Ward 

et al., 2021).  

 

3.3.2 Participation within the Usserød Stream Catchment 

System dynamics was chosen as the modelling approach, as it is a method which 

shows promise for further advancement within WRM (Voinov et al., 2018; 

Zomorodian et al., 2018, Carnohan et al. I, Carnohan et al. III, Lemaire et al. IV). 

This is due to its flexibility and transparency which are well suited to the legisla-

tive, theoretical and conceptual frameworks dominating WRM discourse (Winz et 

al., 2009).  It is also suited to challenges in contexts, where sparse and incongru-

ent data are available, leading to an increased reliance on stakeholders for (expert) 

information (Gallagher et al., 2020; Carnohan et al. I).  

The incorporation of participatory process within the European Water Framework 

Directive (WFD) placed emphasis on the integration of multiple perspectives to 

improve management of inherently complex catchments, and decentralize policy-

making processes. The WFD is explicit about the need for public involvement in 

order to yield successful holistic management of water resources (Voulvoulis et 

al., 2017). This is framed by anticipated positive impacts of awareness-raising, 

social learning and enhanced transparency, among other process-based outcomes 

(Newig et al., 2014, Carnohan et al. I). However, in the first generation of WFD 
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implementation it was broadly recognized among EU Member States that im-

provements to participation were needed, and furthermore, the incorporation of 

the general public into the generation of river basin management plans was largely 

missing (Newig et al., 2014).  

The challenge of better implementing the participatory aspect of the WFD was one 

of the key motivations for development of the DASH model (Carnohan et al., III), 

and therefore efforts were made to initiate participation with local municipalities, 

a utility operating WWTPs, and a non-governmental organisation (NGO) within 

the Usserød catchment. In order to provide evidence to support the need for 

DASH within the catchment and initiate discussions with stakeholders, a survey 

was designed. The survey addressed public perception, opinion and knowledge 

pertaining to; (1) the state of the local water environment, (2) legislation and gov-

ernance and, (3) participatory involvement.  

The survey was distributed in Danish and English formats using the QuestionPro 

online survey platform (www.questionpro.com) within the 4 municipalities that 

surround Usserød Stream. Channels of distribution included social media (Face-

book, Instagram), emails to home-owner associations, post, and fliers posted 

around community centres as well as walking paths near the stream. In total 171 

responses were gathered with a completion rate of 69.5%. The survey was open to 

respondents from August 30th to October 21st 2019.  

Respondents were roughly split on their knowledge about the WFD, when asked if 

they were aware of Denmark’s national commitments to improve water quality 

under EU legislation (53% yes, 47% no). The majority of respondents (53%) rec-

ognised the water councils as being responsible for looking after the environmen-

tal condition of streams and lakes, followed by the Ministry of Environment and 

Food (MST, 18%) and the regions (13%). Interestingly, when asked who should 

be responsible, responses shifted and only 35% indicated water councils while 

MST went up (22%) and “municipality” increased from 6% to 14%. “Other local 

organizations” also increased from 6% to 8%.  

With regards to participation, the survey showed a clear desire for further public 

engagement in the management of their local resources. Results illustrated a clear 

desire for communities to be involved in water resources management (Figure 

10a, 76%), as well as a clear interest in attending more community activities on 

the topic (Figure 10b, 63%). In contrast, only 26% reported having been invited to 

attend any such event (Figure 10c, 26%). The survey also sought to identify poten-

tial barriers to participation, where “no time” and “lack of events/activities” were 

chosen the most (Figure 10d, 35% and 26%, respectively). 



36 

 

Figure 10. Panels A and B indicate that there is interest and willingness for increased par-

ticipation in a high proportion of the respondents, panel C indicates that opportunities for 

engagement have either not been presented or received while panel D provides an indica-

tion of the barriers that must be tackled to foster broader public engagement.  

The overall findings indicated that a gap remains between the bottom-up, local 

knowledge of current participatory efforts (Graversgaard et al., 2018), and the lo-

cal knowledge of the general Danish public in the Usserød catchment. These re-

sults were used in making first contact with the local stakeholder groups, as fram-

ing for discussions about the need for the features of the DASH model, which at 

that time was currently under development.  

A total of 9 meetings were taken, in three rounds, where model capabilities were 

presented at different stages of development. The first round of meetings were 

held physically and feedback was mixed: stakeholders from the municipality were 

interested in the potential benefits to test hypotheses and potential use of the tool 

for communicating findings regarding current and potential future management 

strategies to the public. However, they were sceptical about training needs to use 

the model. The utility appeared to be confused as to why researchers from the en-

vironmental engineering department of a technical university were present to ask 

questions, rather than deliver a finished technical solution or results. The NGO 

saw the tool as a potential to test their suspicions but were unclear about its capa-

bilities and limitations, and whether or not it would be viewed as legitimate by 

other stakeholders. Despite these mixed results, the initial meetings proved useful 

in developing relationships that allowed access to data subsequently used in Car-

nohan et al., III and Lemaire et al., IV.  
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Additional meeting rounds were held on an ad-hoc basis with each of the stake-

holder groups, both in-person but increasingly online due to Covid-19 restrictions. 

As DASH capabilities developed, more clarity was gained as to how it could be of 

use. Importantly, conversations with the municipality led to further non-numerical 

data that allowed for improvements of structural assumptions within DASH (Car-

nohan et al. III). The municipality was interested in testing scenarios where the 

feedback control on the sluice could be regulated based on DO levels in the lake, 

based on suspicions that algae inputs from the lake were acting as a sink for DO. 

The NGO wanted to take advantage of model’s spatially-distributed structure 

(Carnohan et al, III, Lemaire et al. IV) to divide the stream into more reaches with 

a focus on testing event scenarios and impacts. They also exhibited distrust in 

some of the data used in the data-driven simulations and therefore were keen on 

adding their own assumptions within the data-scarce mode (Carnohan et al., III). 

Their confidence in model legitimacy seemed to increase as they discussed the 

potential use of the model to interface with politicians regarding stream impacts, 

also in additional catchments. The utility was intrigued by the model capabilities 

to examine impacts of increasing regulatory limits, for example a doubling of the 

WWTP effluent output.   

Overall, stakeholders’ continued interest and use of time to join  the meetings over 

the course of two years is evidence that DASH may serve needs that aren’t met 

with current modelling practice aimed at supporting management of Usserød 

Stream. New end-user potentials, described in the next section, were of interest 

both to the municipality and NGO, however the utility simply wanted more re-

sults, i.e. were unsure of expectations (time in particular) regarding our suggestion 

for a paradigm change in how scientists and practitioners interface. This neverthe-

less provides some evidence for the role multiple boundary objects may play in 

integrating perspectives around modelling results (Carnohan et al. I, III)   

 

3.3.3 New end-user potentials of the DASH model 

Participatory modelling using SD offers established guidance on how of support 

group decision-making processes It has been shown recently that, when this guid-

ance is combined with suitable online platforms, it can allow for inclusion of par-

ticipants who would not typically take part due to the logistical challenges and 

costs relating to time and travel (Wilkerson et al., 2020). Such advancements cre-

ate an opportunity for models to serve as the core tool for conducting group deci-

sion-making exercises - rather than serving as an input to the process. Models can 

therefore become a hub for gathering information, sharing information and devel-

oping new ideas through simulation driven by these data (Karpouzoglou et al., 
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2016).  Figure 11 shows the hub concept where boundary objects and processes 

support synthesis of information within the cone on the right. The bi-directional 

arrow at the top illustrates that as participants gain insight, they provide new per-

spectives to the complex problem, drawing on their own and simultaneously up-

dating their mental database. These new insights can fuel future research and 

quantification attempts improving numerical databases that modellers draw upon.   

 

Figure 11. DASH is an approach to improve knowledge co-creation through a participatory 

modelling approach where VUIs can provide multiple boundary objects. As boundary ob-

jects are refined to user needs the information in models can be made more useful and gain 

legitimacy among stakeholders. This knowledge co-production process can improve model 

assumptions and, eventually, numerical data collection in a virtuous cycle adapted from 

Forrester (1994) 

 

Carnohan et al. (III) explores the notion that modelling hubs such as DASH can 

become a sort of public information infrastructure, coupling science, society, and 

policy (governance). A this requires an evolution of participatory process with 

modelling and analysis tools, online and in-person (Wilkerson et al., 2020). By 

using existing software packages, a small modelling team can tailor visualisation 

of results (Grainger et al., 2016; Lorenz et al., 2015, Carnohan et al., I; III), reduc-

ing dependence on expensive software development expertise while simultaneous-

ly allowing wider audiences access to model (Grimm et al., 2020). Visual user 

interfaces (VUIs) created within DASH offer more than a dashboard for exploring 

parameter assumptions. They can contain CLDs offering qualitative overview of 

the system under investigation (Figure 9), to support communication of structural 
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assumptions, and provide access directly to structure, including equation formula-

tions. Animations may also be developed to supplement traditional graphs (Car-

nohan et al., I).  

Customisation can be made to address individual stakeholder concerns, then dis-

tributed online and accessed on multiple devices, thus adapting the participatory 

modelling process to end-users’ own workflows. Feedback from stakeholders in 

the form of both requirements for, and experience with VUIs, can be a source for 

expanded local-knowledge inclusion (Figure 11). For example, through the devel-

opment of the need for an additional module to capture prevailing management 

strategies, or scenarios exploring suspicions of urban contributions in a particular 

portion of the catchment (Carnohan et al. III). Such end-user design is an increas-

ingly-tapped source for knowledge co-production among groups with varying 

backgrounds and prior knowledge (Karpouzoglou et al., 2016; Voinov et al., 2016; 

Zulkafli et al., 2017). As in current participatory modelling practice, iterations of 

boundary object development can lead to shared learning and trust in model re-

sults and assumptions (Luna-Reyes et al., 2018; Carnohan et al., I). These are im-

portant steps to ensure modelling can achieve its potential to support human cog-

nitive limitations if it is provided in a manner that allows humans to apply them 

effectively (Hewitt and Macleod, 2017).  

In order for this to be achieved, models and modelling tools need to be made as 

inclusive as possible (Maeda et al., 2021; Zulkafli et al., 2017). In Carnohan et al. 

(III), a layered approach is envisioned, whereby a single platform can be used 

within an agile process to drive consensus among disparate groups by adapting to 

various local-knowledge inputs (regardless of the education level of the person 

offering it) (Carnohan et al. I) and providing customised and visually appealing 

outputs. This can allow for legitimacy and trust to be established among disparate 

groups without sacrificing credibility or salience.  
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4 Conclusions  

The objectives of this thesis were to: (1) investigate novel participatory processes 

using SD tools that can overcome common constraints, (2) assess the role of 

frameworks with a focus on linking between science, society, and policy silos to 

improve implementation of novel approaches, and (3) co-develop an integrated SD 

modelling tool for water resources management capable of distributing and inte-

grating knowledge from multiple sources within an empirical setting. By address-

ing these objectives, the overarching objective of improving WRM is also ful-

filled. The conclusions of this thesis are summarised below. 

 

Novel participatory processes using SD tools to overcome common con-

straints: 

• The use of narratives as expressions of participants’ mental models was a 

successful strategy adapted to local contexts allowing participants with lim-

ited formal education to gain model ownership.  

• Narratives in combination with conceptual diagrams provided a connection 

to the simulation model.  

• Flexible and embedded process and model design proved successful in 

promoting strategic discussions among contentious stakeholders.  

• Adaptations to engagement strategies allowed a two-person modelling and 

engagement team to build and distribute model findings within a limited 

time and resource budget.  

• Building a new model in parallel to active participation limited the reliabil-

ity of quantitative insights.  

  

Assess the role of frameworks linking science, society, and policy silos 

• The DPSIR framework was found to contain several advantageous features 

which have seldom been recognised, these were highlighted to position the 

framework for broader operational use.  

• The DPSIR framework was shown to be applicable across case studies cov-

ering diverse regions and several environmental management challenges, 

confirming that robust tools to help us understand how to make existing 

policies actionable are needed to advance design of future policies. 
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•  Involvement of actors from within the three silos is key to a sustainable 

policy implementation. Iterative (re)evaluation of quantitative tools and 

processes should prevent lock-in to specific methods or tools to ensure 

alignment throughout policy design and implementation.    

 

Development of an integrated SD modelling tool for water resources man-

agement  

• The modelling tool DASH was developed as a SD-based hub for modelling 

and participation that can satisfactorily model key hydrologic and water 

quality parameters. 

• In case of incomplete data sets/lack of data, the data-scarce application of 

DASH can accelerate development of new structural hypotheses for water 

quality modelling due to the structural cause-effect foundation of the SD 

method.  

• The application of DASH showed the advantages of its modular construc-

tion via flexible incorporation of additional system structure, which was 

used to highlight the importance of opaque operation of anthropogenic wa-

ter quantity controls.  

• DASH creates opportunities for new processes for VUI development to dis-

seminate boundary objects more broadly for knowledge co-creation and 

mental model alignment.  

In summary, DASH provides capabilities to create and integrate knowledge and 

generate societal impact (Smetschka and Gaube, 2020). The DASH concept can 

directly support a paradigm shift in governance (Ostrom, 2010; Ostrom et al., 

1961), where models serve as infrastructure to support multiple decision-making 

centres (Pahl-Wostl et al., 2012; Shannak et al., 2018).  
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5 Future research/Perspectives/ 

Recommendation  

The unprecedented challenges facing WRM, and sustainable environmental man-

agement more broadly, require further research and coordinated action. Based on 

the research undertaken in this thesis, some suggestions for prioritisation are of-

fered.  

 

Continued improvements in evaluation of participatory modelling and con-

tributions of engagement processes and boundary objects: 

The frameworks, tools and processes investigated here will require further rigor-

ous evaluation in practical settings in order to derive insights regarding the ele-

ments that contribute to successful environmental outcomes. The barriers that hin-

der participatory modelling also hamper effective evaluation and therefore must 

receive attention in the design of the process. Several sub-disciplines under the 

participatory modelling umbrella provide starting points but will require updating 

given the novel capabilities of DASH and similar participatory tools acting as 

boundary objects. Therefore, the findings herein are not solely intended to be of 

benefit to those seeking to improve not only management of freshwater, but also 

all natural resources that are increasingly pressured within the Anthropocene.  

 

Common reporting guidelines for conceptual frameworks such as DPSIR: 

Establishing standardised reporting guidelines for conceptual frameworks can be 

useful for practitioners and policy makers. This would better enable the overlap 

and trade-offs between existing and emerging policies to be clarified. It would 

also boost shared learning among research within different policy contexts.  

 

Module library development for off-the shelf application: 

In order to reach the goal of modelling as informational infrastructure, additional 

modules are an important next step to improve applicability of DASH, or similar 

tools, to additional contexts. As many SD WRM studies in different contexts al-

ready exist, the creation of a module library should be pursued. The library should 

provide instruction for module selection and coupling based on catchment charac-

teristics. This can also support transferability.  
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Structural model improvements: 

Improved coupling between water quality parameters impacting water quantity to 

reduce assumptions and improve DASH as evidence basis for cause-effect quanti-

fications. Since DASH has been built to reflect peri-urban catchment challenges, 

additional structural, as well as parameter improvements are expected to be neces-

sary.  

 

Coupling to novel data sources:  

Despite showing the effectiveness of the SD structural approach when data is 

lacking, data sources to improve predictive ability as well as benchmark model 

results are needed. Novel approaches such as fluorescence monitoring have the 

potential to improve spatial and temporal knowledge of chemical stressors impact-

ing aquatic systems (Figari et al., 2021) particularly for capturing events (Jakeman 

et al., 2019).  
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ABSTRACT
The need for innovative systemic approaches for managing water resources that integrate
natural and human dimensions is well established. Although systemic, participatory modelling
has been shown to support stakeholder involvement and integrated analysis, the uptake within
acrimonious, data-scarce contexts – especially in the developing world – is limited. This study
details a process designed to address challenges facing the lower Olifants River Catchment in
South Africa, including deteriorating water quality, data paucity and stakeholder conflict.
Narratives and quantitative data were used to build a system dynamics (SD) model, ResiMod,
within a participatory process. The paper demonstrates how narratives can inform, and be
informed by, iterative model development whilst integrating scientific data. The approach
facilitated an exploration of perceptions of causality, connections between stakeholder sectors,
and mitigatory actions for responding to climate-change impacts on biodiversity. This offers a
promising approach to support improved communication and learning in disputed, data-scarce
contexts.
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1. Introduction

The complex interplay between human needs for water
as an essential natural resource and contamination of
land and water resources from anthropogenic activities
is a global challenge. Recent research from the World
Economic Forum (2020) indicates that water crises
represent society’s greatest challenge, placing them
among the top 10 global risks. Contamination gener-
ated at industrial sites, such as chemical production
facilities and large-scale mining complexes, is often
perceived as a widespread infrastructural problem com-
pounded by the fact that mitigation of any adverse
impacts can be economically challenging (Rügner
et al., 2014; McKnight & Finkel, 2013). For example,
impacts from acid mine drainage (AMD) produced by
mining activities are highly variable as AMD is
a product of an array of site-specific properties, which
makes predicting the potential for AMD exceedingly
challenging and costly (Akcil & Koldas, 2006). Further,
systems characterised by a heterogeneous patchwork
composed of natural, rural, and urban land usage (i.e.,
peri-urban) are challenging to assess, due to the variety
of chemical inputs entering streams, stemming from,
e.g.,, agriculture and waste water treatment works
(WWTW) (Lemaire et al., 2020; Sonne et al., 2017).

Water resources that are directly threatened by
human activities also stand to be further affected by

anthropogenic climate change, and devising interven-
tions that will protect freshwater biodiversity and
ensure the sustainability of water delivery systems
requires frameworks capable of diagnosing the key
threats to water security at a range of scales (Sonne
et al., 2018; Vörösmarty et al., 2010). As such, there is
a need for more systemic approaches that can incor-
porate the combinations of pressures and their poten-
tial intended and unintended consequences, especially
where integrated water resources management
(IWRM) is concerned (Van den Belt & Blake, 2015).
The progression of climate change poses significant
challenges especially to the IWRM sector of South
Africa. The expected impacts include increases in
temperature and increased frequencies of severe rain
events and periods of drought (Kusangaya et al., 2014)
and up to a 60% decline in water yield along the east-
ern border with Mozambique (Schulze & Davis, 2019).
These impacts on natural systems are compounded by
both a society struggling with the legacy of post-
apartheid inequality and a developing economy (S.
Pollard et al., 2014). These interlinking aspects pro-
duce a raft of complex management challenges within
the water management sector, potentially at a greater
scale than is seen in other areas of governance within
South Africa (Ziervogel et al., 2014). A substantial and
growing body of scientific research has sought to

CONTACT Shane A. Carnohan shca@env.dtu.dk Technical University of Denmark, Bygningstorvet Building 115, room 1592800 Kgs. Lyngby,
Denmark

Supplemental data for this article can be accessed here.

JOURNAL OF SIMULATION
https://doi.org/10.1080/17477778.2020.1762516

© Operational Research Society 2020.

http://orcid.org/0000-0003-0083-0269
https://doi.org/10.1080/17477778.2020.1762516
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/17477778.2020.1762516&domain=pdf&date_stamp=2020-05-26


inform adaptive management strategy in the country
(J. K. Clifford-Holmes, Carnohan et al., 2016;
S. Pollard et al., 2014; Pollard & Du Toit, 2008;
Schulze, 2011). However, there remains a significant
gap between knowledge and implementation – with
institutional barriers and poor collaboration playing
a key role (Koelble & Siddle, 2014; Mehta et al., 2014;
Ziervogel et al., 2014). Notably, this gap between
scientific assessment and policy implementation has
been identified worldwide as a critical barrier to
achieving environmental policy goals affecting water
resources (Carvalho et al., 2019).

Recognition of the roles institutions and individuals
(e.g., stakeholders) play in the implementation of water
management strategies has also been in focus globally,
featuring in multiple initiatives including the European
Water Framework Directive, US. Clean Water Act, and
the UN Sustainable Development Goals. With respect
to water resources, participatory modelling processes
“have been found to be a useful methodology to sup-
port stakeholder involvement and ensure a more inte-
grated analysis” (Halbe et al., 2018). Participatory
modelling has been applied to water resource chal-
lenges for more than two decades (Ford, 1996) with
increasing application globally (Antunes et al., 2009;
Langsdale et al., 2013; Pahl-Wostl, 2015; Stave, 2003;
Van den Belt & Blake, 2015).

System dynamics (SD) is a modelling practice with
a long history of application to IWRM, and its application
is increasing (Khan et al., 2009; Winz et al., 2009). SD is
a technique that simulates system behaviour based on the
servo-mechanical principles of accumulation, delay, and
feedback (Sterman, 2000). The transparency (Beall et al.,
2011) and flexibility (Winz et al., 2009) of SD have led to
established and effective participatory methodologies
(Rouwette et al., 2002; Rodney James Scott et al., 2016;
Vennix, 1999). However, barriers remain that limit
further expansion of participatory SD approaches within
IWRM, including time demands of stakeholder engage-
ments, context-specificity, and short time-frame of parti-
cipatory modelling interventions (Halbe et al., 2018).
Responding to these challenges requires further altera-
tions to methodologies, improving the adaptability of
participatory SD to the physical, environmental, socio-
economic and institutional circumstances (ibid.).

The work reported here draws upon a method
which aims to pragmatically adapt participatory SD
tools to the “messy operational reality” faced by stake-
holders (J. K. Clifford-Holmes et al., 2018). This
approach is used to support novel integration of nar-
ratives (i.e., storytelling) to support the development
and application of an SD model, ResiMod, within
a participatory process. The model was developed to
support the component action research project known
as Collaborative Dynamic Modelling (CoDyM). The
primary aims of ResiMod were to: (1) integrate

perspectives of multiple, diverse stakeholders; (2)
improve stakeholder understanding and consideration
of possible climate-change impacts; and (3) uncover
and communicate learning and management insights
through the model-building process and through the
resulting simulations (J. K. Clifford-Holmes,
Carnohan et al., 2016; J. K. Clifford-Holmes, Pollard
et al., 2016).

2. Olifants River Catchment study site

The Selati River traverses an important sub-catchment
located within the transboundary Olifants River
Catchment (ORC) in the Limpopo Province of South
Africa. The Association for Water and Rural
Development (AWARD) initiated the participatory
SD process as part of the USAID-funded Resilience in
the Limpopo-Olifants basin (RESILIM-O) programme,
which aims to improve resource management in the
ORC. The catchment is beset with diverse management
challenges: the need to improve water security must be
balanced within a contested governance context, which
currently faces severe capacity constraints. These capa-
city constraints affect the physical and operational capa-
city for water sanitation services (Department of Water
Affairs, 2011; Kings, 2017). Of the estimated 120
WWTWs in the ORC, many do not comply with
national benchmarks. Of those assessed for waste-
water quality compliance in 2011 in the case study
area, compliance was only achieved 20% of the time
(Hansen & Pollard, 2015). Additional constraints
include a lack of “clean-up” funding allocated to ageing
mining and industrial sites and weak enforcement and
implementation of environmental regulations
(Dippenaar et al., 2005). Stakeholders span agriculture,
mining and industry, conservation andmunicipal water
supply, and sanitation.

Existing models have been used in the ORC to
investigate water quality parameters indicative of the
activities of these stakeholder groups (e.g., sulphate,
phosphate, nitrate) (Slaughter et al., 2017). However,
the diversity of roles and governance levels within and
among these stakeholder groups leads to difficulty in
navigating conflict-riddled communication pathways,
hampering efforts to reconcile crises occurring across
the catchment (Clifford-Holmes, Pollard & Laporte,
2015, 2016). The overall problems faced become even
more vexing when water security is considered in the
context of the potential effects of climate change,
where the ORC is projected to experience higher tem-
peratures and intense rain events (Climate System
Analysis Group (CSAG), 2016; S. R. Pollard et al.,
2020). When this amalgamation of pressures is con-
sidered, there is a clear need for novel approaches to
support adaptive catchment-based management
across time-scales (J. K. Clifford-Holmes, Pollard
et al., 2016; Pollard & Laporte, 2015).
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The Selati River joins the Olifants River before
passing through Kruger National Park (KNP), and
crossing into Mozambique (Figure 1). KNP is inter-
nationally renowned as a beacon of biodiversity but its
downstream location makes it highly vulnerable to
impacts from the upstream activities of multiple actors
along the Selati. To date, various contaminant inputs
along the Selati and elsewhere in the catchment have
had negative impacts on KNP biodiversity (Centre for
Environmental Rights (CER), 2016). Earlier work
scoped supported the identification of stakeholders
that should be engaged in building ResiMod
(J. K. Clifford-Holmes, Pollard et al., 2016). Priority
stakeholders were identified from the Ba-Phalaborwa
wastewater treatment works (WWTW), Phalaborwa
Mining and Industrial Complex (PMIC), and Kruger
National Park (conservation).

3. Methodology

A blend of approaches and tools was used to build
ResiMod, emerging out of necessity due to the char-
acteristics of the case study site including a restrictive
timeline (3 months) for completion of the field work
within the RESILIM-O project. The paucity of written
and numerical data to draw from resulted in an
increased dependency on stakeholders’ knowledge of
the catchment in order to define the structure of the
system and support interpretation of the resulting

model behaviour. SD was chosen as the main model-
ling method due to (i) its suitability for exploring long
time frames (~50 yr); (ii) ability to deliver insights
about the non-linear system-wide interactions that
may lead to unintended consequences, and (iii) its
patent focus on espousing the relationship between
system structure and behaviour (Forrester & Senge,
1980). These characteristics developed into several
participatory disciplines – granting access to
a diverse library of tools for stakeholder engagement.
SD was therefore preferred, given the long time-
horizon under consideration (with respect to climate
change), as well as the diverse levels of expertise of the
stakeholders. Furthermore, complex spatial interac-
tions, where other methods excel (e.g., agent-based
modelling), were not a focus of this study (Voinov
et al., 2018).

3.1. Narratives and System Dynamics

The concept of applying narratives (i.e., stories) to com-
municate scientific insights has been increasingly
explored (Avraamidou & Osborne, 2009; Dahlstrom,
2014; Krzywinski & Cairo, 2013). The definition of nar-
rative communication is often given in relation to
Bruner’s 1986 framework for how humans organise
information (Avraamidou & Osborne, 2009). Bruner’s
framework differentiated between paradigmatic or rea-
son-based, logical, scientific constructions, and narrative,

Figure 1. Hydrological boundaries of the Selati Catchment of the Limpopo basin, South Africa.
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which “refer[s] to a way of sculpting and structuring
information [. . .] into readily understood forms that
guide learners’ comprehension” (Avraamidou &
Osborne, 2009). Where paradigmatic communication
strives for generalisability and being context-
independent, narrative is specific and context-depen
dent (Dahlstrom, 2014). Narratives have previously
been viewed in a poor light, as they are inherently per-
suasive and can, therefore, be manipulative (Dahlstrom,
2014; Katz, 2013). However, the strengths of narratives
have also been examined, for example, Tsoukas and
Hatch (2001) argue that narrative modes of communica-
tion take into account context, human agency within that
context, and temporal characteristics, which are absent
from paradigmatic communication. This is a crucial fac-
tor when analysing decision scenarios in complex pro-
blem spaces. Furthermore, the inclusion of these
characteristics can be used to support linkages between
system elements (Tsoukas & Hatch, 2001) and, by exten-
sion, between actors and the system under observation
(Flyvbjerg, 2004).

The benefit of blending narratives and simulation
has been explored using a variety of modelling
approaches. Alcamo (2008) developed a framework
and approach called “storylines and simulation”
(SAS), aimed at coupling quantitative models with
qualitative narratives. Drawbacks to SAS include the
time-intensiveness of the development process for
both aspects (narrative; simulation), inflexibility of
modelling approaches, and challenges with reproduci-
bility due to lack of transparency. Following the SAS
framework, recent participatory modelling studies
have used approaches to combine narratives and
simulation successfully. For example, Houet et al.
(2016) apply narratives using several models at multi-
ple scales. However, they note limitations related with
the application of their approach to developing

country contexts and argue for more participation
with stakeholders.

Participatory SD has historically sought to align par-
ticipants’ mental models, or “relatively enduring and
accessible, but limited, internal conceptual represe
ntation[s]” (Rodney J. Scott et al., 2014), using SD
simulation models and structured processes. Mental
models and narratives are quite similar in their defini-
tion. For example, Oatley (1999) likens a narrative to
a “simulation that runs on minds of readers just as
computer simulations run on computers”. SD model-
ling as a method and discipline exposes the relationship
between individual agency (decisions) with the opera-
tions of the system at-hand (Olaya, 2015).

The use of SD modelling in a participatory fashion
can stimulate cognitive conflict, a beneficial aspect for
improving the quality of group decisions (Vennix,
1996) and allowing all individuals a chance to take
part in the discussion, which promotes consensus-
building (Korsgaard et al., 1995). Our approach to
building ResiMod utilises both of these aspects, aiming
to build consensus by incorporating diverse stake-
holder narratives into the model and use the resulting
simulations to challenge their mental models (i.e.,
cognitive conflict). In this way, we sought to challenge
individual views in order to support consensus-
building and communication among the larger group.

In summary, the development of ResiMod is distin-
guished by the explicit integration of narratives as key
inputs into the participatory SD modelling process (see
Figure 2). This is a novel approach which has been
relatively unexplored (Guhathakurta, 2002; Mallampalli
et al., 2016). Furthermore, the similarity of narratives and
mental models makes SD a preferable tool to explore this
integration – due to the established effectiveness of parti-
cipatory SD modelling in creating enduring changes to
mental models (Rodney James Scott et al., 2016).

Figure 2. ResiMod v.2 relied on narratives for structuring, with both the narrative and model undergoing iterative development.
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3.2. The “Muddled Middle” Approach

The approach tomodel building and stakeholder engage-
ment was rooted in the “modelling in the muddled mid-
dle” or M3 approach, which integrates ethnographic,
institutional, and systems analyses, recognising thatmod-
elling can serve many purposes from supporting the
process to delivering analytical results (J. K. Clifford-
Holmes et al., 2018). The M3 approach allows for the
construction of multiple smaller sub-models, following
best-practice SD modelling (Ford, 2010; Sterman, 2000).
With ResiMod, initial causal loop and stock-and-flow
(SF) diagramming set the stage for parameter estimation
and simulation. The M3 approach was adopted to fit the
socio-political context, which is “characterised by multi-
ple conflicting users who are divided along multiple lines
(racial, ethnic, economic and nationality)” (J. K. Clifford-
Holmes et al., 2018; Zolfagharian et al., 2018). During the
problem scoping phase of the modelling process, focus
shifted towards the lower-Olifants, where some of the
greatest impacts to water quality had been experienced,
in the form of sulphate and phosphate concentrations
exceeding legislated values (J. K. Clifford-Holmes,
Pollard et al., 2016). For the construction of sub-
models, stakeholders were divided into common interest
groups and meetings were conducted both individually
and in groups (Table 1). Such a strategy has been success-
fully applied previously in case study settings using SD,
where diverse “fragmented” stakeholders are represented
in the process (Eker et al., 2018).

3.3. Integrating Narratives and Participatory SD

Within the individual working sessions (see Table 1),
simple concept models were often introduced using
a stock and flow diagram (SFD) (see Table 2)
(Richardson, 2013). However, this was not always possi-
ble or useful due to time constraints, or challenges in
conveying the message through diagrams. For these
situations, an unstructured interview strategywas chosen,

since this method is regarded as advantageous for elicit-
ing participants’ own reality as a means to develop
a theory (Fontana & Frey, 2005). In these sessions,
a combination of causal loop diagrams (CLD) and hybrid
SFDs along with field notes was used to capture the
narratives. Sessions typically lasted from 1 to 3 hours,
and towards the end of the interview, the CLD/SF dia-
gram would be reflected back to the stakeholder in nar-
rative form in order to verify that it captured the
discussion appropriately.

In follow-up interviews, the disconfirmatory inter-
view strategy was applied to test/verify the developing
theory. This strategy includes anchoring participants
in specific content based upon their expertise, adapt-
ing the interview to the participant, and organising the
interview around the model structure and behaviour.
As the narratives and model developed, they could be
presented and acknowledged as works-in-progress
that may have errors (Andersen et al., 2012). The use
of the disconfirmatory interview responds to ethical
concerns relating to the inherent persuasiveness of
narratives (Dahlstrom, 2014). This approach was per-
formed iteratively, and accumulating information was
shared in the sessions that followed. This enabled the
exploration of connections between sectors and
allowed the perspectives of stakeholders from different
sectors to be shared. Thus, narratives both informed
and were informed by the model development.

3.4. Modelling integration and Climate Change

Many additional data sources were used to supplement
interviews for ResiMod, including earlier SD modelling
work (J. K. Clifford-Holmes, Pollard et al., 2016) (see
section 5), output from the Water Quality Systems
Assessment Model (WQSAM) and downscaled climate
models. Specifically, water quantity and quality data
were taken fromWQSAM, which simulates water qual-
ity by receiving flow volumes from a yield model – the
Water Resources Modelling Platform (WReMP). The
WReMP delivers flow data on a monthly basis, which is
disaggregated in WQSAM into a daily time-step to
capture transient events required when modelling dif-
fuse and variable loads. (see Slaughter et al. (2017);
Slaughter & Hughes (2013)). The WReMP model pro-
vides WQSAM with monthly flow data as incremental
stream flows and return flows. This monthly flow
undergoes two transformations; first, it is disaggregated
to a daily timestep, using observed and simulated (CC)
rainfall allowing us to capture transient events (e.g.,
sulphate mobilisation from a runoff event on a mine).
The daily discharge is then separated into surface, inter-
flow, and groundwater flow components; this allows us
to route pollutants (water quality) along these path-
ways. Non-point source pollutants are routed through
surface, interflow, and groundwater while point sources
are routed through return flows. By providing the

Table 1. Meetings were arranged flexibly, following the M3

approach, to maximise data collection in the limited time
period.

model sector
contribution

Session
type –

#Sessions Stakeholder expertise

WWTW Individual – 1 Supervising WWTW
WWTW Individual – 1 Municipal finance
WWTW Individual – 2 WWTW Policy
WWTW Individual – 1 Municipal infrastructure operations
WWTW Individual – 1 Regional management
PMIC Individual – 2 Legal expert on mining regulation
PMIC Sector – 1 Environmental Manager and

Operations Manager for
Environmental Affairs Phalaborwa
Mining Complex

PMIC Sector – 1

Conservation Individual – 2 Ecological scientist
Conservation Individual – 2 Park management expert (as South

Africa National Parks proxy)
Conservation Sector – 1 SAN-Parks Ecologist, Biologist
Total meetings: 18

JOURNAL OF SIMULATION 5



ResiMod with return flow volumes and the receiving
river quality and quantity, the end fate load and con-
centration can be determined and altered according to
an intervention strategy, which was calculated by inte-
gration with ResiMod (further detailed in the results).

The climate modelling was performed by the
Climate System Analysis Group who statistically
downscaled climate projections from three General
Circulation Models (GCMs), representing medium
and high greenhouse gas concentration (not emission)
trajectories (Climate System Analysis Group (CSAG),
2016). In ResiMod, only the downscaled projection for
RCP8.5 and the MIROC-ESM GCM was used. The
same climate projections were utilised in the WReMP
yield model and WQSAM. Importantly, these models
and other assumptions regarding the impact of climate
change (CC) within ResiMod were used to develop
a “CC switch”. This activates a suite of parameter
changes, as shown in Table 3.

4. Results and Discussion

Narrative results are presented, followed by their imple-
mentation into the SD structure. Discussion of key
assumptions and data sources are given for each sector
alongside the corresponding structure. This section thus
provides a detailed description of the model logic, estab-
lishing the conceptual foundation that was constructed
iteratively using the narrative approach. This includes
key stocks, flows, and feedback loops alongside impor-
tant parameter assumptions provided by participants or
the modelling team (Monks et al., 2019). Following the
STRESS-SD guidelines for model reporting (ibid.), addi-
tional parameters, equations, and detailed descriptions of
data sources are provided in Supplementary Document 1.

4.1. Mining and litigation

4.1.1. Narrative
Mining tailings waste is a well-known threat to fresh-
water biodiversity, with seepage and spills delivering
sulphates to the Olifants River. Although elevated levels

of sulphates can directly impact biodiversity, their per-
sistent presence in water resource systems can indicate
that other types of pollutants (e.g., heavy metals) are
entering and accumulating in the aquatic ecosystem.
Other toxic compounds can enter the stream when
spills occur, brought on by flooding which will likely
increase under climate-change conditions. Spills can
have broad negative consequences for the PMIC’s bot-
tom line. This is due to media reporting on impacts
on biodiversity in the KNP, which can generate public
awareness. Past events have shown that mining compa-
nies respond more strongly to public awareness pres-
sure than to regulatory pressure. Similarly, impacts on
biodiversity generate more public awareness than reg-
ulatory exceedances. There are delays in response time
before the media disseminates the information to the
broader public. While some measures have been taken
to prevent these outcomes (e.g., reusing process water)
there are still many opportunities for mining companies
to mitigate these outcomes. There is an important dis-
tinction between reactive mitigation (i.e., after pollution
event and regulatory action) and proactive mitigation
(i.e., before pollution event and regulatory action), with
the former carrying additional costs through fines and
reputational damage. On the other hand, mining com-
panies can proactively develop policies to mitigate the
negative environmental consequences of tailings-waste
and improve their institutional memory, embedding
lessons learned from previous regulatory punishments.

4.1.2. SD structure and parameterisation of mining
sector
Figure 3 presents the structure and main stocks of the
mining sector. The representation of “tailings miti-
gated” and “unmitigated tailings of PMIC” simplify
the fate of tailings-waste. Any unmitigated tailings are
representative of the volume of tailings assumed to be
prone to seepage and spills, and when tailings are
“mitigated” they can no longer enter the environment.
Mitigation is, therefore, a representation of all the
possible activities that may be undertaken by the
PMIC to prevent any further release into the

Table 2. Multiple data sources informing CC scenario within ResiMod v.2.
Climate-change impact Implications ResiMod v.2 incorporation

Increase in rainfall intensity
resulting in stormwater in
urban areas increasing

Increased sewage spills creating risks for
human health and on the environment

Pulse function applied to increase volume as discrete and sudden
events occurring once per year – generating spikes of untreated
wastewater

Increase in rainfall intensity
resulting in holding ponds
flooding

Decrease in rainfall and an
increase in evaporation

Reduced base flows in rivers, changing the
ability to achieve environmental flows in
receiving water bodies

Climate change simulation output from WQSAM based on
downscaled GCM projections.

Increase in temperature
increasing the rate of
biological processes

Increase in the corrosion rate of infrastructure Implementation of non-linear function capturing relationship
between infrastructure condition, maintenance and failure rates
(average lifetime of WWTW) based upon expert stakeholder
input.

Increase in the rate of breakdown of ammonia
through nitrification

A 10% increase of WWTW processing efficiency implemented,
based upon estimation of expert stakeholder.
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environment. A significant assumption is that the
model considers these activities would be 100% suc-
cessful. This point was initially contested by mining
company representatives in a working session; how-
ever, further discussion led to an agreement that this
structure and aggregation level could ultimately repre-
sent the effects of their mitigation efforts.

The “process water reuse” flow was included in
order to show PMIC representatives that the model-
ling team was aware of their efforts to mitigate envir-
onmental impacts. The fraction “proportion of tailings
water reused” determines both flow rates, as the
remaining fraction sets the amount of “water diverted
into tailings dam” each month.

A constant value for the “fractional seepage rate”
was adopted from earlier modelling work (Jonker
et al., 2015). Total sulphate discharge is the product
of “seepage” volume and the “sulphate concentration
of seepage”. There is an assumption made here that all
seepage enters the stream; ResiMod does not distin-
guish between specific transport pathways. There was
a broadly communicated perception of many stake-
holders that mining tailings waste has a great impact
on the freshwater ecosystem. International headlines
reflected this as well, following the 2013/2014 spill

events (Centre for Environmental Rights (CER),
2016). In ResiMod, the impact was based upon the
use of a preliminary species sensitivity distribution
(SSD) developed for combined sulphate salts (e.g.,
Dowse et al., 2013). Sulphate is recognised as a key
component that may additionally influence which
processes/fluxes occur in conjunction with contami-
nant release dynamics (Rinklebe et al., 2016). Notably,
these curves have subsequently been revised, as sul-
phate salts were found to be more toxic than the
preliminary data had shown (Vellemu et al., 2017).

An additional stock tracking the accumulation of
tonnes of sulphates was added. This was motivated by
input from conservation sector stakeholders, who felt
that the long-term bioaccumulation of sulphate salts
poses an additional threat. The stock variable “Total
tonnes of sulphate released over 50 years” was used as
a means of promoting conversations about the possible
long-term systemic impacts.

4.2. WWTW Sector

4.2.1. Narrative
Population growth leads to increasing demands for
WWTW facilities in the local Ba-Phalaborwa

Table 3. Diagrammatic conventions used in this paper for the stock and flow diagrams (SFDs).
Table adapted from (J. K. Clifford-Holmes et al., 2017).
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municipality. However, the total operating capacity of
WWTWs is constrained by the ability to maintain the
actual physicalWWTWcapacity. It takes time to recruit
and train staff to handle the required daily operation and
maintenance (O&M). Therefore, even though the over-
all physical capacity of the WWTW in Ba-Phalaborwa
may support the population, it may not be operational
due to O&M constraints. This trend has been seen due
to underinvestment in maintenance and training, in
favour of investment in the physical capacity. The result
is the release of phosphates into the Selati, compounded
bymore intense rainfall leading to flooding which over-
whelms WWTW. This challenge is compounded
because plants which are improperly maintained have
shorter operational lifetimes, resulting in a loss of capa-
city and a failure to maximise on public infrastructure
investment. Building new WWTW also takes time and
keeping up with forecasted demand requires long-term
planning. When WWTW capacity is unable to keep up

with demand, excessive phosphate concentrations will
then be released to the Olifants River system, adversely
affecting biodiversity. This can be mitigated by improv-
ing/shortening training, improving operations, and
improving maintenance to ensure available physical
WWTW capacity is fully utilised.

4.2.2. Structure and parameterisation of WWTW
sector
Figure 4 presents the representation of this sector
within the SD model, as “Total population in Ba-
Phalaborwa” drives the demand for WWTW. Data
for the “fractional population growth rate” were
derived from the Ba-Phalaborwa Municipality
Census Data, (Statistics South Africa, 2011). The
population is multiplied by “sewage per person” mea-
sured in litres (l) per day, converted to ML per month.
This is the “demand for WWTW” or the amount of
sewage produced per month from the “percentage of

Unmitigated tailings of
the Phalaborwa Mining
& Industrial Complex

[ML]

Mitigated tailings
[ML]

Total
sulphate released

[tonnes]

DAM
HEIGHT

DAM AREA

EVAPORATION
RATE

FRACTIONAL
SEEPAGE RATE

total discharge
from mines
& industry

SULPHATE CONCENTRATION
OF SEEPAGE

evaporation

initial dam
volume

adding up
discharge

AVERAGE
MITIGATION TIME

AVERAGE
REUSE TIME

reactive
mitigation

proactive
mitigation

discharge concentration
mining & industry

seepage

water diverted into
tailings dam

process water reuse

PROCESS WATER
PER MONTH

mitigation

PROPORTION OF
TAILINGS WATER

REUSED

Figure 3. The stock-flow structure of the mining sector separates the volume of tailings (in megaliters) into unmitigated and
mitigated fractions. A third stock is used to track the total amount of sulphate (measured in tonnes) released from the dam over
the 50 year period.
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population connected” and refers to Ba-Phalaborwa
residents (Holness, 2014; Jonker et al., 2015).

“Forecasted demand” is based on the current “total
capacity” of WWTW. The “time horizon” is how far
into the future the demand forecast is made and
a longer horizon leads to a higher forecasted demand.
This leaves remaining “indicated physical capacity”
that should be developed in order to meet the fore-
casted demand. The planning horizon guidelines indi-
cated that a horizon of 10 years is standard (Nozaic &
Freese, 2009).

Figure 5 presents the operations and maintenance
(O&M) capacity of WWTW, which was added to the
model based on input from the retiredWWTW super-
visor and supported by literature (Gopo, 2013).

The O&M capacity is used to capture the overall
ability of the managers, operators, and general main-
tenance staff to operate and maintain WWTWs.
Human resources were one of the main issues under
scrutiny by regulators while ResiMod was under devel-
opment. Stakeholders lamented that improvements are
only likely over a very long time-horizon (captured in
the “time to train and update O&M capacity” variable).
Furthermore, the structure captures the WWTW con-
sultant’s indication that regulatory incentives have led
to an overemphasis on increasing technical capabilities
of plants without improving staff recruitment and
training. The consultant validated the vicious cycle
that this creates, where more failures take place along
with increasing infrastructure capacity and that these
failures then motivate funding applications for more
physical capacity (Carrim et al., 2010; Manus & Van
Der Merwe-Botha, 2010).

The notion that such capacity has been largely
underemphasised is a key part of the model narrative
as told by many of the stakeholders in the WWTW
sector. Therefore, the “hiring new O&M capacity” is
constrained by both hiring and training delays and the
lack of emphasis on human resource development as
“fraction of O&M supported”. The initial value esti-
mate for this stock was developed with the WWTW
policy consultant and calculated to be 60% of the total
WWTW capacity (see Figure 6).

The physical capacity (Figure 6) is categorised as
either online, and therefore treating wastewater gen-
erated by the population, or offline, i.e., inoperable
for any number of reasons. More specifically,
“WWTW physical capacity online”, refers to the
plant’s total capacity to physically process incoming
sewage to meet legislative benchmarks for phosphate
concentration (Requirements for the Purification of
Waste Water or Effluent, 1, 1984). For both the online
and offline capacities, data for WWTW plants servi-
cing the Ba-Phalaborwa Local Municipality (BPLM)
were used to set initial values (Ba-Phalaborwa
Municipality, 2015).

Other key variables include the “new physical capa-
city”, which refers to the construction of additional
WWTW capacity. Capacity is added based on the
forecasted demand and policy of investment as “frac-
tion of physical development need supported”. “O&M
capacity available for maintenance” is the difference
between the physical capacity online and the O&M
capacity. It assumes that operating online capacity
takes an equivalent amount of O&M. The remaining
O&M capacity is free to perform any necessary

Total population
in Ba-Phalaborwa

[People]

SEWAGE PER
PERSON

CC switch

effect of incoming sewage
on plant efficiency

demand forecast
(without CC switch)

CC sewage per
person

TIME
HORIZON

forecasted
demand

SEWAGE PER
PERSON

PERCENTAGE OF
POPULATION CONNECTED

demand for
WWTWFRACTIONAL POPULATION

GROWTH RATE

population growth

Figure 4. The stock-flow structure showing how population drives the development of WWTW.

JOURNAL OF SIMULATION 9



maintenance tasks driving the “repair rate of
WWTW”. This is adjusted by the “final infrastructure
efficiency factor”, which allows the user to simulate

scenarios where technologically advanced WWTW
plants could be installed requiring less O&M capacity
to operate effectively.

WWTW O&M
capacity
[ML/month]

forecasted
demand

total
capacity

time to update
supported capacity

losing O&M
capacity

AVERAGE TIME FOR
CAPACITY LOSS

hiring new O&M
capacity

indicated fraction of O&M
development need supported

indicated O&M capacity
to be developed

FRACTION OF
O&M SUPPORTED

TIME TO TRAIN AND
UPDATE O&M CAPACITY

effect of public awareness of
WWTWs impacts on
capacity development

Figure 5. Stock-flow structure of the WWTW O&M capacity.

WWTW O&M
capacity
[ML/month]

WWTW physical
capacity offline
[ML/months]

WWTW physical
capacity online
[ML/months]

forecasted
demand

effect of incoming sewage
on plant efficiency total

capacity

failure rate of WWTW

repair rate
of WWTW

total
capacity

AVERAGE TIME
TO REPAIR

new physical
capacity

TIME TO BUILD
NEW CAPACITY

AVERAGE TIME FOR
CAPACITY TO FAIL

indicated fraction of physical
development need supported

decomissioning

average life of
WWTW plant

O&M capacity available
for maintenance

percentage
offline

effect of percentage offline
on WWTW spill frequency

WWTW spill

START TIME
WWTW SPILL

WWTW spill
volume

FRACTION OF OFFLINE CAPACITY
CONTRIBUTING TO

SPILL EVENTS FOR WWTW

FRACTION OF PHYSICAL
DEVELOPMENT NEED SUPPORTED

ratio of O&M
to capacity

effect of O&M ratio on
average life of plant

final infrastructure
efficiency factor

WWTW spill switch

effect of public awareness of
WWTW impacts on
capacity development

CC switch

indicated physical
capacity to be developed

Figure 6. Stock-flow structure of the WWTW physical capacity, including assumptions regarding the rate of failure and
decommissioning.
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The WWTW policy consultant further described
the effect of O&M maintenance on the lifetime of the
plant. In this case, she confirmed that the “ratio of
O&M to capacity” was a useful measure of the routine
maintenance capability. The consultant worked
directly within the model to help define the graphical
function for the “effect of O&M ratio on average life of
plant” and verified the behaviour of the resulting
simulations.

4.3. Biodiversity Sector

The biodiversity sector uses metaphor to promote
familiarity for the variety of stakeholders involved in
this catchment. Freshwater riverine ecosystem biodi-
versity, or FRED, is a central indicator in ResiMod (see
Figure 9) and was developed from an earlier indicator
of aquatic biodiversity in the Kruger National Park
(KNP). In engagements with KNP representatives,
the term FRED was suggested as a ”friendly” or neutral
acronym aimed at more broadly representing aquatic
biodiversity. Since the KNP had played a significant
role in the pursuit of penalty fines passed down to
some companies following one particularly damaging
spill event (Centre for Environmental Rights (CER),
2016), they wished to avoid politically and personally
charged future discussions that might emerge if their
interests were directly named. Therefore, FRED was
anthropomorphised (Figure 7) and presented within
a short video to support the biodiversity narrative.

4.3.1. Narrative
FRED supports the delivery of a wide variety of ecosys-
tem services. This includes household use and irrigation,
as well as supporting freshwater biodiversity and eco-
tourism. FRED is impacted by excessive loads of sulphate
and phosphate, reducing his ability to provide these
services. FRED can recover as a result of remediation
efforts as well as through natural processes, but these are
both time-intensive (and costly) options. Therefore,
ensuring the “health” of FRED is an immediate priority
to ensure long-term sustainability and use of water.

4.3.2. Structure and parameterisation of the
biodiversity sector
The biodiversity sector integrates the in-stream loads
from WQSAM and the load calculated by ResiMod.
The “combined concentration . . . ” variables calculate
the total in-stream load using data from WQSAM for
pollutant loads (sulphate; phosphate) already in the
river (in-stream load), with additions from ResiMod
sub-modules. The final concentration is calculated
using WQSAM flow data. Thereafter, FRED is
updated via the SSDs, that deliver the percentage of
species affected at a given concentration. FRED is
therefore quantitatively represented as a percentage
ranging from 0% (complete biodiversity loss) to

100% (best ecological condition, “desired level of
FRED”) and indicates the proportion of FRED that is
intact (Figure 8). Historical data taken from WQSAM
from 1950–2000 serve as the business as usual (BAU),
andWQSAM climate change (“CC”) variables contain
time-series data generated from 2010 to 2060, which
includes the downscaled GCM.

Three SSDs were implemented in ResiMod corre-
sponding to the upper, central, and lower tendency
values corresponding to the 95% confidence interval
(Vellemu et al., 2017). In order to simulate worst- and
best-case scenarios regarding impacts to biodiversity,
the “conservation emphasis” graphical lookups use the
lower limit of the 95% confidence interval to assume the
sharpest effect on biodiversity. The “conservative” and
“intermediate” use the upper bound and central ten-
dency, respectively. The “effect switches” allow the user
to select the level of impact used in the simulation.
During a workshop with the conservation sector, sta-
keholders chose the “intermediate” sulphate and “con-
servative” phosphate SSDs for the BAU simulation.

The “conservation pressure on regulators due to
FRED impacts” is a variable that is inversely related
to impacts on FRED. It is an assumption made to
represent the operational reality of the conservation
sector’s main leverage to enact change – in their role as
a key-player applying pressure on regulators to initiate
litigation of mining and industrial companies.

4.4. Narratives and simulation using ResiMod

The key narratives were developed according to each
sector with substantial overlap across the sectors. This

Figure 7. Freshwater riverine ecosystem biodiversity (FRED)
was communicated as an anthropomorphised character.
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resulted from the narratives being shared within and
between sectors throughout the development of
ResiMod. These narratives were then synthesised
into an overall systemic narrative that was used to
frame the facilitated group work in a final workshop,
conducted among representative stakeholders from all
sectors.

Figure 9 summarises the system structure of the
final model indicating relationships and feedback
loops corresponding to the structure of the final
model. While WQSAM provided initial in-stream
load conditions, endogenous behaviour driven by
these feedbacks produces scenario results in response
to parameter input. Scenario input was driven by
stakeholders, as groups were tasked with making con-
sensus decisions concerning which policy levers (mid-
dle of Figure 10 and in (red) italics in Figure 9) ought
to be modified in order to improve outcomes over the
base case scenario. Before each model simulation,
stakeholders were asked to perform their own mental
calculations (Ford, 1996) and discuss potential out-
comes. The CLD (Figure 9) was utilised as a tool to
trace the consequences of their group decisions
through overall feedbacks within the model. In this
way, simulations were used to challenge stakeholders’
mental models and initiate discussions about the rela-
tionship between system structure and simulated
behaviour.

Simulation results for ResiMod are shown in
Figure 10.Within the tradition of SD (and with reference

to the purpose of ResiMod described previously), verifi-
cation was not pursued as point predictions, but as
a qualitative assessment as towhether themodel structure
and resulting behaviour patterns are qualitatively correct
(Barlas, 1996). This falls within the scope of pattern-
prediction and event-prediction tests (Forrester &
Senge, 1980). Due to the paucity of data for key indica-
tors, the model behaviour was verified primarily by sta-
keholder input.

The overall finding was that policies combining mul-
tiple mitigative actions are needed to combat freshwater
biodiversity losses. Four scenarios are shown in an
additive fashion (Figure 10): FRED gradually declines
under the BAU scenario, but the decline is sharper with
climate-change impacts. Improvements to the manage-
ment of the mining and industrial sector contribute
significantly (scenario 3) but systemic improvements
(scenario 4) are most effective at improving FRED.

Participants experimented with policies by toggling
parameters as a group, learning through simulation
and discussion that combined actions were the most
effective for improving FRED. For example, simply
increasing the efficiency of WWTW plants (i.e.,
a technological solution) was ineffective without
boosting investment in O&M and reducing staff train-
ing times. This is because such a combination of
policies prevents the balancing loop controlling the
online physical capacity of plants from drifting to
low performance. However, some levers had little
impact, even when applied in combination. For
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FRED recovery
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Figure 8. Stock-flow structure of the Freshwater Riverine Ecosystem Diversity formulation, including the use of species sensitivity
distributions.
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example, the “advocacy and public awareness” lever
generated only minor improvements in FRED. This is
due both to the numerous long delays involved in
these feedback loops, and the low responsiveness of
both WWTW and mining and industrial sectors to
public awareness.

4.5. Parallel Evaluation using the Monitoring
Evaluation Reporting and Learning Framework

Evaluation of the CoDyM programme and ResiMod
was conducted within the Monitoring, Evaluation,
Reporting and Learning (MERL) framework ongoing
within RESILM-O (AWARD, 2017). MERL was
developed to improve the evaluation and effective-
ness of long-term programmes carried out in com-
plex problem spaces. It is a parallel monitoring
approach that uses both quantitative and qualitative
methods to continually assess the benefits or draw-
backs of activities carried out within project activities
and adapt activities based on collective lessons
learned (USAID, 2018). For CoDyM, a qualitative
content analysis approach was applied to all docu-
ments related to the project, including notes and
meeting minutes. This was a theory-driven coding
exercise that reported the successes and limitations
of the approaches taken within CoDyM, including
the unstructured interviews that delivered the narra-
tives along with the resulting utilisation of ResiMod
within workshops.

The MERL evaluation indicated that the use of
ResiMod in the final workshop was successful in sup-
porting the development of participants’ understand-
ing regarding climate-change impacts on water
resources. Furthermore, participants commented on
the beneficial nature of understanding the “system as
a whole” and having their mental models challenged.
They were surprised that some variables had less influ-
ence on simulated results than expected, leading them
to reconsider the problem and consider the validity of
results more holistically. Communication techniques
were also addressed by MERL, and the presentation of
different viewpoints via the synthesised narrative was
regarded as an enjoyable learning experience that
helped some participants understand how other sec-
tors think. It also left participants feeling that their
network had expanded (Kotschy, 2016). Selected com-
ments from the workshop further support these
results:

● “I learned more about climate change and know
its impacts on our waste water plants”;

● “It was very interesting to note that climate change
links to [other] sectors”;

● “Making climate change practical and [finding]
solutions on the ground [was valuable]”;

● “The value of dynamic modelling to drive decisions
and test results”;

● “[I] think that running this model and factoring in
the climate change factor will improve horizon

Figure 9. The feedback loops identified within ResiMod. Yellow connections form feedback loops within the mining and industry
submodule, green connections are feedback loops within the WWTW submodule and the blue feedback loop is within the
biodiversity submodule. Connections with double perpendicular lines indicate that delays are present in those feedback loops.
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planning and developing more resilient management
plans”;

● “ . . . fabulous to dwell on the fact that climate
change can be an opportunity – crises can be [a]
kind [of] opportunity to coalesce around”.

Overall, ResiMod was considered instrumental within
CoDyM. As Kotschy (2016, p. 25) noted, “the value of
[CoDyM] really lies in the possibility for developing a tool
which can help stakeholders from different sectors to
confront the impacts of their ownpractices and to explore
options together”. Moreover, the fact that representative
stakeholders from each sector were present and engaged
in the final workshop indicates that ours was a promising
approach to support improved communication and
learning among high-conflict groups, within data-scarce
environments.

5. Discussion, conclusions, and future work

This paper has demonstrated a novel approach using
narratives to support SD model development and

communication bi-directionally. This responded to the
needs of the context and catchment and required trade-
offs to engage a diverse stakeholder base with high-
conflict potential, in a short timeframe and with limited
data. One key strength of this work is the unique ability
of SD to support the integration of narratives with the
flexible M3 participatory approach. This allowed a small
modelling team operating in a high-conflict catchment to
support stakeholder communication and facilitate
insights about the impacts of climate change and what
stakeholders could do about these impacts.

The case study catchment in South Africa is char-
acterised by complex governance challenges – impacted
by multiple stressors, with multiple actors and high-
conflict potential. This same characterisation can
describe many natural resource governance contexts
around the globe. Therefore, the approach used to
develop ResiMod, though not without limitations, can
provide useful guidance for modellers and participatory
SD practitioners in other settings. Narratives and story-
telling are some of the humanity’s oldest communica-
tion methods. This study has shown how they can be

Figure 10. Simulation results for ResiMod displays examples of policy scenarios. Each run represents the corresponding scenario
shown in the included table. Policy levers are visible in the middle panel, purple levers correspond to the mining and litigation
sector, brown correspond to WWTW sector and green corresponds to the biodiversity sector. Lever descriptions are presented in
detail on the online interface (https://exchange.iseesystems.com/directory/jai). Scenarios are additive: climate change incorpo-
rates changes detailed in Table 3; scenario 3 includes climate change plus 3 additional changes (a, b, c); scenario 4 adds additional
parameter changes to WWTW (a, b, c). The key indicator, FRED (panel A), is improved by reductions in mining tailings waste (lower
left, panel B) and improvements to the function of WWTW (lower right, panel C). A prominent example of the interplay between
policy levers and simulation results is noted by the vertical black bar in panel A at month 60 (year 5), where a marked increase in
WWTW capacity is triggered by an increase in plant efficiency which becomes available in the selected “efficiency start year”.
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successfully translated into a quantitative simulation
model, with results made understandable to stake-
holders with a history of conflict as well as differing
technical acumen.

In some cases, the use of a simulation model limited
the flexibility of the modelling team to respond to
individual stakeholder needs (Kotschy, 2016). The erra-
tic timing of stakeholder involvement (i.e., joining late
or dropping out of the process) also added challenges.
For example, the narrative surrounding the mining
sector and possible actions was constructed with
a paucity of input from the stakeholders until the later
stages of model development. This created an unequal
sharing of information and may have led to an over-
emphasis on the WWTW sector at earlier (and later)
stages of model development and use. Furthermore,
ResiMod did not become embedded in stakeholders’
long-term decision-making, an ongoing challenge
within participatory modelling and associated research
(Halbe et al., 2018; Rouwette et al., 2002).

Nevertheless, this study has highlighted that under-
standing how to adapt participatory modelling pro-
cesses and tools to stakeholders with different needs
and technological backgrounds is crucial. Though this
type of model customisation can often be time and
resource intensive, new technologies and strategies for
stakeholder engagement that can develop aesthetically
engaging interfaces may help close this gap (Fishwick,
2012). Narratives certainly offer another promising
avenue to meet this challenge. Moreover, this study
also explored how participatory approaches can help
bring cutting-edge scientific information into the deci-
sion-making realm faster. For example, the incorpora-
tion of SSD curves for sulphate toxicity, which were
available only as preliminary data during the develop-
ment of ResiMod. Developing better theory on when
and how to adapt stakeholder engagement processes
will require the application of more targeted measure-
ment and evaluation strategies (Zolfagharian et al.,
2018). This can improve understanding of how parti-
cipation, simulation, and cutting-edge scientific
knowledge can be better linked, and thereby shift
scientists’ role from data-providers to facilitators of
science-driven decision-making (McCown, 2001).
One of the established and evolving sources for this
is the evaluation methods applied to SD participatory
modelling. With deference to narratives, a better eva-
luation of the effectiveness of the disconfirmatory
interview at overcoming their persuasive nature is
needed. Such studies could be undertaken within
future applied cases or using controlled experimental
settings.
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1. Introduction: 
 

The Journal of Simulation paper (‘Climate change adaptation in rural 

South Africa…’) presents a system dynamics simulation model called 

‘Resimod’, which was developed and used in the water scarce Olifants 

River Catchment (ORC) in South Africa. This supplementary 
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documentation provides additional information about ResiMod, 

including model parameterisation, equation formulations, and 

relevant data sources. A variable-by-variable breakdown of the model 

is provided in the form of five sub-models, which are related to the 

paper in Table 1 below. 

 

Table 1: Overview relating the model sub-sectors to the model description in the associated manuscript. . 

Supplementary document Relevant section in paper 

1 Litigation sector 
4.1. Mining and litigation 

2 Mining sector 

3 Public awareness sector Sections 4.1 – 4.3 

4 WQSAM integration and 

Biodiversity sector 

4.3. Biodiversity sector 

5 WWTW sector 4.2 WWTW sector 

  

Table 1 shows that this supplementary document describes ResiMod in 

five sectors, whereas the paper describes the model in 3 sectors. 

This is because the dynamics of the ‘litigation sector’ and the 

‘public awareness sector’ were, for all intents and purposes, 

incorporated into the other three sectors in the practical use of 

the model with ORC stakeholders. Furthermore, model testing and model 

analysis demonstrated that the sectors had little overall impact on 

the model behaviour, due to the relative ‘low leverage’ of the 

relevant policies. Whereas the paper focuses on the model’s 3 most 

important and high impact sectors, this supporting document provides 

comprehensive documentation of the full model. 

 

 

 

 

2. Total model: 
 

The model has 217 variables 

  with 5 sectors. 

  Stocks: 19   Flows: 28    Converters: 170  

  Constants: 79   Equations: 119   Graphicals: 23  

  There are also 8  expanded macro variables. 

 

Model and interface available at: 

https://exchange.iseesystems.com/directory/jai 

 

Software/Version: Stella Architect/1.82, compatible with Stella 

Professional (same version) without interface.  

Integration: Euler 

Timestep: 1/12 

Time unit: months 

Simulation period: 50 years 

https://exchange.iseesystems.com/directory/jai
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Hardware requirements: ResiMod runs using a very limited hardware 

requirement. 4 GB of ram is recommended to prevent slowdown during 

simulations.  
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********** 

3.  Litigation: 
********** 

 
"'good_governance'_switch" = 0 

    UNITS: Dimensionless 

    DOCUMENT: This switch is meant to represent a radical improvement in 

governance that would improve behavior by all actors. Therefore, the switch 

comes in at several points to ensure a radical, conservation-oriented 

improvement in overall behavior. The points at which this switch comes into 

the model was not chosen based on any specific heuristic, it simply modifies 

other high-leverage parameters to boost the outcome for freshwater riverine 

ecosystem biodiversity.  

 

admin_penalties_lookup = GRAPH(TIME) 

(0.0, 0.000), (96.0, 0.050), (120.0, 0.100), (150.0, 0.200), (600.0, 0.200) 

    UNITS: Dimensionless 

    DOCUMENT: Will grow gradually from 2018 towards a maximum of 15 or 20%. 

Tracy Humby 17-10-2016 

 

admin_penalties_switch = 0 

    UNITS: Dimensionless 

 

compliance_multiplier = 1 

    UNITS: Dimensionless 

    DOCUMENT: Tracy-Lynn (17-10-2016) gave an estimate of 2 for this 

multiplier. As this serves as the baseline, I simplified this by normalizing 

all multipliers in relation to her estimate here.  

 

criminal_violations_pleaded(t) = criminal_violations_pleaded(t - dt) + 

(pleas) * dt 

    INIT criminal_violations_pleaded = 0 

    UNITS: violations 

    INFLOWS: 

        pleas = 

fraction_of_criminal_charges_resolved_through_plea_deals*violations_pursued_

as_criminal_charges/time_to_negotiate_a_plea_deal {UNIFLOW} 

            UNITS: violations/months 

 

duration_of_court_battle = 60 

    UNITS: months 

    DOCUMENT: Tracy-Lynn Humby (17-10-2016) court cases can take 3-5 years 

to be resolved.  

 

fraction_admin_penalties = 

SAFEDIV(total_violations_resolved_with_administrative_penalties,  

total_violations) 

    UNITS: Dimensionless 

    DOCUMENT: Originally intended as indicators to generate discussion among 

mining & industry as part of facilitated group process.  

 

fraction_criminal_charges = 

SAFEDIV(violations_that_are_criminally_penalized, total_violations) 

    UNITS: Dimensionless 
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    DOCUMENT: Originally intended as indicators to generate discussion among 

mining & industry as part of facilitated group process.  

 

fraction_mitigated = SAFEDIV(violation_compliance,  total_violations) 

    UNITS: Dimensionless 

    DOCUMENT: Originally intended as indicators to generate discussion among 

mining & industry as part of facilitated group process.  

 

fraction_of_criminal_charges_resolved_through_plea_deals = 0.9 

    UNITS: Dimensionless 

    DOCUMENT: Tracy Humby 29-09-2016: Most cases are resolved via plea- 

deals and this is a faster process than going via courts 

 

fraction_of_violations_resolved_by_mitigation = 0.15 

    UNITS: Dimensionless 

    DOCUMENT: Tracy-Lynn estimated this is closer to 0.15 (17/10/2016) 

 

fraction_of_violations_resolved_through_penalties = 

IF("'good_governance'_switch"=1) THEN(admin_penalties_lookup) 

ELSE(IF(admin_penalties_switch=1) THEN (admin_penalties_lookup) ELSE (0)) 

    UNITS: Dimensionless 

 

fraction_of_violations_that_are_acted_upon = 

MIN(.15*advocacy_and_public_awareness,  1) 

    UNITS: Dimensionless 

    DOCUMENT: This parameter was set according to Tracy-Lynn Humby's 

interpretation (17/10/2016) of paragraph 4 or the DWS submission to the 

South African Human Rights Commission (Not to be distributed). In short, 

this captures the perspective that regulation is weak and only a small 

fraction of the actual environmental ills committed by mining & industry in 

SA are registered.  

 

fraction_of_violations_that_escalate = (1-

fraction_of_violations_resolved_by_mitigation)-

fraction_of_violations_resolved_through_penalties 

    UNITS: Dimensionless 

 

fraction_pleaded = SAFEDIV(criminal_violations_pleaded,  total_violations) 

    UNITS: Dimensionless 

    DOCUMENT: Originally intended as indicators to generate discussion among 

mining & industry as part of facilitated group process.  

 

fraction_resolved_through_court = 1-

fraction_of_criminal_charges_resolved_through_plea_deals 

    UNITS: Dimensionless 

    DOCUMENT: Formulation here validated by Tracy-Lynn Humby (17-10-2016). 

Any violations not resolved via plea deals will eventually be resolved 

through court.  

 

high_reactive_mitigation = 0.05 

    UNITS: Dimensionless/violations 

    DOCUMENT: See: mitigation response level 

 

indicated_new_violations = IF("'good_governance'_switch"=1) 

THEN(sulphate_regulation_high) ELSE((IF( sulphate_regulation_level=1) 

THEN(sulphate_regulation_low) ELSE( IF(sulphate_regulation_level=2 )THEN( 

sulphate_regulation_med) ELSE(  IF(sulphate_regulation_level=3) THEN 
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(sulphate_regulation_high) ELSE( 

0))))*conservation_pressure_on_regulators_due_to_FRED_impacts) 

    UNITS: violations 

    DOCUMENT: This variable allows the user to choose the sulphate 

regulation level (see graphical functions of 'sulphate regulation low, med & 

high’) and allows the good governance switch to be used. Under good 

governance it is assumed that regulation will be high. This formulation 

assumes that there is no memory for exceedance and that violations are only 

added to the proceeding litigation structure if 'caught' within that month.  

 

initial_proactive_mitigation_rate = 500 

    UNITS: ML/month 

    DOCUMENT: This was a part of the initial model narrative, discussed with 

Tracy-Lynn Humby.  

 

Institutional_memory_level = 1 

    UNITS: Dimensionless 

    DOCUMENT: Institutional memory (Levels 0 - 3) : (in addition to 

proactive mitigation already in place) broadly embedding lessons learned 

from previous violations, strengthening proactive mitigation efforts.  

     

    This lever simply a multiplier that acts to boost the 'management 

learning effect'. This calculation is carried out in the 'mitigation due to 

institutional memory' variable.  

 

low_reactive_mitigation = 0.015 

    UNITS: Dimensionless/violations 

    DOCUMENT: See: mitigation response level 

 

management_learning_effect = GRAPH(total_violations) 

(0.00, 0), (6.00, 100), (12.00, 220), (18.00, 380), (24.00, 670), (30.00, 

1070) 

    UNITS: ML/month 

    DOCUMENT: Tracy Humby 17-10-2016: Suggested we include such a feedback 

to prevent mining representatives from becoming defensive. She explained 

this effect can happen as new managers take over responsibilities within 

mining companies. When they have a record of previous violations they can 

'learn' and improve their practices to prevent waste from entering the 

environment. This effect is my attempt to capture this story and assumes 

that as the number of total violations grows, more and more effective 

mitigation practices will be institutionalized.  

 

medium_reactive_mitigation = 0.030 

    UNITS: Dimensionless/violations 

    DOCUMENT: See: mitigation response level 

 

mitigation_due_to_institutional_memory = 

(management_learning_effect*Institutional_memory_level) 

    UNITS: ML/month 

    DOCUMENT: see contributing variables.  

 

mitigation_per_violation = 

selected_mitigation_level*public_perception_influence_on_reactive_mitigation 

    UNITS: Dimensionless/violations 

    DOCUMENT: This variable simply takes the public perception influence and 

multiplies it by the selected mitigation level (fraction). The graphical 
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functions (see 'mitigation response level') relate the number of violations 

passing through the litigation model  

     

    See the 'mitigation response level for further documentation.' 

 

mitigation_response_level = 0 

    UNITS: Dimensionless/violations 

    DOCUMENT: Mitigation response level (Levels 0 - 3) : represents the 

efforts made to respond to violations due to exceedance of allowed sulphate 

concentrations. The higher the level, the greater the improvement over 

current baseline efforts.  This is captured in a series of fractions (see 

high, medium & low reactive mitigation). Due to the fact that no mining 

company representatives would engage with us prior to the week before the 

final meeting, these fractions are all based on the personal intuition of 

the modeler. They were graphed in order to create what the modeler perceived 

as reasonable behavior - allowing for enough difference between between each 

of the levels to effect visible change in model behavior.  

     

    The validity of these assumptions was only tested by the mining 

representatives interacting with the model in the final workshop and by a 

short demonstration of model outputs to PMC representatives on 28-10 (see 

Notes, 28-10 Mining & Industry).  Our explicit aims during the meeting were 

to 1) to recruit participation and 2) explicitly show some of the 

assumptions and limitations of the model. However, there was not enough time 

to investigate the fractions or discuss the behavior resulting from all of 

the mitigation level fractions.  

     

    This is part of the 'reactive mitigation' of the mining companies.  

 

multiplier_for_admin_penalties = 4.5 

    UNITS: Dimensionless 

    DOCUMENT: Tracy (17/10/2016 meeting) says 8 or 9x more impact towards 

mitigation/public awareness. Administrative penalties, she said, can result 

in penalties that are much higher than the maximum fine possible through 

criminal litigation. (Normalized, see compliance multiplier).  

 

multiplier_for_criminal_violations = 3.5 

    UNITS: Dimensionless 

    DOCUMENT: assume that criminal violations -if they stick - have a 

stronger impact on public awareness. On 17/10/2016 Tracy says 7x greater 

than standard compliance. Normalized (see compliance multiplier).  

 

multiplier_for_pleas = 3 

    UNITS: Dimensionless 

    DOCUMENT: Tracy 17/10 - pleas are 6x more effective. Normalized (see 

compliance multiplier) 

 

PROACTIVE_mitigation = 

mitigation_due_to_institutional_memory+(initial_proactive_mitigation_rate) 

    UNITS: ML/month 

    DOCUMENT: This was part of the 'narrative' chosen by the modeler and 

discussed with Tracy Lynn-Humby (reflected in Notes, 17-10-2016 & 29-09-2016 

Tracy Lynn-Humby). The parameter value is an assumption, was chosen in order 

to prevent defensive behavior of the mining company representatives. This 

same concern (defensive behavior) was also discussed with Harry Biggs where 

we determined that a 'good' route for mitigation should also exist. By 

including PROACTIVE mitigation, we could show that we were being fair to the 
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mining companies and assuming that they were already making efforts to 

control their tailings.  

     

    The equation simply adds the amount of mitigation coming from the 

'mitigation due to institutional memory' to the 'initial proactive 

mitigation' amount.  

 

public_perception_influence_on_reactive_mitigation = 

IF(public_awareness_pressure_switch=1) 

THEN((1+"percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industr

ial_Complex_violations_(perception)")) ELSE(1) 

    UNITS: Dimensionless 

    DOCUMENT: This multiplier assumes that as public attention raises, the 

Phalaborwa Mining Complex will make more efforts at mitigation. The 

multiplier is based simply on the public awareness fraction, which is added 

to 1 and used to boost the effective mitigation per violation. Because this 

variable has little effect in the model, we chose to multiply it in two 

different places (effective mitigation per violation) and (total REACTIVE 

mitigation effort) to boost the effect on mitigation slightly.  

     

    When discussing narratives, Tracy explained that the larger mining 

companies are more afraid of public opinion. She said we can emphasize that 

with Foskor and PMC. I confirmed with her our designs to lump them in order 

to show how Bosveld puts PMC and Foskor at risk of negative public opinion.  

 

REACTIVE_mitigation = 

MIN((mitigation_per_violation*violations_reactively_mitigated*public_percept

ion_influence_on_reactive_mitigation*unmitigated_tailings_of_Phalaborwa_Mini

ng_&_Industrial_Complex),  

unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex/average_mitig

ation_time) 

    UNITS: ML/month 

    DOCUMENT: The model distinguishes between reactive and proactive 

mitigation. Assuming that as violations accumulate and are resolved within 

the litigation sector, the mining companies will make some effort to reduce 

the environmental impacts of their tailings dams. Therefore, the flow of 

violations that are mitigated by mines drives the amount of mitigation 

(ML/month) that takes place. Violations are multiplied by the the 

dimensionless fraction from the selected mitigation level. This is part of 

the narrative discussed with Tracy Lynn-Humby (reflected in Notes, 17-10-

2016 & 29-09-2016 Tracy Lynn-Humby). Within these meetings, it was possible 

to discuss model assumptions at the level of structure. Especially in the 

second meeting where many parameter values were discussed in addition to the 

broader narratives which is where this variable developed rom.  

 

selected_mitigation_level = IF("'good_governance'_switch"=1) THEN( 

high_reactive_mitigation) ELSE (IF(mitigation_response_level=1) 

THEN(low_reactive_mitigation) ELSE( IF(mitigation_response_level=2 

)THEN(medium_reactive_mitigation) ELSE(  IF(mitigation_response_level=3) 

THEN (high_reactive_mitigation) ELSE( 0)))) 

    UNITS: Dimensionless/violations 

    DOCUMENT: With the good governance switch turned on, the highest 

mitigation level will be indicated. Otherwise, the mitigation response level 

is chosen by the user. 
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sulphate_regulation_high = GRAPH("exceedance_of_sulphate_in_mg/l") 

(0, 0.000), (50, 1.500), (100, 7.500), (200, 7.500), (300, 12.000), (400, 

15.000), (500, 18.000), (600, 21.000), (700, 24.000), (800, 27.000), (900, 

30.000), (1000, 45.000) 

    UNITS: violations 

    DOCUMENT: This graphical function is the best-guess estimate of the 

modeler. It is a linear effect which attributes violations to different 

levels of sulphate exceedance. The higher the exceedance value, the larger 

the number of violations that may be registered against the mining & 

industry.  

 

sulphate_regulation_level = 3 

    UNITS: Dimensionless 

    DOCUMENT: The sulphate regulation level is a switch tied to the 

preceding graphical functions which allows the user to switch between a very 

strict regulatory environment, where more violations are levelled per 

exceedance event, or a less rigorous regulatory environment. This switch 

also allows the user to turn off this pathway in order to perform 

sensitivity analyses.  

 

sulphate_regulation_low = GRAPH("exceedance_of_sulphate_in_mg/l") 

(0, 0.000), (50, 0.166666667), (100, 0.833333333), (200, 0.833333333), (300, 

1.333333333), (400, 1.666666667), (500, 2.000), (600, 2.333333333), (700, 

2.666666667), (800, 3.000), (900, 3.333333333), (1000, 5.000) 

    UNITS: violations 

    DOCUMENT: This graphical function is the best-guess estimate of the 

modeler. It is a linear effect which attributes violations to different 

levels of sulphate exceedance. The higher the exceedance value, the larger 

the number of violations that may be registered against the mining & 

industry.  

 

sulphate_regulation_med = GRAPH("exceedance_of_sulphate_in_mg/l") 

(0, 0.000), (50, 0.500), (100, 2.500), (200, 2.500), (300, 4.000), (400, 

5.000), (500, 6.000), (600, 7.000), (700, 8.000), (800, 9.000), (900, 

10.000), (1000, 15.000) 

    UNITS: violations 

    DOCUMENT: This graphical function is the best-guess estimate of the 

modeler. It is a linear effect which attributes violations to different 

levels of sulphate exceedance. The higher the exceedance value, the larger 

the number of violations that may be registered against the mining & 

industry.  

 

time_for_mines_to_mitigate = 36 

    UNITS: month 

    DOCUMENT: This assumption is the best-estimate of the modeler and needs 

validation.  

 

time_to_escalate = 6 

    UNITS: Months 

 

time_to_indicate_compliance = 6 

    UNITS: Months 

    DOCUMENT: Tracy-Lynn Humby interview on 17/10/2016: "This has a wide 

range. From 6 months to 5 years!" We chose to use the smaller delay time for 

the base case.  
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time_to_negotiate_a_plea_deal = 18 

    UNITS: Months 

    DOCUMENT: Tracy spoke with Catherine Horsfield of the Centre for 

Environmental Rights (https://cer.org.za/) on the phone during the working 

session on the 17/10/2016. Together they decided that this is from 1 to 2 

years and is limited by the need for expert reporting. We chose to use a 

midpoint of 1.5 years/18 months in the base case.  

 

time_to_register_new_violations = 12 

    UNITS: months 

    DOCUMENT: Harry (from KNP side) 3-4 months but improving.  

    Tracy says this is closer to a year (12 months). We followed Tracy’s 

recommendation. 

 

time_to_resolve_via_admin_penalties = 12 

    UNITS: months 

    DOCUMENT: Tracy-Lynne Humby on 17-10-2016 validated this estimate.  

 

total_violations(t) = total_violations(t - dt) + (additonal_violations) * dt 

    INIT total_violations = 0 

    UNITS: violations 

    DOCUMENT: This stock adds up all of the violations committed by mining & 

industry over the course of the simulation and can be used as an indicator 

to stimulate discussion among mining representatives.  

    INFLOWS: 

        additonal_violations = new_violations {UNIFLOW} 

            UNITS: violations/month 

            DOCUMENT: This flow is equivalent to new violations.  

 

total_violations_mitigated(t) = total_violations_mitigated(t - dt) + 

(violations_reactively_mitigated) * dt 

    INIT total_violations_mitigated = 0 

    UNITS: violations 

    DOCUMENT: This stock simply accumulates violations as they are mitigated 

throughout the simulation period, with the idea that it can serve as a 

counter that can be used as an indicator for communicating success (or lack 

thereof) of mining & industry to reduce their legislative burden.  

    INFLOWS: 

        violations_reactively_mitigated = 

violations_needing_mitigation/time_for_mines_to_mitigate {UNIFLOW} 

            UNITS: violations/months 

            DOCUMENT: This flow is the delayed implementation of mitigation 

efforts by mining and industry operating over the delay time indicated.  

 

total_violations_resolved_with_administrative_penalties(t) = 

total_violations_resolved_with_administrative_penalties(t - dt) + 

(violations_resolved_with_administrative_penalties) * dt 

    INIT total_violations_resolved_with_administrative_penalties = 0 

    UNITS: violations 

    DOCUMENT: The 'total violations resolved with administrative penalties' 

is meant to capture a strengthened regulatory system where heavy fines as 

well as potential 'cease & desist' notices would be issued to the mines. 

According to Tracy-Lynn Humby (17-10-2016) this could be a useful discussion 

point with mining & industry. She explained that if the regulatory pathway 

to administrative penalties was strengthened then higher and more 

substantial fines could be leveled at the mines. She shared documentation of 

a recent submission by the Department of Water and Sanitation to the South 
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African Human Rights Commission to be considered during hearings around the 

time of our first interview (29-09-2016).  

    INFLOWS: 

        violations_resolved_with_administrative_penalties = 

fraction_of_violations_resolved_through_penalties*violations_with_adminstrat

ive_action/time_to_resolve_via_admin_penalties {UNIFLOW} 

            UNITS: violations/months 

 

violation_compliance(t) = violation_compliance(t - dt) + 

(compliance_with_legal_directives) * dt 

    INIT violation_compliance = 0 

    UNITS: violations 

    DOCUMENT: 'Violation compliance' is conceptualized as the result of 

mining & industry responding to violations with relatively little delay and 

without resistance. Violations passing through the 'compliance with legal 

directives' flow are a result of mutual agreements made between regulators 

and mining & industry that do not involve additional fees.  

    INFLOWS: 

        compliance_with_legal_directives = 

violations_with_adminstrative_action*fraction_of_violations_resolved_by_miti

gation/time_to_indicate_compliance {UNIFLOW} 

            UNITS: violations/months 

 

violations_effect_on_public_awareness = 

GRAPH(violations_effectively_influencing_public_perception_and_mitigation_ef

fort_of_Phalaborwa_Mining_&_Industrial_Complex) 

(0.0, 0.100), (5.0, 0.200), (10.0, 0.300), (15.0, 0.400), (20.0, 0.500), 

(25.0, 0.600), (30.0, 0.700), (80.0, 0.800), (100.0, 1.000) 

    UNITS: Dimensionless 

    DOCUMENT: This effect was discussed and validated with Tracy-Lynn Humby 

on 17-19-2016. It effectively relates the 'percentage of public concerned 

about Mining & Industrial Complex violations'  

 

violations_effectively_influencing_public_perception_and_mitigation_effort_o

f_Phalaborwa_Mining_&_Industrial_Complex = 

(multiplier_for_criminal_violations*criminal_penalties)+(pleas*multiplier_fo

r_pleas)+(compliance_with_legal_directives*compliance_multiplier)+(violation

s_resolved_with_administrative_penalties*multiplier_for_admin_penalties) 

    UNITS: violations/month 

    DOCUMENT: Violations effectively influencing public perception of 

Phalaborwa Mining & Industrial Complex is a variable that is used to relate 

incoming violations due to exceedance to the 'percentage of SA public 

concerned' about mining and WWTW issues. The formulation applies a series of 

multipliers to the flows of violations moving through the main litigation 

structure. The general assumption is that, how mining & industry chooses to 

resolve these penalties has an effect on the amount of negative attention 

they receive as a complex. The multipliers are defined relative to the ideal 

baseline situation represented by the 'compliance' flow ,where any 

violations are resolved quickly by the mining companies without any 

penalties needing to be levied, adding additional legislative burden. The 

incorporation of these multipliers creates a larger value for the number of 

violations, which effectively influences public perception.  

     

    This assumption was shared and validated by Tracy-Lynn Humby on 17-10-

2016. She provided best-guess estimates for each of the multipliers, 

replacing the assumptions that I made earlier in the model development 

process.  
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violations_needing_mitigation(t) = violations_needing_mitigation(t - dt) + 

(new_violations_needing_mitigation - violations_reactively_mitigated) * dt 

    INIT violations_needing_mitigation = 0 

    UNITS: violations 

    DOCUMENT: This structure assumes that once violations are resolved, 

there will be a delay before the mining & industry sector will be able to 

implement mitigation measures.  

    INFLOWS: 

        new_violations_needing_mitigation = 

violations_effectively_influencing_public_perception_and_mitigation_effort_o

f_Phalaborwa_Mining_&_Industrial_Complex {UNIFLOW} 

            UNITS: violations/months 

            DOCUMENT: Here we chose to use the multiplied value of 

violations to represent how mining companies must make a greater mitigation 

effort as a result of battling against the regulatory framework. This is 

considered in relation to the ideal baseline situation of complete 

'compliance'. This supports a narrative of compliance being of mutual 

benefit for all involved.  

    OUTFLOWS: 

        violations_reactively_mitigated = 

violations_needing_mitigation/time_for_mines_to_mitigate {UNIFLOW} 

            UNITS: violations/months 

            DOCUMENT: This flow is the delayed implementation of mitigation 

efforts by mining and industry operating over the delay time indicated.  

 

violations_pursued_as_criminal_charges(t) = 

violations_pursued_as_criminal_charges(t - dt) + (escalation - pleas - 

criminal_penalties) * dt 

    INIT violations_pursued_as_criminal_charges = 0 

    UNITS: violations 

    INFLOWS: 

        escalation = 

fraction_of_violations_that_escalate*violations_with_adminstrative_action/ti

me_to_escalate {UNIFLOW} 

            UNITS: violations/months 

    OUTFLOWS: 

        pleas = 

fraction_of_criminal_charges_resolved_through_plea_deals*violations_pursued_

as_criminal_charges/time_to_negotiate_a_plea_deal {UNIFLOW} 

            UNITS: violations/months 

        criminal_penalties = 

violations_pursued_as_criminal_charges*fraction_resolved_through_court/durat

ion_of_court_battle {UNIFLOW} 

            UNITS: violations/months 

 

violations_that_are_criminally_penalized(t) = 

violations_that_are_criminally_penalized(t - dt) + (criminal_penalties) * dt 

    INIT violations_that_are_criminally_penalized = 0 

    UNITS: violations 

    INFLOWS: 

        criminal_penalties = 

violations_pursued_as_criminal_charges*fraction_resolved_through_court/durat

ion_of_court_battle {UNIFLOW} 

            UNITS: violations/months 
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violations_with_adminstrative_action(t) = 

violations_with_adminstrative_action(t - dt) + (new_violations - 

violations_resolved_with_administrative_penalties - escalation - 

compliance_with_legal_directives) * dt 

    INIT violations_with_adminstrative_action = 0 

    UNITS: violations 

    INFLOWS: 

        new_violations = 

(indicated_new_violations*fraction_of_violations_that_are_acted_upon)/time_t

o_register_new_violations {UNIFLOW} 

            UNITS: violations/months 

            DOCUMENT: When sulphate levels in the river are high, it is up 

to the respective regulators to conduct sampling and report violations with 

respect to exceedances. Here the 'time to register new violations' delays 

this flow. It is further limited by the 'fraction of violations that are 

acted upon'.  

    OUTFLOWS: 

        violations_resolved_with_administrative_penalties = 

fraction_of_violations_resolved_through_penalties*violations_with_adminstrat

ive_action/time_to_resolve_via_admin_penalties {UNIFLOW} 

            UNITS: violations/months 

        escalation = 

fraction_of_violations_that_escalate*violations_with_adminstrative_action/ti

me_to_escalate {UNIFLOW} 

            UNITS: violations/months 

        compliance_with_legal_directives = 

violations_with_adminstrative_action*fraction_of_violations_resolved_by_miti

gation/time_to_indicate_compliance {UNIFLOW} 

            UNITS: violations/months 

 

Table 2: Parameter table for the Litigation sector  (initial values of stocks highlighted in grey). 

Parameter Value Unit Description 

Initial proactive 

mitigation rate 

500 dmnl This was a part of the initial model narrative, discussed with 

Tracy-Lynn Humby 

institutional memory 

level 

1 dmnl Institutional memory (Levels 0 – 3) : (in addition to 

proactive mitigation already in place) broadly embedding 

lessons learned from previous violations, strengthening 

proactive mitigation efforts.  

    This lever simply a multiplier that acts to boost the 

'management learning effect'. This calculation is carried out 

in the 'mitigation due to institutional memory' variable. 

Fraction of criminal 

charges resolved 

through plea deals 

0.9 dmnl Tracy Humby 29/09: Most cases are resolved via plea- deals 

and this is a faster process than going via courts 

Duration of court 

battle(s) 

60 Months Tracy-Lynn Humby (17/10/2016) court cases can take 3-5 

years to be resolved. 

Time to negotiate a 

plea deal 

18 Months Tracy spoke with Catherine Horsfield of Centre for 

Environmental Rights (CER) on the phone during the 

working session 17/10/2016. Together they decided that this 

is from 1 to 2 years and is limited by the need for expert 

reporting. 

Time to escalate 6 Months Modelers best estimate after reading CER Zero Hour report 
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Parameter Value Unit Description 

Fraction of violations 

resolved by mitigation 

0.15 dmnl Tracy-Lynn estimated this is closer to 0.15 (17/10/2016) 

Time to indicate 

compliance 

6 Months Expert estimate actual range was stated as 6 months – 5 

years (Tracy-Lynn Humby: 17/10/2016). Smallest delay 

time of 6 months was selected for the base case. 

Time to register new 

violations 

12 Months Tracy-Lynn Humby: 17/10/2016 

Time to resolve via 

admin penalties 

12 Months Tracy-Lynn Humby: 17/10/2016 

Time for mines to 

mitigate 

36 Months Modeller’s best estimate (requires further validation) 

INITIAL violations 

that are criminally 

penalized 

0 violations Assume no violations criminally penalized at simulation 

start time.  

INITIAL violations 

pursued as criminal 

charges 

0 violations Assume no charges in progress at start time.  

INITIAL criminal 

violations pleaded  

0 violations Assume no pleas in progress at start time. 

INITIAL violation 

compliance 

0 violations This is conceptualized as the result of mining & industry 

responding to violations with relatively little delay and 

without resistance. Violations passing through the 

'compliance with legal directives' flow are a result of mutual 

agreements made between regulators and mining & industry 

that do not involve additional fees. 

INITIAL violations 

with administrative 

action 

0 violations Assume no violations are queued for administrative action at 

start time.  

INITIAL total 

violations resolved 

with administrative 

penalties  

0 violations This is meant to capture a strengthened regulatory system 

where heavy fines as well as potential 'cease & desist' 

notices would be issued to the mines. According to Tracy-

Lynn Humby (17/10/2016) this could be a useful discussion 

point with mining & industry. She explained that if the 

regulatory pathway to administrative penalties was 

strengthened higher and more substantial fines could be 

levelled. She shared documentation of a recent submission 

by the Department of Water and Sanitation to the South 

African Human Rights Commission to be considered during 

hearings around the time of our first interview (29-09-2016). 
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********** 

4. Mining: 

********** 
 

average_mitigation_time = 1 

    UNITS: month 

 

average_reuse_time = 1 

    UNITS: month 

 

dam_area = 1590 

    UNITS: ha 

    DOCUMENT: ResiModV1 

 

dam_area_m2 = dam_area*ha_to_m2_conversion 

    UNITS: meters^2 

 

dam_height = 100 

    UNITS: Meters 

    DOCUMENT: ResiModV1 

 

evaporation_rate = 0.00197/12 

    UNITS: ML/meters^2/month 

 

fractional_seepage_rate = 0.00025 

    UNITS: Dimensionless/month 

    DOCUMENT: ResiMod v.1 contained a constant rate that was not density 

dependent. In v.2 this value was back-calculated by testing the ML/month 

flow and set a fractional rate value that resulted in flow values that were 

very similar to the ML/month value from v.1. The values were compared only 

for the first few years when the volume (in ML) of the unmitigated tailings 

were close to initial conditions.  

    This is a broad assumption and was chosen on the intuition of the 

modeler with the reasoning that, with higher volumes of water more seepage 

will occur. This is the density-dependent relationship that a fractional 

rate allows. Therefore as the dam volume approaches zero, the seepage rate 

(ML/month) will reflect this and also decrease.  

 

ha_to_m2_conversion = 10000 

    UNITS: Meters*meters/ha 

    DOCUMENT: ResiMod v.1, basic conversion factor 

 

initial_dam_volume = dam_height*dam_area_m2*m3_to_ML_conversion 

    UNITS: ML 

    DOCUMENT: ResiMod v.1 - Assumed that these calculations came 

from some valid data sources but requires further checking due to 

limitations in reporting from ResiMod v.1. It should be noted that 

in v.1 the different companies tailing's dams were seperated using 

arrays, for v.2 this was aggregated to simplify the model as the 

model purpose became more clear.(for more on this see final 

ResiMod v2 Report, available from  Association for Water and Rural 

Development (AWARD), funded via USAID: Southern Africa (no. AID-
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674-A-13-00008). AWARD, P.O. Box 1919, Hoedspruit, 1380, South 

Africa). 

 

m3_to_ML_conversion = 0.001 

    UNITS: ML/meters^3 

    DOCUMENT: This is a basic conversion factor. 

 

process_water_per_month = 15000 

    UNITS: ML/month 

    DOCUMENT: Parameter value taken from ResiMod v.1.  

 

proportion_of_tailings_water_reused = 0.6 

    UNITS: Dimensionless 

    DOCUMENT: ResiModV1 - .6 

    PMC estimate is - .86 given during the 28-10-2016 PMC meeting (see notes 

supplement to Final ResiMod v.2 Report). Caveat is that PMC is the 'better' 

actor in this group when it comes to their environmental practices.  

 

sulphate_concentration_of_seepage_in_mg_per_l = 1500 

    UNITS: mg/l 

    DOCUMENT: Estimates for this parameter vary, for example in an email 

from Emmanuel Vellemu (PhD candidate, eco-toxigolist at the Unilever Centre 

for Environmental Water Quality in the Institute for Water Research (IWR), 

Rhodes University) on 28/09/16, he stated that, "Most rivers impacted by 

acid mine drainage usually record sulphate levels over 1000 mg/L. At my 

study site in Mpumalanga, sulphate levels range between 1000 mg/L and 1500 

mg/L." Other correspondence and informal meetings with the WQSAM modeler, 

Hugo Retief, referred to data for a single actor of the 'Phalaborwa Mining & 

Industrial Complex', Bosveld, where downstream sampling showed values 

reaching 3500 mg/L.  

    Based on these inputs a conservative estimate was chosen, representing 

the higher end of Emmanuel Vellemu's data.  

    (See 'Result Spreadsheet Phalaborwa April - For Eddie')  

 

Mitigated tailings(t) = Mitigated_tailings (t - dt) + (mitigation) * dt 

    INIT tailings_mitgated = 0 

    UNITS: ML 

    DOCUMENT: The representation of 'tailings mitigated' and 'unmitigated 

tailings of Phalaborwa Mining & Industrial Complex' was chosen as a 

simplification over ResiMod v.1. Any unmitigated tailings are assumed to be 

prone to seepage and spills, and as mitigation takes place and tailings are 

'mitigated' they can no longer enter the environment.  

    This is of course, an unrealistic assumption, and this point was 

discussed with PMC (see Notes, 28-10-2016 PMC), who contested the idea that 

waste could be completely mitigated. However, in the meeting we came to an 

understanding with the PMC representatives that this was an adequate way to 

represent the effects of their mitigation efforts at the highly aggregate 

level we are working at within ResiMod v.2.  

    INFLOWS: 

        mitigation = 

MAX(MIN(PROACTIVE_mitigation,unmitigated_tailings_of_Phalaborwa_Mining_&_Ind

ustrial_Complex/average_mitigation_time),  REACTIVE_mitigation ) {UNIFLOW} 

            UNITS: Ml/month 

            DOCUMENT: This is the sum of all PROACTIVE and REACTIVE 

mitigation, and is formulated to prevent the unmitigated tailings stock from 

going negative in extreme events.  
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tonne_per_kg = .001 

    UNITS: tonnes/kg 

 

"total_discharge_mines_in_KG/month" = 

(sulphate_concentration_of_seepage_in_mg_per_l/mg_to_KG*l_to_ML*seepage) 

    UNITS: KG/month 

    DOCUMENT: Based on discussions with Hugo Retief on 21-09-2016, we 

discussed the value of modeling load, or the total amount of sulphate or 

phosphates that enter the Selati each month, rather than concentration. The 

reasoning behind this was that modeling concentration encourages the 

'dilution solution to pollution' whereby the respective stakeholders (WWTW & 

mines) could argue that their discharge is acceptable, given an appropriate 

amount of instream flow within the Ga-Selati River.  

    Here, conversion factors are used to change ML/month to KG/month. These 

factors are concentration (mg/l), mg/KG conversion and l/ML conversion.  

         

total_tonnes_of_sulphate_released_over_50_years(t) = 

total_tonnes_of_sulphate_released_over_50_years(t - dt) + 

(adding_up_discharge) * dt 

    INIT total_tonnes_of_sulphate_released_over_50_years = 0 

    UNITS: tonnes 

    DOCUMENT: This stock was created to aid with process. Based on the best 

available data, validated by input from several stakeholders (including KNP 

representatives, Emmanuel Vellamu), sulphate does not have a strong impact 

on freshwater riverine ecosystem biodiversity. This was a counter-intuitive 

finding given the widely communicated perception that mining tailings waste 

has more impact (especially given the widely-publicized 2013 spill event 

that made international headlines).  

    In keeping with the model's purpose as a communication tool, the 

accumulation of tonnes of sulphates was seen as a way to share the idea of 

the long-term impacts of the metals that can bio-accumulate in ecosystems. 

This was not used in the final workshop but was retained for future 

communication purposes with ResiMod v.2.  

    INFLOWS: 

        adding_up_discharge = 

"total_discharge_mines_in_KG/month"*tonne_per_kg {UNIFLOW} 

            UNITS: tonnes/Months 

 

unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex(t) = 

unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex(t - dt) + 

(water_diverted_into_tailing_dam - mitigation - evaporation - seepage - 

process_water_reuse) * dt 

    INIT unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex = 

initial_dam_volume 

    UNITS: ML 

    DOCUMENT: The representation of 'tailings mitigated' and 'unmitigated 

tailings of Phalaborwa Mining & Industrial Complex' was chosen as a 

simplification over ResiMod v.1. Any unmitigated tailings are assumed to be 

prone to seepage and spills, and as mitigation takes place and tailings are 

'mitigated' they can no longer enter the environment.  

    This is of course, an unrealistic assumption, and this point was 

discussed with PMC (see Notes, 28-10-2016 PMC), who contested the idea that 

waste could be completely mitigated. However, in the meeting we came to an 

understanding with the PMC representatives that this was an adequate way to 

represent the effects of their mitigation efforts at the highly aggregate 

level we are working at within ResiMod v.2.  
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        Initial conditions of this stock was based upon calculations in 

ResiMod v.1.  

     

    INFLOWS: 

        water_diverted_into_tailing_dam = process_water_per_month {UNIFLOW} 

            UNITS: Ml/month 

    OUTFLOWS: 

        mitigation = 

MAX(MIN(PROACTIVE_mitigation,unmitigated_tailings_of_Phalaborwa_Mining_&_Ind

ustrial_Complex/average_mitigation_time),  REACTIVE_mitigation ) {UNIFLOW} 

            UNITS: Ml/month 

            DOCUMENT: This is the sum of all PROACTIVE and REACTIVE 

mitigation, and is formulated to prevent the unmitigated tailings stock from 

going negative in extreme events.  

         

evaporation = dam_area_m2*evaporation_rate {UNIFLOW} 

            UNITS: Ml/month 

         

seepage = 

fractional_seepage_rate*unmitigated_tailings_of_Phalaborwa_Mining_&_Industri

al_Complex {UNIFLOW} 

            UNITS: Ml/month 

            DOCUMENT: Density dependent rate (ML/month) calculated by 

multiplying the fractional seepage rate by the unmitigated tailings stock.  

         

process_water_reuse = 

MIN(process_water_per_month*proportion_of_tailings_water_reused,  

unmitigated_tailings_of_Phalaborwa_Mining_&_Industrial_Complex/average_reuse

_time) {UNIFLOW} 

            UNITS: Ml/month 

 

Table 3: Parameter table for mining sector (initial values of stocks highlighted in grey). 

Parameter Value Unit Description 

Dam area 1,590 Ha [hectares] ResiMod v1 (Jonker et al., 2015) 

Dam height 100  Meters ResiMod v1  (Jonker et al., 2015) 

Evaporation rate 0.000197 / 12 ML/m2/month ResiMod v1  (Jonker et al., 2015) 

Fractional 

seepage rate 

0.00025 dmnl/month ResiMod v.1 contained a constant rate which was not 

density dependent. In v.2 this value was back-

calculated by testing the ML/month flow and set a 

fractional rate value that resulted in flow values that 

were very similar to the ML/month value from v.1. 

The values were compared only for the first few 

years when the volume (in ML) of the unmitigated 

tailings were close to initial conditions.  

    This is a broad assumption and was 

chosen on the intuition of the modeler with the 

reasoning that, with higher volumes of water more 

seepage will occur. This is the density-dependent 

relationship that a fractional rate allows. Therefore as 

the dam volume approaches zero, the seepage rate 

(ML/month) will reflect this and also decrease.  

Process water per 

month 

15,000 ML/month ResiMod v1  (Jonker et al., 2015) 
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Parameter Value Unit Description 

Proportion of 

tailings water 

reused 

0.6 dmnl PMC estimate is – 0.86 given during the 28-10-2016 

PMC meeting (see notes supplement to Final 

ResiMod v.2 Report). Caveat is that PMC is the 

'better' actor in this group when it comes to their 

environmental practices.  

 

Sulphate 

concentration of 

seepage 

1,500 mg/litre (mg/l) Estimates for this parameter vary, for example in an 

email from Emmanuel Vellemu on 28/09/16, he 

stated that, "Most rivers impacted by acid mine 

drainage usually record sulphate levels over 1000 

mg/L. At my study site in Mpumalanga, sulphate 

levels range between 1000 mg/L and 1500 mg/L." 

Other correspondence and informal meetings with the 

WQSAM modeler, Hugo Retief, referred to data for a 

single actor of the 'Phalaborwa Mining & Industrial 

Complex', Bosveld, where downstream sampling 

showed values reaching 3500 mg/L. Based on these 

inputs a conservative estimate was chosen, 

representing the higher end of Emmanuel Vellemu's 

data.  

INITIAL value: 

unmitigated 

tailings of PMIC 

1,590,000 ML The representation of 'tailings mitigated' and 

'unmitigated tailings of Phalaborwa Mining & 

Industrial Complex' was chosen as a simplification 

over ResiMod v.1. Any unmitigated tailings are 

assumed to be prone to seepage and spills, and as 

mitigation takes place and tailings are 'mitigated' they 

can no longer enter the environment.  

 

This is of course, an unrealistic assumption, 

and this point was discussed with PMC (see Notes, 

28-10 PMC), who contested the idea that waste could 

be completely mitigated. However, in the meeting we 

came to an understanding with the PMC 

representatives that this was an adequate way to 

represent the effects of their mitigation efforts at the 

highly aggregate level we are working at within 

ResiMod v.2.  

Initial conditions of this stock was based upon 

calculations in ResiMod v.1. (Jonker et al., 2015) 

INITIAL tailings 

mitigated  

0 ML 

INITIAL value 

‘total tonnes of 

sulphate released 

over 50 years’ 

0 tonnes Based on the best available data, validated by input 

from several stakeholders (including KNP 

representatives, Emmanuel Vellamu), sulphate does 

not have a strong impact on freshwater riverine 

eosystem biodviersity. This was a counter-intuitive 

finding given the widely communicated perception 

that mining tailings waste has more impact 

(especially given the widely-publicized 2013 spill 

event that made international headlines).  

       In keeping with the model's purpose as a 

communication tool, the accumulation of tonnes of 
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Parameter Value Unit Description 

sulphates was seen as a way to share the idea of the 

long-term impacts of the metals that can bio-

accumulate in ecosytems.  
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********** 

5. Public_Awareness: 

********** 

 
advocacy_and_public_awareness = 1 

    UNITS: Dimensionless 

    DOCUMENT: This lever strengthens feedback by multiplying public 

awareness for WWTW and Mining & Industrial Complex. It is a multiplier 

(ranging from 1 -2). The assumption here is that conservation 

representatives can take actions to influence the public awareness.  

    This lever was devised more for process than for simulation purposes - 

as it has a limited effect within the model. However, it gave conservation 

representatives a lever to adjust during the final workshop session which to 

make the process more inclusive, since WWTW and mining & industry had many 

more levers in ResiMod v.2.  

 

biodiversity_impact_on_public_awareness = 

GRAPH(Freshwater_Riverine_Ecosystem_Diversity) 

(0.000, 0.800), (0.100, 0.800), (0.200, 0.800), (0.300, 0.800), (0.400, 

0.800), (0.500, 0.700), (0.600, 0.350), (0.700, 0.250), (0.800, 0.100), 

(0.900, 0.050), (1.000, 0.000) 

    UNITS: Dimensionless 

    DOCUMENT: This variable is equal to FRED and is redundant but named in a 

way to illustrate that there is an impact.  

 

biodiversity_impact_on_public_awareness_with_multiplier = 

advocacy_and_public_awareness*biodiversity_impact_on_public_awareness 

    UNITS: Dimensionless 

 

effect_of_public_concern_on_amount_of_O&M_capacity_development = 

IF(public_awareness_pressure_switch=1) 

THEN((1+percentage_of_SA_public_concerned_about_WWTW)) ELSE(1) 

    UNITS: Dimensionless 

    DOCUMENT: This attempts to account for additional public pressure and is 

simply a linear multiplicative effect based upon the dimensionless 

percentage being measured in the 'public concern' stocks. One (1) is added 

to this percentage to make it have a positive impact.  

 

exceedance_effect_on_public_awareness_wwtw = 

GRAPH(ratio_of_phosphate_exceedance_to_maximum_allowable_concentration) 

(0.000, 0.000), (0.200, 0.000), (0.400, 0.000), (0.600, 0.000), (1.000, 

0.000), (2.000, 0.500), (3.000, 0.700), (4.000, 0.800), (5.000, 1.000) 

    UNITS: Dimensionless 

 

exceedance_wwtw_weight = 0.25 

    UNITS: Dimensionless 

 

FRED_weight = 0.75 

    UNITS: Dimensionless 

    DOCUMENT: Tracy-Lynn Humby (17/10/2016)  

 

indicated_awareness_mining_&_industry = MIN(maximum_percentage_aware,  

(biodiversity_impact_on_public_awareness_with_multiplier*FRED_weight)+(viola

tions_effect_on_public_awareness*violations_weight)) 
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    UNITS: dimensionless 

    DOCUMENT:  

    For mining and industry the indicated awareness is based on the 

graphical function 'biodiversity effect on awareness' and 'violations effect 

on public awareness', via the litigation sector. As explained by Harry Biggs 

(28-09-2016). 

 

indicated_awareness_WWTW = MIN(maximum_percentage_aware,  

((biodiversity_impact_on_public_awareness_with_multiplier*weight_FRED_on_wwt

w_public_awareness)+(exceedance_effect_on_public_awareness_wwtw*exceedance_w

wtw_weight))*advocacy_and_public_awareness) 

    UNITS: Dimensionless 

    DOCUMENT: The 'indicated awareness' variables (mining & industry, WWTW) 

were formulated in very similar ways. Both are weighted, additive functions 

that depend largely on value of FRED. A maximum 'percentage aware' is set 

and the equation is formulated to ensure that this is not exceeded in either 

of the 'percentage of public concerned...' stocks. Where the formulation 

differs is in their respective lower-weighted components. For mining & 

industry this is tied to the summed, multiplied violations (as explained in 

the Litigation Sector). Meanwhile, WWTW uses a graphical function that is 

based upon the 'ratio of phosphate exceedance to maximum allowable 

concentration.' This ratio simply shows how far above the allowed 

concentration the phosphate levels may be. If the ratio goes above 1, the 

graphical function 'exceedance effect on public awareness WWTW' increases.  

 

length_of_public_memory = 24 

    UNITS: Months 

    DOCUMENT: Modeler's best estimate 

 

maximum_percentage_aware = 0.8 

    UNITS: Dimensionless 

    DOCUMENT: Tracy Humby : 17/10/2016 

 

"percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Comp

lex_violations_(perception)"(t) = 

"percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Comp

lex_violations_(perception)"(t - dt) + (growing_awareness - 

losing_awareness) * dt 

    INIT  

 

"percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Comp

lex_violations_(perception)" = 0.12 

    UNITS: Dimensionless 

    DOCUMENT: Both stocks pertaining to the 'percentage of SA population 

concerned' are indicators that were chosen as 'hooking points' and points of 

discussion to be used in process with the mining sector representatives as 

well as the WWTW managers. These stocks are measured from 0-1, and as the 

name says these are representative of percentages of the broader public who 

have knowledge of, and are concerned about the ongoing operations. The broad 

narrative accompanying this structure is the idea that these organizations 

respond more to public concern (and reputational impact) than they do to 

regulatory pressure, which has been historically weak.  

     

    Meetings with Tracy-Lynn Humby (29-09-2016 & 17-10-2016), provided 

validation for the basis of this narrative. She assisted in providing the 

estimates for mining and insisted that FRED has a much greater salience to 

the public than do violations. Therefore, the effect of biodiversity is 
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weighted much more (see FRED weight) than violations. The 'maximum 

percentage aware' is an assumption that, even with devastating impacts to 

FRED or a great deal of violations, there is some portion of the SA public 

that will not become concerned or be aware of these impacts. These are 

represented as perceptions, where a delay occurs between the time at which 

impacts occur and the public can become aware (and thus, concerned). This 

delay can be thought of as the time for media to disseminate the 

information, and a best-estimate of this was determined by the modeler.  

    Likewise, the model makes assumptions about the amount of time the 

public will perceive the problems and remain concerned, this 'length of 

public memory' is the best estimate of the modeler.  

          

    INFLOWS: 

        growing_awareness = MAX(indicated_awareness_mining_&_industry-

"percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Comp

lex_violations_(perception)",  0)/time_to_disseminate_information {UNIFLOW} 

            UNITS: Dimensionless/month 

            DOCUMENT: If indicated awareness is higher than the current 

level of awareness, this flow is activated and operates over a delay. (See 

stocks for full description). 

     

OUTFLOWS: 

        losing_awareness = 

"percentage_of_SA_public_concerned_about_Phalaborwa_Mining_&_Industrial_Comp

lex_violations_(perception)"/length_of_public_memory {UNIFLOW} 

            UNITS: Dimensionless/month 

            DOCUMENT: Awareness is continually lost on the basis the delay 

indicated by the 'length of public memory'. (See stock for full 

description).  

 

percentage_of_SA_public_concerned_about_WWTW(t) = 

percentage_of_SA_public_concerned_about_WWTW(t - dt) + 

(growing_awareness_wwtw - losing_awareness_wwtw) * dt 

    INIT percentage_of_SA_public_concerned_about_WWTW = 0.12 

    UNITS: Dimensionless 

    DOCUMENT: Both stocks pertaining to the 'percentage of SA population 

concerned' are indicators that were chosen as 'hooking points' and points of 

discussion to be used in process with the mining sector representatives as 

well as the WWTW managers. These stocks are measured from 0-1, and as the 

name says these are representative of percentages of the broader public who 

have knowledge of, and are concerned about the ongoing operations. The broad 

narrative accompanying this structure is the idea that these organizations 

respond more to public concern (and reputational impact) than they do to 

regulatory pressure, which has been historically weak.  

    Meetings with Tracy-Lynn Humby (29-09-2016 & 17-10-2016), provided 

validation for the basis of this narrative. She assisted in providing the 

estimates for mining and insisted that FRED has a much greater salience to 

the public than do violations. Therefore, the effect of biodiversity is 

weighted much more (see FRED weight) than violations. The 'maximum 

percentage aware' is an assumption that, even with devastating impacts to 

FRED or a great deal of violations, there is some portion of the SA public 

that will not become concerned or be aware of these impacts. These are 

represented as perceptions, where a delay occurs between the time at which 

impacts occur and the public can become aware (and thus, concerned). This 

delay can be thought of as the time for media to disseminate the 

information, and a best-estimate of this was determined by the modeler.  
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    Likewise, the model makes assumptions about the amount of time the 

public will perceive the problems and remain concerned, this 'length of 

public memory' is the best estimate of the modeler.  

        INFLOWS: 

        growing_awareness_wwtw = MAX(indicated_awareness_WWTW-

percentage_of_SA_public_concerned_about_WWTW,  

0)/time_to_disseminate_information {UNIFLOW} 

            UNITS: Dimensionless/month 

   OUTFLOWS: 

        losing_awareness_wwtw = 

percentage_of_SA_public_concerned_about_WWTW/length_of_public_memory 

{UNIFLOW} 

            UNITS: Dimensionless/month 

 

public_awareness_pressure_switch = 1 

    UNITS: Dimensionless 

    DOCUMENT: This switch was used to test the relative impact of public 

awareness on the responsiveness of WWTW and mining to the respective public 

awareness stocks, but was not used in the final workshop on 04/11/2016.  

 

time_to_disseminate_information = 4 

    UNITS: Months 

    DOCUMENT: Modeler's best estimate. 

 

violations_weight = 0.25 

    UNITS: Dimensionless 

 

weight_FRED_on_wwtw_public_awareness = 0.75 

    UNITS: Dimensionless 

 

 

Table 4: Parameter table for the Public Awareness sector (initial values of stocks highlighted in grey). 

Parameter Value Unit Description 

Time to disseminate 

information 

4 Months Modeler’s best estimate 

Length of public 

memory 

24 Months Modeler’s best estimate 

INITIAL [stock] % of 

SA public concerned 

about PMIC 

0.12 dmnl  Meetings with Tracy-Lynn Humby (29-09 & 17-10), 

provided validation for the basis of this narrative. She 

assisted in providing the estimates for mining and 

insisted that FRED has a much greater salience to the 

public than do violations. Therefore, the effect of 

biodiversity is weighted much more (see FRED 

weight) than violations. The 'maximum percentage 

aware' is an assumption that, even with devastating 

impacts to FRED or a great deal of violations, there is 

some portion of the SA public that will not become 

concerned or be aware of these impacts. These are 

represented as perceptions, where a delay occurs 

between the time at which impacts occur and the 

public can become aware (and thus, concerned). This 

delay can be thought of as the time for media to 

INITIAL [stock] % of 

SA public concerned 

about WWTW 

0.12 dmnl 



Page 25 of 70 

Parameter Value Unit Description 

disseminate the information, and a best-estimate of 

this was determined by the modeler.  
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********** 

5. WQSAM_Integration_and_Biodiversity_Sector: 

********** 
 

Introduction on the use of WQSAM:  

 

In order to model the lower Ga-Selati catchment the entire Ga-Selati had to 

be modelled. The WReMP model provides WQSAM with monthly flow data as 

incremental stream flows and return flows, this monthly flow undergoes two 

transformations:  

1. It is disaggregated to a daily timestep, using observed and simulated 
(climate change) rainfall allowing us to capture transient events 

(e.g. sulphate mobilisation from a runoff event on a mine).  

2. The daily discharge is then separated into surface, interflow and 
groundwater flow components this allows us to route pollutants (water 

quality) along these pathways. Non-point source pollutants are routed 

through surface, interflow and groundwater while point source are 

routed through return flows. 

By providing the ResiMod with return flow volumes and the receiving river 

quality and quantity the end load and concentration can be determined and 

altered according to an intervention strategy.  

 

 

additional_flow_change = 1 

    UNITS: Dimensionless 

    DOCUMENT: This variable allows for the user to make additional 

adjustments to flow, it is most useful to stimulate scenario thinking around 

CC projections - where uncertainty can exist in the severity of flow 

reduction.  

     

CC_switch = 0 

    UNITS: Dimensionless 

    DOCUMENT: The climate change switch allows the user to turn on and off 

assumptions that directly relate to climate change. 

     

"combined_concentration_with_load_contribution_from_mines_in_mg/l" = 

total_instream_sulphate_load_per_month/(WQSAM_flow+seepage)*mg_to_KG/l_to_ML 

    UNITS: mg/l 

    DOCUMENT: The WQSAM data integrated into the model excludes information 

on releases form mining and WWTW. Therefore, the model provides that 

information endogenously based on the structure and assumptions for those 

sectors. Here the load contribution which is produced from the model 

structure (same for WWTW and mining & industry) is added to the load 

indicated by the simulated data from WQSAM.  

 

combined_concentration_with_load_contribution_from_WWTW = 

total_instream_phosphate_load_per_month/(WQSAM_flow+demand_for_WWTW_CC)*mg_t

o_KG/l_to_ML 

    UNITS: mg/l 

    DOCUMENT: The WQSAM data integrated into the model excludes information 

on releases form mining and WWTW. Therefore, the model provides that 

information endogenously based on the structure and assumptions for those 

sectors. Here the load contribution which is produced from the model 
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structure (same for WWTW and mining & industry) is added to the load 

indicated by the simulated data from WQSAM.  

 

conservation_emphasis_impact_P = 

GRAPH(combined_concentration_with_load_contribution_from_WWTW) 

(0.0000, 0.050), (0.0000, 0.100), (0.0000, 0.200), (0.0020, 0.400), (0.0040, 

0.500), (0.0220, 0.700), (0.0560, 0.800), (0.1870, 0.900), (0.4730, 0.950) 

    UNITS: Dimensionless 

    DOCUMENT: Emmanuel data Oct. 11  

    *not to be distributed without correspondance with Emmanuel Vellemu.  

    evellemu@gmail.com  

 

conservation_emphasis_S = 

GRAPH("combined_concentration_with_load_contribution_from_mines_in_mg/l") 

(452.983564, 0.100), (882.1216022, 0.200), (2150.677045, 0.400), 

(3156.904072, 0.500), (6986.881431, 0.700), (11297.8112, 0.800), 

(22000.89387, 0.900), (38147.83009, 0.950) 

    UNITS: Dimensionless 

    DOCUMENT:  

     

    Emmanuel data 11/10/2016  

    *not to be distributed without correspondence with Emmanuel Vellemu.  

    evellemu@gmail.com.  

 

conservation_pressure_on_regulators_due_to_FRED_impacts = (2-

Freshwater_Riverine_Ecosystem_Diversity) 

    UNITS: Dimensionless 

    DOCUMENT: 'Regulation pressure due to FRED impacts' multiplies the 

'indicated new violations' related to the biodiversity impacts and is meant 

to capture the idea that conservation sector (KNP) has historically been a 

key-player in the litigation of mining companies, applying pressure to 

regulators to exercise their powers. The equation assumes this has a linear 

relationship to the value of FRED. By subtracting the decimal value of FRED 

from 2 relates the inverse relationship that, as FRED decreases, pressure 

goes up.  

 

"conservative_(low)_impact_P" = 

GRAPH(combined_concentration_with_load_contribution_from_WWTW) 

(0.018, 0.050), (0.045, 0.100), (0.151, 0.200), (0.913, 0.400), (2.143, 

0.500), (14.579, 0.700), (51.059, 0.800), (320.151, 0.900), (1561.41, 0.950) 

    UNITS: Dimensionless 

    DOCUMENT: Emmanuel data 11/10/2016.  

    *not to be distributed without correspondence with Emmanuel Vellemu.  

    evellemu@gmail.com  

 

conservative_S = 

GRAPH("combined_concentration_with_load_contribution_from_mines_in_mg/l") 

(2780.487561, 0.100), (4634.511583, 0.200), (10057.72175, 0.400), 

(14586.0634, 0.500), (33975.16273, 0.700), (59356.71085, 0.800), 

(135045.1023, 0.900), (275400.5505, 0.950) 

    UNITS: Dimensionless 

    DOCUMENT: Emmanuel data 11/10/2016.  

    *not to be distributed without correspondence with Emmanuel Vellemu.  

    evellemu@gmail.com  

 

desired_level_of_FRED = 0.95 

    UNITS: Dimensionless 

mailto:evellemu@gmail.com
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    DOCUMENT: Emmanuel Vellemu on a skype phone call (28-09-2016) showed 

through his descriptions of the SSD curves that RQOs allow for 5% loss of 

freshwater biodiversity. Therefore 95% is chosen as the maximum for the FRED 

stock. (See DWA Planning Level Review 2011). 

 

discharge_concentration_mining_&_industry = 

("total_discharge_mines_in_KG/month"/(seepage))*mg_to_KG/l_to_ML 

    UNITS: mg/l 

    DOCUMENT: Discharge concentration for sulphates and phosphates was also 

calculated based on feedback from Marlene vd Merwe Botha on 23-10-2016. She 

encouraged the use of concentration to make the results more salient to WWTW 

managers, and I applied this to the sulphate discharge as well. Notice, that 

this is counter to the recommendation of the WQSAM modeler Hugo Retief. I 

used this advice to ready the model for the workshop held with WWTW sector 

representatives. However, I chose not to use concentration for the final 

workshop on Nov. 4. due to difficulty communicating this results using this 

variable. Difficulty came from the integration of data sets from WQSAM, 

which created sharp spikes in behavior and made long-term trends difficult 

to recognize.  

"exceedance_of_phosphate_in_mg/l" = 

MAX(combined_concentration_with_load_contribution_from_WWTW-

maximum_allowable_phosphate_concentration,  0) 

    UNITS: mg/l 

 

"exceedance_of_sulphate_in_mg/l" = 

MAX("combined_concentration_with_load_contribution_from_mines_in_mg/l"-

maximum_allowable_concentration_sulphate,  0) 

    UNITS: mg/l 

 

FRED_recovery_time = IF(CC_switch=1) THEN(KNP_recovery_time_CC) 

ELSE(KNP_normal_recovery_time) 

    UNITS: months 

 

Freshwater_Riverine_Ecosystem_Diversity(t) = 

Freshwater_Riverine_Ecosystem_Diversity(t - dt) + (recovery_rate - 

biodiversity_loss) * dt 

    INIT Freshwater_Riverine_Ecosystem_Diversity = 0.75 

    UNITS: Dimensionless 

    DOCUMENT:  

    This structure was chosen to be a simple, aggregate indicator for 

biodiversity which evolved into Freshwater Riverine Ecosystem Biodiversity 

based upon the data provided by Emmanuel Vellamu.  

    Mark’s description of recovery of biodiversity (Notes, 28-10-2016 PMC) 

showed systemic thinking/understanding of the basic density dependency of 

this variable, validating its structure from the point of view of mining as 

well in addition to the validation from conservation representative Harry 

Biggs.  

    INFLOWS: 

        recovery_rate = MAX(desired_level_of_FRED-

Freshwater_Riverine_Ecosystem_Diversity,  0)/FRED_recovery_time {UNIFLOW} 

            UNITS: Dimensionless/month 

            DOCUMENT: The formulation of recovery rate as a density-

dependant feedback was discussed at length with Harry Biggs (conservation 

representative) on 03-10-2016. He acknowledged that this assumption had 

validity at an aggregate level and stated that an average recovery time 

could range from 10-20 years.  

    OUTFLOWS: 
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        biodiversity_loss = 

indicated_percentage_of_biodiversity_in_response_to_phosphate_and_sulphate_e

xposure/pollution_impact_time {UNIFLOW} 

            UNITS: Dimensionless/month 

            DOCUMENT: This formulation matches the idea that FRED is 

representative of a river which is flowing and, therefore, as pollutants 

pass by it is the reduced length of exposure that is captured by this.  

 

indicated_percentage_of_biodiversity_in_response_to_phosphate_and_sulphate_e

xposure = MAX(Freshwater_Riverine_Ecosystem_Diversity- (1-MIN( 

phosphate_effect_on_biodiversity+sulphate_effect_on_biodiversity,  

desired_level_of_FRED)),  0) 

    UNITS: Dimensionless 

    DOCUMENT: Informal discussions with Hugo Retief validated this basic 

formulation, as did interviews with Emmanuel Vellemu, to whom I explained 

the way in which his data was being applied within the model. While both of 

these individuals indicated that these interact with other dissolved 

substances, which can lead to greater impacts - the paucity of data (as well 

as its complicated nature) on this meant that representing it in the model 

was beyond scale and scope. In order to represent some of this 'compounding' 

influence, the impacts (as fractions) are simply added up in the 'indicated 

biodiversity' variable. Indicated biodiversity is taken as the inverse 

(hence 1 minus the sulphate and phosphate effects) giving the value of FRED 

that should be realized at the given level of pollutant discharge load. This 

is compared to the current value of FRED and, if lower, an indicated 

fractional value is arrived at that drives the biodiversity loss flow. In 

sum, the result is the change in the level of the stock based on the 

sulphate and phosphate effect SSD curves.  

     

intermediate_impact_P = 

GRAPH(combined_concentration_with_load_contribution_from_WWTW) 

(0.00, 0.050), (0.001, 0.100), (0.005, 0.200), (0.038, 0.400), (0.092, 

0.500), (0.563, 0.700), (1.686, 0.800), (7.73, 0.900), (27.177, 0.950) 

    UNITS: Dimensionless 

    DOCUMENT: Emmanuel data 11/10/2016.  

    *not to be distributed without correspondence with Emmanuel Vellemu.  

    evellemu@gmail.com  

 

intermediate_impact_S = 

GRAPH("combined_concentration_with_load_contribution_from_mines_in_mg/l") 

(452.983564, 0.100), (882.1216022, 0.200), (2150.677045, 0.400), 

(3156.904072, 0.500), (6986.881431, 0.700), (11297.8112, 0.800), 

(22000.89387, 0.900), (38147.83009, 0.950) 

    UNITS: Dimensionless 

    DOCUMENT: Emmanuel data 11/10/2016.  

    *not to be distributed without correspondence with Emmanuel Vellemu.  

    evellemu@gmail.com  

 

KNP_normal_recovery_time = 180 

    UNITS: months 

    DOCUMENT: Meeting with The formulation10 to 20 years for recovery. 

Recovery is passive, not active so no need for restoration policy lever 

here.  

 

KNP_recovery_time_CC = 360 

    UNITS: months 
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l_to_ML = 1000000 

    UNITS: l/ML 

    DOCUMENT: Basic conversion factor. 

 

maximum_allowable_concentration_sulphate = 250 

    UNITS: mg/l 

    DOCUMENT: Email correspondence with Emmanuel: "I will also attach 

standard limits (a report by DWS, 2011 - see table E1 for standards) for 

sulphates and phosphates for South Africa - for references. You will notice 

that phosphate is measured as ortho-phosphate and the anything above 0.025 

mg/L is unacceptable. For sulphates, anything above 250 mg/L or 0.25 g/L is 

unacceptable." 

 

maximum_allowable_phosphate_concentration = 1 

    UNITS: mg/l 

    DOCUMENT: General and Special Standards 

    GOVERNMENT GAZETTE 18 MAY 1984 NO. 9225 

    REGULATION NO. 991 18 MAY 1984 

    REQUIREMENTS FOR THE PURIFICATION OF WASTE WATER OR 

    EFFLUENT 

 

mg_to_KG = 1000000 

    UNITS: mg/KG 

    DOCUMENT: Basic conversion factor 

 

normal_time_for_pollution_to_impact_biodiversity_levels = 36 

    UNITS: months 

    DOCUMENT: This is a best-guess estimate of the modeler and requires 

further validation.  

 

phosphate_effect_on_biodiversity = IF (phosphate_effect_switch=1) THEN( 

intermediate_impact_P) ELSE( IF( phosphate_effect_switch=2 )THEN 

(conservation_emphasis_impact_P) ELSE(  IF( phosphate_effect_switch=3) THEN( 

"conservative_(low)_impact_P") ELSE( 0))) 

    UNITS: Dimensionless 

    DOCUMENT: Working with Emmanuel Vellemu, a PhD researcher at the 

Institute for Water Research (introduced earlier in this documentation), 

several lookup functions were formulated in the model. These functions are 

species sensitivity distributions (SSDs) that are used to determine 

concentration limits for water quality monitoring. This is a highly 

important and novel set of data. Previously SSD curves had not been 

established for acid mine drainage and Emmanuel’s data uses sulphate 

concentrations as a proxy for heavy metals that have consequences for 

biodiversity.  

    Emmanuel produced these based on his research and on a review of 

previous studies and they relate the concentration of phosphates or 

sulphates to the effect on freshwater biodiversity. As concentration 

increases the percentage of species affected increases. Emmanuel on several 

occasions worked with me to validate this formulation.  

     

    For both phosphates an sulphates he supplied 3 seperate curves, 

acknowledging the uncertainty behind these calculations. The 'conservation 

emphasis' graphical lookups assume the greatest amount of damage and have 

the sharpest effect on biodiversity. Meanwhile, 'conservative' graphical 

functions have a less powerful influence, assuming that species are 

generally more resilient to increasing concentrations of the phosphates or 
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sulphates, respectively. 'Intermediate' impacts represent a middle-ground 

between these two extremes.  

    The 'effect switches' for both allow the user to select the level of 

impact used in the simulation. For sulphate, this is set to use the 

intermediate curve for the base run.  

    The integration of these curves into the model lead to an insight on the 

part of the modeling team. Simulations showed that, in general, phosphates 

had a much greater effect on FRED. This was counter-intuitive behavior to 

the modeling team, as much discussion about great impacts of mining & 

industry on the Lower-Olifants River. However, discussions with Emmanuel 

Vellemu and Kruger National Park (KNP) representatives (21-10-2016) indeed 

verified this outcome. An important assumption was made here on the basis of 

the effect of phosphates. As the curves were integrated into the model and 

simulations run, the 'intermediate impact' SSD curve was having such a great 

impact on the phosphates that it became difficult to see any level of change 

from modifications to sulphates. Furthermore this impact was creating a 

rapidly declining behavior. Such behavior in the business as usual scenario 

seemed too dire, as a starting point for discussions within group process. 

This assumption was shared with KNP representatives (including Dr. Danny 

Govender, a trained freshwater ecologist with experience in KNP since 2008) 

during a meeting on 21-10-2016 who agreed that the behavior of the FRED 

stock was more appropriate using the 'conservative impact' phosphate 

setting.  

 

phosphate_effect_switch = 3 

    UNITS: Dimensionless 

    DOCUMENT: 1= intermediate impact 

    2= conservation emphasis  

    3= conservative  

 

pollution_impact_CC = 12 

    UNITS: Months 

 

pollution_impact_time = IF(CC_switch=1) THEN(pollution_impact_CC) 

ELSE(normal_time_for_pollution_to_impact_biodiversity_levels) 

    UNITS: Months 

    DOCUMENT: The pollution impact time is the average amount of time for 

the 'indicated biodiversity' to be realized in the stock. As part of the 

climate change switch the assumption was made that pollution will have a 

faster impact on the FRED indicator - this assumption was shared with 

Dr Taryn Kong, Climate Change Researcher at AWARD, on 27-10-2016. She had 

concerns about the details behind this but could agree that at a very 

aggregate level this may indeed be the case. Further validation is needed 

for this assumption.  

 

ratio_of_phosphate_exceedance_to_maximum_allowable_concentration = 

"exceedance_of_phosphate_in_mg/l"/maximum_allowable_phosphate_concentration 

    UNITS: Dimensionless 

 

sulphate_effect_on_biodiversity = IF (sulphate_effect_switch=1) 

THEN(intermediate_impact_S) ELSE( IF(sulphate_effect_switch=2 )THEN 

(conservation_emphasis_S) ELSE(  IF(sulphate_effect_switch=3) 

THEN(conservative_S) ELSE( 0))) 

    UNITS: Dimensionless 

    DOCUMENT: Working with Emmanuel Vellemu(introduced earlier), several 

lookup functions were formulated in the model. These functions are species 

sensitivity distributions (SSDs) that are used to determine concentration 
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limits for water quality monitoring. This is a highly important and novel 

set of data. Previously SSD curves had not been established for acid mine 

drainage and Emmanuel’s data uses sulphate concentrations as a proxy for 

heavy metals that have consequences for biodiversity.  

    Emmanuel produced these based on his research and on a review of 

previous studies and they relate the concentration of phosphates or 

sulphates to the effect on freshwater biodiversity. As concentration 

increases the percentage of species affected increases. Emmanuel on several 

occasions worked with me to validate this formulation.  

    For both phosphates an sulphates he supplied 3 separate curves, 

acknowledging the uncertainty behind these calculations. The 'conservation 

emphasis' graphical lookups assume the greatest amount of damage and have 

the sharpest effect on biodiversity. Meanwhile, 'conservative' graphical 

functions have a less powerful influence, assuming that species are 

generally more resilient to increasing concentrations of the phosphates or 

sulphates, respectively. 'Intermediate' impacts represent a middle-ground 

between these two extremes.  

     

    The 'effect switches' for both allow the user to select the level of 

impact used in the simulation. For sulphate, this is set to use the 

intermediate curve for the base run.  

    The integration of these curves into the model lead to an insight on the 

part of the modeling team. Simulations showed that, in general, phosphates 

had a much greater effect on FRED. This was counter-intuitive behavior to 

the modeling team, as much discussion about great impacts of mining & 

industry on the Lower-Olifants River. However, discussions with Emmanuel 

Vellemu and the KNP representatives (21-10-2016) indeed verified this 

outcome. An important assumption was made here on the basis of the effect of 

phosphates. As the curves were integrated into the model and simulations 

run, the 'intermediate impact' SSD curve was having such a great impact on 

the phosphates that it became difficult to see any level of change from 

modifications to sulphates. Furthermore this impact was creating a rapidly 

declining behavior. Such behavior in the business as usual scenario seemed 

too dire, as a starting point for discussions within group process. This 

assumption was shared with KNP representatives (including Dr. Danny Govender 

a trained freshwater ecologist with experience in KNP since 2008) during a 

meeting on 21-10 who agreed that the behavior of the FRED stock was more 

appropriate using the 'conservative impact' phosphate setting.  

 

sulphate_effect_switch = 1 

    UNITS: Dimensionless 

    DOCUMENT: 1= intermediate impact 

    2= conservation emphasis  

    3= conservative  

 

total_instream_phosphate_load_per_month = 

WQSAM_phosphate+"discharge_load_WWTW_in_KG/month" 

    UNITS: KG/month 

    DOCUMENT: This parameter adds together the endogenously generated load 

from ResiMod v.2 with the selected data-set from WQSAM (see WQSAM sulphate), 

giving the total instream phosphate load for the Ga-Selati on a monthly 

basis.  

 

total_instream_sulphate_load_per_month = 

WQSAM_sulphate+"total_discharge_mines_in_KG/month" 

    UNITS: KG/month 
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    DOCUMENT: This parameter adds together the endogenously generated load 

from ResiMod v.2 with the selected data-set from WQSAM (see WQSAM sulphate), 

giving the total instream sulphate load for the Ga-Selati on a monthly 

basis.  

 

WQSAM_flow = (IF(CC_switch=1) THEN("WQSAM_flow_in_ML/month_CC") 

ELSE("WQSAM_flow_in_ML/month_historical"))*additional_flow_change 

    UNITS: ML/month 

    DOCUMENT: In addition to the load in KG/month, Hugo Retief also supplied 

flow for the same time periods (see WQSAM sulphate KG/month). The flow was 

used to calculate concentrations with additional load coming fromt the SD 

model structure.  

 

"WQSAM_flow_in_ML/month_CC" = GRAPH(TIME) 

(1.0, 4710.032225), (2.0, 8061.768532), (3.0, 3351.736307), (4.0, 

5084.347248), (5.0, 3623.692274), (6.0, 1449.122548), (7.0, 913.4325981), 

(8.0, 638.2923126), (9.0, 603.6997437), (10.0, 450.7974982), (11.0, 

443.4137344), (12.0, 410.1207554), (13.0, 6396.828175), (14.0, 22018.23616), 

(15.0, 10238.31844), (16.0, 9790.281296), (17.0, 4998.10648), (18.0, 

2285.843611), (19.0, 1192.330599), (20.0, 1236.421824), (21.0, 805.5271506), 

(22.0, 728.1143665), (23.0, 743.776679), (24.0, 523.0031013), (25.0, 

873.9392161), (26.0, 5750.246048), (27.0, 4217.697144), (28.0, 13427.93941), 

(29.0, 6035.434723), (30.0, 4370.019913), (31.0, 1276.815891), (32.0, 

968.6821699), (33.0, 789.0681624), (34.0, 613.1759286), (35.0, 475.2065241), 

(36.0, 400.0724256), (37.0, 724.7983813), (38.0, 18269.63806), (39.0, 

25616.36925), (40.0, 26953.65906), (41.0, 4252.099514), (42.0, 2608.93774), 

(43.0, 1478.881121), (44.0, 943.990767), (45.0, 927.3813367), (46.0, 

774.1114497), (47.0, 647.9457617), (48.0, 1999.805808), (49.0, 39965.50369), 

(50.0, 17884.58252), (51.0, 28793.06984), (52.0, 2962.410927), (53.0, 

22057.62291), (54.0, 15755.68962), (55.0, 3391.684771), (56.0, 2071.34366), 

(57.0, 1259.054422), (58.0, 1229.150176), (59.0, 761.0487938), (60.0, 

651.5504122), (61.0, 6626.879692), (62.0, 24434.45969), (63.0, 18522.95113), 

(64.0, 3599.696159), (65.0, 2104.508162), (66.0, 1689.072967), (67.0, 

1189.695358), (68.0, 978.6995649), (69.0, 647.6514339), (70.0, 616.7548299), 

(71.0, 592.5526023), (72.0, 507.3073506), (73.0, 516.5814161), (74.0, 

787.3466015), (75.0, 15409.14917), (76.0, 14194.42558), (77.0, 9079.499245), 

(78.0, 20967.39769), (79.0, 1971.692801), (80.0, 1270.287991), (81.0, 

886.1013055), (82.0, 777.2372961), (83.0, 593.6045647), (84.0, 429.1405976), 

(85.0, 8255.392075), (86.0, 12858.59489), (87.0, 26366.32347), (88.0, 

14017.61436), (89.0, 45442.85583), (90.0, 60603.29437), (91.0, 5787.77504), 

(92.0, 2459.29575), (93.0, 1704.759121), (94.0, 1037.578225), (95.0, 

957.744658), (96.0, 531.3189626), (97.0, 1257.328272), (98.0, 2414.313555), 

(99.0, 1775.755286), (100.0, 1934.207082), (101.0, 1165.721655), (102.0, 

1115.637302), (103.0, 794.8759198), (104.0, 591.6092992), (105.0, 

589.2238021), (106.0, 390.92049), (107.0, 379.5585036), (108.0, 

282.6550007), (109.0, 1293.464661), (110.0, 1802.719712), (111.0, 

868.277669), (112.0, 805.0816059), (113.0, 669.5944667), (114.0, 

624.4462729), (115.0, 486.6002202), (116.0, 424.8914421), (117.0, 

284.6538424), (118.0, 256.783396), (119.0, 371.1678088), (120.0, 

374.235183), (121.0, 356.9878638), (122.0, 3986.155748), (123.0, 

13420.09735), (124.0, 22416.41808), (125.0, 1704.022527), (126.0, 

1006.649137), (127.0, 1024.461389), (128.0, 685.5636239), (129.0, 

581.3946128), (130.0, 409.8122716), (131.0, 628.3560991), (132.0, 

379.0127039), (133.0, 3877.438545), (134.0, 4024.400711), (135.0, 

17119.91882), (136.0, 43952.48032), (137.0, 20234.02214), (138.0, 

8750.260353), (139.0, 1593.958616), (140.0, 1287.468791), (141.0, 

955.1326632), (142.0, 711.8494511), (143.0, 626.9711852), (144.0, 
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732.3887348), (145.0, 520.3433633), (146.0, 3995.01586), (147.0, 

4782.643795), (148.0, 1426.27275), (149.0, 1051.116228), (150.0, 

764.8583651), (151.0, 527.8585553), (152.0, 528.3022523), (153.0, 

444.3816245), (154.0, 298.9331186), (155.0, 260.8520985), (156.0, 

540.897131), (157.0, 1110.844254), (158.0, 1305.966139), (159.0, 

4196.924686), (160.0, 1390.282512), (161.0, 8392.580986), (162.0, 

4151.603699), (163.0, 1768.757224), (164.0, 1014.97817), (165.0, 

1101.020694), (166.0, 828.7858963), (167.0, 664.305985), (168.0, 

890.7075524), (169.0, 1061.46884), (170.0, 1631.440282), (171.0, 

836.8508816), (172.0, 1066.421509), (173.0, 4967.773438), (174.0, 

1278.242469), (175.0, 776.2125134), (176.0, 630.4113865), (177.0, 

462.6565576), (178.0, 383.5232258), (179.0, 501.3544559), (180.0, 

335.5790079), (181.0, 1263.848305), (182.0, 4188.484669), (183.0, 

38276.61896), (184.0, 17542.31453), (185.0, 3968.90974), (186.0, 

1409.319758), (187.0, 861.3551259), (188.0, 734.6278429), (189.0, 

560.4256988), (190.0, 454.3824196), (191.0, 475.243926), (192.0, 

321.1526871), (193.0, 4618.812561), (194.0, 14495.54157), (195.0, 

2000.311136), (196.0, 10920.06207), (197.0, 8147.359848), (198.0, 

1309.437156), (199.0, 1178.50399), (200.0, 787.3092294), (201.0, 

589.7808075), (202.0, 590.3173089), (203.0, 484.7112894), (204.0, 

974.4422436), (205.0, 551.9862175), (206.0, 5913.635254), (207.0, 

4048.226357), (208.0, 2237.484455), (209.0, 1299.125552), (210.0, 

887.2352839), (211.0, 789.4364595), (212.0, 616.1940098), (213.0, 

496.9647527), (214.0, 775.6208181), (215.0, 1156.113505), (216.0, 

1048.474789), (217.0, 3979.313612), (218.0, 4678.692818), (219.0, 

2493.899584), (220.0, 4570.972919), (221.0, 1980.388165), (222.0, 

1070.978999), (223.0, 2235.492468), (224.0, 1122.415304), (225.0, 

733.3521247), (226.0, 1054.715872), (227.0, 910.1005793), (228.0, 

1445.451498), (229.0, 3840.353251), (230.0, 4700.1791), (231.0, 

31682.54852), (232.0, 26533.56361), (233.0, 6987.038612), (234.0, 

2488.972902), (235.0, 1171.561003), (236.0, 935.1474047), (237.0, 

774.0952373), (238.0, 590.374589), (239.0, 757.2378516), (240.0, 

495.8776534), (241.0, 646.2855935), (242.0, 19707.87048), (243.0, 

57239.23874), (244.0, 50638.46207), (245.0, 24003.18146), (246.0, 

2591.674805), (247.0, 1231.082797), (248.0, 1068.223238), (249.0, 

915.4630899), (250.0, 644.4730759), (251.0, 601.4329791), (252.0, 

1205.358148), (253.0, 3679.538488), (254.0, 6786.156654), (255.0, 

5611.270905), (256.0, 2533.150434), (257.0, 1812.940359), (258.0, 

1907.447338), (259.0, 1130.815387), (260.0, 886.2757683), (261.0, 

769.5271373), (262.0, 686.4680648), (263.0, 495.9240854), (264.0, 

549.6035218), (265.0, 1037.739754), (266.0, 14314.86607), (267.0, 

40655.79987), (268.0, 47368.24799), (269.0, 6972.831726), (270.0, 

2393.295288), (271.0, 1302.655935), (272.0, 1055.689692), (273.0, 

837.8357291), (274.0, 694.3591237), (275.0, 730.3863168), (276.0, 

520.9333301), (277.0, 2678.541183), (278.0, 66674.43848), (279.0, 

55267.46368), (280.0, 29871.04416), (281.0, 15706.22063), (282.0, 

3165.113449), (283.0, 1525.057673), (284.0, 1292.908788), (285.0, 

963.9257789), (286.0, 795.3750491), (287.0, 681.1879277), (288.0, 

618.6127663), (289.0, 485.2184057), (290.0, 1846.323967), (291.0, 

3183.798552), (292.0, 1584.329128), (293.0, 1139.508486), (294.0, 

1123.918891), (295.0, 780.5677056), (296.0, 728.6971807), (297.0, 

529.4566154), (298.0, 393.7223852), (299.0, 420.9922254), (300.0, 

271.5623677), (301.0, 235.6493622), (302.0, 5407.54652), (303.0, 

15833.81653), (304.0, 14276.62182), (305.0, 2069.830179), (306.0, 

999.4290471), (307.0, 717.8913951), (308.0, 528.2894373), (309.0, 

513.1984353), (310.0, 365.6485379), (311.0, 323.7885237), (312.0, 

455.2089274), (313.0, 745.8992004), (314.0, 5920.509338), (315.0, 
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25182.80792), (316.0, 28051.64909), (317.0, 2115.863085), (318.0, 

1382.736325), (319.0, 847.4745154), (320.0, 705.0432563), (321.0, 

587.8859758), (322.0, 434.5616102), (323.0, 393.3261335), (324.0, 

386.5361214), (325.0, 297.4775136), (326.0, 430.0146699), (327.0, 

388.9730871), (328.0, 610.8058095), (329.0, 2695.373774), (330.0, 

975.2483368), (331.0, 559.0788722), (332.0, 520.2770829), (333.0, 

442.4135983), (334.0, 322.6301074), (335.0, 399.2611468), (336.0, 

315.7359958), (337.0, 981.1527729), (338.0, 15383.3437), (339.0, 

18007.38716), (340.0, 2228.675365), (341.0, 3577.830553), (342.0, 

3200.606108), (343.0, 1313.390255), (344.0, 989.0288115), (345.0, 

656.2493443), (346.0, 444.657892), (347.0, 404.4620991), (348.0, 

304.3861985), (349.0, 328.5807967), (350.0, 4173.602581), (351.0, 

49880.69534), (352.0, 24682.05261), (353.0, 4600.172043), (354.0, 

2918.89143), (355.0, 1713.829637), (356.0, 1030.586123), (357.0, 

913.4116173), (358.0, 774.4702697), (359.0, 577.6334405), (360.0, 

630.9948564), (361.0, 1843.086123), (362.0, 1515.802145), (363.0, 

1881.118536), (364.0, 1874.035001), (365.0, 1493.572831), (366.0, 

1003.148675), (367.0, 912.3314023), (368.0, 674.0655303), (369.0, 

620.7000613), (370.0, 493.7973022), (371.0, 398.2237577), (372.0, 

707.6297998), (373.0, 1317.73591), (374.0, 3518.876076), (375.0, 

2413.284779), (376.0, 1672.304869), (377.0, 836.8992805), (378.0, 

565.2760863), (379.0, 485.1604998), (380.0, 442.0545399), (381.0, 

349.1277695), (382.0, 324.4580925), (383.0, 318.7317848), (384.0, 

378.5142004), (385.0, 2288.452864), (386.0, 4187.072277), (387.0, 

3453.279495), (388.0, 3897.961617), (389.0, 9155.72834), (390.0, 

5942.789555), (391.0, 1761.845469), (392.0, 1036.26132), (393.0, 

861.9709611), (394.0, 625.7981658), (395.0, 520.8889246), (396.0, 

342.4115181), (397.0, 320.1701045), (398.0, 699.899435), (399.0, 

3063.094616), (400.0, 2202.77071), (401.0, 2567.559719), (402.0, 1122.9316), 

(403.0, 584.869802), (404.0, 420.4746485), (405.0, 410.935998), (406.0, 

316.4254129), (407.0, 265.394181), (408.0, 269.1467106), (409.0, 

1358.296394), (410.0, 2862.208843), (411.0, 4920.660019), (412.0, 

1117.583513), (413.0, 631.6343546), (414.0, 611.6368771), (415.0, 

562.0857477), (416.0, 448.1277466), (417.0, 440.0733113), (418.0, 

387.7215385), (419.0, 371.1150885), (420.0, 270.6294358), (421.0, 

516.1082149), (422.0, 37822.63565), (423.0, 20314.45313), (424.0, 

2657.559633), (425.0, 988.4973764), (426.0, 1389.350533), (427.0, 

838.6689425), (428.0, 716.7204618), (429.0, 622.8819489), (430.0, 

626.2065768), (431.0, 580.6524158), (432.0, 513.1013393), (433.0, 

2335.998058), (434.0, 4714.672565), (435.0, 1961.655617), (436.0, 

1087.907314), (437.0, 1818.701982), (438.0, 1363.873124), (439.0, 

787.3470187), (440.0, 951.0761499), (441.0, 782.5232744), (442.0, 

594.5968628), (443.0, 545.5083847), (444.0, 475.4372239), (445.0, 

469.6061611), (446.0, 1590.913415), (447.0, 12913.32722), (448.0, 

10225.6155), (449.0, 4197.624207), (450.0, 1398.603916), (451.0, 

1075.680017), (452.0, 740.8046722), (453.0, 632.2505474), (454.0, 

440.5700266), (455.0, 426.0082543), (456.0, 350.9012163), (457.0, 

3847.038984), (458.0, 4142.991543), (459.0, 8290.708542), (460.0, 

21255.83839), (461.0, 3116.020441), (462.0, 2135.157824), (463.0, 

1003.727674), (464.0, 847.1872807), (465.0, 840.4234648), (466.0, 

587.2955918), (467.0, 636.5786195), (468.0, 518.6954737), (469.0, 

740.1276827), (470.0, 958.6455226), (471.0, 555.9598207), (472.0, 

551.3966084), (473.0, 579.4819593), (474.0, 469.1461623), (475.0, 

401.3788104), (476.0, 357.9239845), (477.0, 286.2114608), (478.0, 

234.9438369), (479.0, 244.4091439), (480.0, 430.1128983), (481.0, 

347.7861285), (482.0, 2509.344339), (483.0, 5164.256096), (484.0, 

6146.904469), (485.0, 1828.929782), (486.0, 978.3775806), (487.0, 
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705.6026459), (488.0, 562.9799366), (489.0, 444.7365999), (490.0, 

365.6617701), (491.0, 394.4941461), (492.0, 520.394206), (493.0, 

393.1148648), (494.0, 4215.573311), (495.0, 21702.48222), (496.0, 

21311.57303), (497.0, 2088.992596), (498.0, 1089.267135), (499.0, 

745.5292344), (500.0, 643.422246), (501.0, 535.2320671), (502.0, 

551.0489941), (503.0, 632.8629851), (504.0, 721.6410041), (505.0, 

1812.166214), (506.0, 1866.791129), (507.0, 64448.02094), (508.0, 

37991.79077), (509.0, 2321.503162), (510.0, 1269.539475), (511.0, 

938.8896227), (512.0, 700.6326914), (513.0, 629.5362711), (514.0, 

543.2938933), (515.0, 507.4185729), (516.0, 496.2471128), (517.0, 

689.2390847), (518.0, 2452.575684), (519.0, 1279.202461), (520.0, 

1383.8377), (521.0, 763.1369233), (522.0, 705.0014734), (523.0, 

514.5435929), (524.0, 452.0837367), (525.0, 380.5238008), (526.0, 

270.0898349), (527.0, 449.6518075), (528.0, 549.5483279), (529.0, 

15214.21432), (530.0, 11453.23086), (531.0, 2650.780916), (532.0, 

2967.497349), (533.0, 16324.22066), (534.0, 3671.47994), (535.0, 

1364.21299), (536.0, 1204.570651), (537.0, 984.8647714), (538.0, 

780.5415988), (539.0, 680.1299453), (540.0, 663.5872722), (541.0, 

431.6162467), (542.0, 3236.812115), (543.0, 6682.357788), (544.0, 

3748.681784), (545.0, 2629.174232), (546.0, 1453.424692), (547.0, 

1047.960997), (548.0, 797.7608442), (549.0, 734.4341278), (550.0, 

530.7230949), (551.0, 562.1094108), (552.0, 399.5527029), (553.0, 

368.162185), (554.0, 15154.45042), (555.0, 70465.82031), (556.0, 

29859.85947), (557.0, 2504.23646), (558.0, 1211.37929), (559.0, 

913.4842157), (560.0, 655.7129622), (561.0, 694.3621635), (562.0, 

510.2747679), (563.0, 370.7758486), (564.0, 420.7804799), (565.0, 

516.4955854), (566.0, 516.2804127), (567.0, 674.0447879), (568.0, 8421.875), 

(569.0, 8080.054283), (570.0, 2035.667419), (571.0, 1091.21418), (572.0, 

948.4825134), (573.0, 792.5848961), (574.0, 712.3103142), (575.0, 

499.6524453), (576.0, 449.2062926), (577.0, 458.3716094), (578.0, 

576.3062835), (579.0, 2229.138136), (580.0, 1423.954248), (581.0, 

970.1695442), (582.0, 718.018055), (583.0, 566.6486025), (584.0, 

544.7025299), (585.0, 393.9545453), (586.0, 343.0536389), (587.0, 

252.7147233), (588.0, 336.0457718), (589.0, 1803.941011), (590.0, 

3503.307581), (591.0, 6426.859379), (592.0, 3827.510118), (593.0, 

1494.827747), (594.0, 1702.659845), (595.0, 1141.002536), (596.0, 

835.5164528), (597.0, 829.6849132), (598.0, 650.3676176), (599.0, 

484.2933118), (600.0, 421.7824638), (601.0, 751.4350414) 

    UNITS: ML/month 

 

"WQSAM_flow_in_ML/month_historical" = GRAPH(TIME) 

(1.0, 1572.708964), (2.00334448161, 533.5817337), (3.00668896321, 

2611.836195), (4.01003344482, 1158.158302), (5.01337792642, 4884.014606), 

(6.01672240803, 2902.837753), (7.02006688963, 2270.994902), (8.02341137124, 

1050.975442), (9.02675585284, 937.8843307), (10.0301003344, 872.9401231), 

(11.0334448161, 597.5351334), (12.0367892977, 835.4250789), (13.0401337793, 

616.9496179), (14.0434782609, 745.7814217), (15.0468227425, 899.3319273), 

(16.0501672241, 4576.392174), (17.0535117057, 9630.853653), (18.0568561873, 

1965.649247), (19.0602006689, 2053.464651), (20.0635451505, 3031.283855), 

(21.0668896321, 1277.905107), (22.0702341137, 830.8542371), (23.0735785953, 

762.105763), (24.0769230769, 557.7685237), (25.0802675585, 584.662497), 

(26.0836120401, 516.2264109), (27.0869565217, 1392.771363), (28.0903010033, 

13864.83097), (29.0936454849, 27712.81052), (30.0969899666, 27508.79097), 

(31.1003344482, 4980.725288), (32.1036789298, 2035.215139), (33.1070234114, 

1938.390732), (34.110367893, 1078.356147), (35.1137123746, 1136.448264), 

(36.1170568562, 876.8568635), (37.1204013378, 793.4888601), (38.1237458194, 

720.7861543), (39.127090301, 641.5117979), (40.1304347826, 29427.5589), 
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(41.1337792642, 20109.6344), (42.1371237458, 17557.56569), (43.1404682274, 

3150.871038), (44.143812709, 1637.236834), (45.1471571906, 2102.715969), 

(46.1505016722, 1737.404346), (47.1538461538, 1285.07638), (48.1571906355, 

1041.731119), (49.1605351171, 857.4205637), (50.1638795987, 998.6039996), 

(51.1672240803, 1147.606373), (52.1705685619, 529.7953486), (53.1739130435, 

874.753952), (54.1772575251, 2362.647295), (55.1806020067, 1653.332591), 

(56.1839464883, 3056.527615), (57.1872909699, 1386.724591), (58.1906354515, 

1031.763196), (59.1939799331, 720.8415866), (60.1973244147, 682.7201247), 

(61.2006688963, 549.8445034), (62.2040133779, 703.5784125), (63.2073578595, 

375.7621348), (64.2107023411, 394.9946463), (65.2140468227, 8819.876671), 

(66.2173913043, 5013.105869), (67.220735786, 4927.512646), (68.2240802676, 

1233.213782), (69.2274247492, 1164.269805), (70.2307692308, 968.2897329), 

(71.2341137124, 819.0557957), (72.237458194, 585.3292942), (73.2408026756, 

472.0754921), (74.2441471572, 557.5387478), (75.2474916388, 617.3046231), 

(76.2508361204, 3044.192553), (77.254180602, 4312.386513), (78.2575250836, 

57777.73285), (79.2608695652, 39227.4971), (80.2642140468, 2881.233215), 

(81.2675585284, 1090.397358), (82.27090301, 1420.640469), (83.2742474916, 

1116.849422), (84.2775919732, 856.9653034), (85.2809364548, 791.1774516), 

(86.2842809365, 549.0701795), (87.2876254181, 552.8792739), (88.2909698997, 

10267.67445), (89.2943143813, 14796.81778), (90.2976588629, 7407.673359), 

(91.3010033445, 21020.56313), (92.3043478261, 7718.297482), (93.3076923077, 

2209.362268), (94.3110367893, 1368.322968), (95.3143812709, 1173.117876), 

(96.3177257525, 851.10116), (97.3210702341, 825.7927895), (98.3244147157, 

653.7321806), (99.3277591973, 595.0667858), (100.331103679, 5305.943012), 

(101.334448161, 14344.68174), (102.337792642, 2270.418167), (103.341137124, 

3062.696695), (104.344481605, 1019.039273), (105.347826087, 1201.669693), 

(106.351170569, 864.6196127), (107.35451505, 656.9302678), (108.357859532, 

642.7070498), (109.361204013, 591.9812322), (110.364548495, 479.5059562), 

(111.367892977, 428.4760356), (112.371237458, 1338.095427), (113.37458194, 

2218.142033), (114.377926421, 1634.062886), (115.381270903, 33649.7612), 

(116.384615385, 38779.93774), (117.387959866, 32980.34286), (118.391304348, 

2275.168657), (119.394648829, 1588.363051), (120.397993311, 1062.201023), 

(121.401337793, 1095.964551), (122.404682274, 732.5729728), (123.408026756, 

1027.299762), (124.411371237, 1636.601925), (125.414715719, 42004.90952), 

(126.418060201, 20782.83691), (127.421404682, 11922.16206), (128.424749164, 

2011.657238), (129.428093645, 2758.682251), (130.431438127, 1351.052999), 

(131.434782609, 1360.351205), (132.43812709, 909.8991156), (133.441471572, 

719.8358178), (134.444816054, 708.5787654), (135.448160535, 611.9690537), 

(136.451505017, 1079.871893), (137.454849498, 2051.808119), (138.45819398, 

8374.209404), (139.461538462, 7780.674934), (140.464882943, 8593.6203), 

(141.468227425, 13416.20159), (142.471571906, 2268.354893), (143.474916388, 

1547.650576), (144.47826087, 1114.187002), (145.481605351, 1084.128141), 

(146.484949833, 785.6559753), (147.488294314, 642.3563361), (148.491638796, 

1202.641129), (149.494983278, 26225.87013), (150.498327759, 30849.62273), 

(151.501672241, 8539.406776), (152.505016722, 4022.451878), (153.508361204, 

1719.629526), (154.511705686, 975.6495357), (155.515050167, 956.1083317), 

(156.518394649, 691.572547), (157.52173913, 542.0328975), (158.525083612, 

595.7099795), (159.528428094, 443.896383), (160.531772575, 3089.75482), 

(161.535117057, 46048.51151), (162.538461538, 46035.03799), (163.54180602, 

8007.627487), (164.545150502, 30792.42706), (165.548494983, 17281.58379), 

(166.551839465, 2375.459909), (167.555183946, 1393.494487), (168.558528428, 

1238.867164), (169.56187291, 838.2148147), (170.565217391, 851.1160016), 

(171.568561873, 932.5323701), (172.571906355, 560.7911348), (173.575250836, 

22199.1024), (174.578595318, 23876.82152), (175.581939799, 14595.24441), 

(176.585284281, 17646.50154), (177.588628763, 2030.036688), (178.591973244, 

1581.905842), (179.595317726, 1140.910268), (180.598662207, 863.3058667), 

(181.602006689, 982.3162556), (182.605351171, 803.362906), (183.608695652, 
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4002.718925), (184.612040134, 5144.761562), (185.615384615, 56362.35809), 

(186.618729097, 37799.08371), (187.622073579, 11349.48158), (188.62541806, 

5508.820534), (189.628762542, 2416.773319), (190.632107023, 1126.646876), 

(191.635451505, 1259.076834), (192.638795987, 919.8198915), (193.642140468, 

593.0219293), (194.64548495, 610.2550626), (195.648829431, 500.2923012), 

(196.652173913, 1197.285891), (197.655518395, 2143.833876), (198.658862876, 

3603.540659), (199.662207358, 1054.3437), (200.665551839, 972.9985595), 

(201.668896321, 1808.639884), (202.672240803, 894.6605921), (203.675585284, 

877.802968), (204.678929766, 721.2709785), (205.682274247, 523.0405331), 

(206.685618729, 551.6958237), (207.688963211, 624.3337393), (208.692307692, 

1420.17889), (209.695652174, 2257.773161), (210.698996656, 4672.516823), 

(211.702341137, 15968.45531), (212.705685619, 1971.371174), (213.7090301, 

2082.278728), (214.712374582, 990.180254), (215.715719064, 1047.377586), 

(216.719063545, 725.4465222), (217.722408027, 582.5321078), (218.725752508, 

1189.820528), (219.72909699, 2604.187489), (220.732441472, 6030.74789), 

(221.735785953, 6703.046799), (222.739130435, 7253.323078), (223.742474916, 

11491.92238), (224.745819398, 21087.11815), (225.74916388, 8418.688774), 

(226.752508361, 3342.496872), (227.755852843, 1310.125113), (228.759197324, 

1154.930949), (229.762541806, 777.8423429), (230.765886288, 949.1366744), 

(231.769230769, 2665.456772), (232.772575251, 2873.60096), (233.775919732, 

2162.660837), (234.779264214, 8814.517975), (235.782608696, 16738.43384), 

(236.785953177, 4561.039448), (237.789297659, 2502.739906), (238.79264214, 

1239.375353), (239.795986622, 1159.205079), (240.799331104, 918.5678959), 

(241.802675585, 759.1812611), (242.806020067, 645.3534365), (243.809364548, 

508.7242126), (244.81270903, 496.40885), (245.816053512, 3257.882833), 

(246.819397993, 13716.30573), (247.822742475, 1838.503242), (248.826086957, 

1517.054439), (249.829431438, 1093.229294), (250.83277592, 870.2968955), 

(251.836120401, 732.2488427), (252.839464883, 461.8389904), (253.842809365, 

491.5732443), (254.846153846, 536.7834568), (255.849498328, 2586.239815), 

(256.852842809, 3981.046438), (257.856187291, 10071.70773), (258.859531773, 

11478.56522), (259.862876254, 2575.381517), (260.866220736, 1217.246532), 

(261.869565217, 1397.563457), (262.872909699, 934.2086315), (263.876254181, 

674.3689775), (264.879598662, 625.3908873), (265.882943144, 507.2421432), 

(266.886287625, 452.3392022), (267.889632107, 723.8550186), (268.892976589, 

815.5073524), (269.89632107, 3407.984734), (270.899665552, 1967.966437), 

(271.903010033, 2097.467661), (272.906354515, 2037.090063), (273.909698997, 

1016.650081), (274.913043478, 806.0135245), (275.91638796, 784.2658162), 

(276.919732441, 543.5561538), (277.923076923, 545.873642), (278.926421405, 

440.1154816), (279.929765886, 1140.287161), (280.933110368, 1485.608935), 

(281.936454849, 1863.828778), (282.939799331, 7898.262024), (283.943143813, 

7504.663944), (284.946488294, 7548.8801), (285.949832776, 3517.877579), 

(286.953177258, 1217.387438), (287.956521739, 1001.575947), (288.959866221, 

1021.221995), (289.963210702, 750.2221465), (290.966555184, 1071.173906), 

(291.969899666, 2965.386629), (292.973244147, 1187.477589), (293.976588629, 

21714.61105), (294.97993311, 28603.72543), (295.983277592, 24740.2668), 

(296.986622074, 2949.156761), (297.989966555, 1500.695944), (298.993311037, 

1457.333565), (299.996655518, 1287.574649), (301.0, 1367.70153), 

(302.003344482, 772.7379203), (303.006688963, 682.8394532), (304.010033445, 

533.9779854), (305.013377926, 438.3309782), (306.016722408, 2528.722048), 

(307.02006689, 3889.931679), (308.023411371, 1028.137684), (309.026755853, 

875.7872581), (310.030100334, 1139.763951), (311.033444816, 689.9479032), 

(312.036789298, 585.8370662), (313.040133779, 525.6700516), (314.043478261, 

607.9717875), (315.046822742, 441.1472678), (316.050167224, 559.7447753), 

(317.053511706, 829.539299), (318.056856187, 3000.74172), (319.060200669, 

2893.629789), (320.063545151, 2290.002108), (321.066889632, 1240.633011), 

(322.070234114, 999.260366), (323.073578595, 820.571363), (324.076923077, 

801.2313247), (325.080267559, 595.9220529), (326.08361204, 520.434916), 
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(327.086956522, 438.9488399), (328.090301003, 2251.342058), (329.093645485, 

16226.63689), (330.096989967, 12397.93301), (331.100334448, 3258.174896), 

(332.10367893, 13741.8375), (333.107023411, 9718.197823), (334.110367893, 

2603.248358), (335.113712375, 1065.87708), (336.117056856, 850.6265879), 

(337.120401338, 662.0230675), (338.123745819, 485.3177965), (339.127090301, 

796.2460518), (340.130434783, 738.6915088), (341.133779264, 3820.91403), 

(342.137123746, 59709.69772), (343.140468227, 75197.22748), (344.143812709, 

5224.328518), (345.147157191, 2035.946846), (346.150501672, 1672.78862), 

(347.153846154, 1282.996297), (348.157190635, 936.5217686), (349.160535117, 

924.7155786), (350.163879599, 809.7263575), (351.16722408, 1045.415282), 

(352.170568562, 520.598352), (353.173913043, 6276.390076), (354.177257525, 

31731.49109), (355.180602007, 71578.65906), (356.183946488, 13290.32898), 

(357.18729097, 3357.864618), (358.190635452, 1862.354636), (359.193979933, 

1724.207759), (360.197324415, 1128.06797), (361.200668896, 926.2177348), 

(362.204013378, 890.407145), (363.20735786, 687.8479719), (364.210702341, 

588.9837146), (365.214046823, 641.06071), (366.217391304, 11474.39861), 

(367.220735786, 24883.5144), (368.224080268, 40419.10172), (369.227424749, 

25050.57144), (370.230769231, 2517.428875), (371.234113712, 1526.246905), 

(372.237458194, 1031.647921), (373.240802676, 947.85887), (374.244147157, 

721.008122), (375.247491639, 613.7860417), (376.25083612, 456.0181201), 

(377.254180602, 718.8658714), (378.257525084, 1243.846893), (379.260869565, 

17341.79688), (380.264214047, 13679.26216), (381.267558528, 1751.393914), 

(382.27090301, 1480.34811), (383.274247492, 914.0293598), (384.277591973, 

954.2186856), (385.280936455, 819.7379112), (386.284280936, 550.603807), 

(387.287625418, 517.2627568), (388.2909699, 476.821512), (389.294314381, 

368.3102131), (390.297658863, 651.5885592), (391.301003344, 2895.848989), 

(392.304347826, 8494.738579), (393.307692308, 15465.24429), (394.311036789, 

7053.302288), (395.314381271, 1720.03448), (396.317725753, 1061.049581), 

(397.321070234, 1656.211853), (398.324414716, 899.189055), (399.327759197, 

895.5322504), (400.331103679, 768.5546279), (401.334448161, 592.128396), 

(402.337792642, 1647.597432), (403.341137124, 1029.287696), (404.344481605, 

32473.90747), (405.347826087, 15056.22196), (406.351170569, 5768.05687), 

(407.35451505, 1537.405968), (408.357859532, 1106.012464), (409.361204013, 

1035.542011), (410.364548495, 846.8317389), (411.367892977, 1159.845352), 

(412.371237458, 1620.634079), (413.37458194, 17218.76526), (414.377926421, 

23081.71654), (415.381270903, 2999.077082), (416.384615385, 1252.885818), 

(417.387959866, 834.9195719), (418.391304348, 971.7341065), (419.394648829, 

904.4920802), (420.397993311, 758.3666444), (421.401337793, 698.7017989), 

(422.404682274, 515.4152513), (423.408026756, 435.4573488), (424.411371237, 

407.6752365), (425.414715719, 517.4777508), (426.418060201, 746.5935349), 

(427.421404682, 516.9287324), (428.424749164, 1558.450699), (429.428093645, 

4690.977573), (430.431438127, 4963.10854), (431.434782609, 1606.504917), 

(432.43812709, 852.5282741), (433.441471572, 581.0242295), (434.444816054, 

397.9061544), (435.448160535, 330.2647769), (436.451505017, 258.3780885), 

(437.454849498, 2386.051178), (438.45819398, 14124.93134), (439.461538462, 

74591.31622), (440.464882943, 45792.16003), (441.468227425, 21389.17542), 

(442.471571906, 6575.946331), (443.474916388, 2299.478531), (444.47826087, 

1306.088805), (445.481605351, 1093.635082), (446.484949833, 746.0452914), 

(447.488294314, 781.077683), (448.491638796, 1049.45004), (449.494983278, 

4918.951511), (450.498327759, 2904.149294), (451.501672241, 1540.353298), 

(452.505016722, 2322.384834), (453.508361204, 7485.430241), (454.511705686, 

6621.183872), (455.515050167, 3340.767145), (456.518394649, 1700.439811), 

(457.52173913, 1134.917617), (458.525083612, 825.8270621), (459.528428094, 

621.5860248), (460.531772575, 1631.98328), (461.535117057, 1645.097613), 

(462.538461538, 2752.940416), (463.54180602, 29076.04218), (464.545150502, 

16648.70453), (465.548494983, 5723.415852), (466.551839465, 2090.548277), 

(467.555183946, 1389.688373), (468.558528428, 1324.800372), (469.56187291, 
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1055.228114), (470.565217391, 751.8727779), (471.568561873, 617.5507307), 

(472.571906355, 519.0781951), (473.575250836, 994.3507314), (474.578595318, 

5485.281944), (475.581939799, 3169.312239), (476.585284281, 2036.018133), 

(477.588628763, 3158.145666), (478.591973244, 1366.779923), (479.595317726, 

829.5565248), (480.598662207, 670.511961), (481.602006689, 644.4607973), 

(482.605351171, 448.885709), (483.608695652, 559.5167875), (484.612040134, 

889.0981078), (485.615384615, 1355.015755), (486.618729097, 2955.724716), 

(487.622073579, 3110.194683), (488.62541806, 1852.691293), (489.628762542, 

1318.881989), (490.632107023, 1329.719543), (491.635451505, 865.9185171), 

(492.638795987, 768.5236931), (493.642140468, 532.7263474), (494.64548495, 

479.1455269), (495.648829431, 540.6575203), (496.652173913, 423.4682918), 

(497.655518395, 1308.704376), (498.658862876, 17959.82933), (499.662207358, 

29065.84549), (500.665551839, 8849.129677), (501.668896321, 14230.75771), 

(502.672240803, 7821.429253), (503.675585284, 3707.608938), (504.678929766, 

1682.587028), (505.682274247, 948.8511086), (506.685618729, 943.5161948), 

(507.688963211, 671.3622808), (508.692307692, 531.7382813), (509.695652174, 

818.418026), (510.698996656, 53902.58408), (511.702341137, 126679.5349), 

(512.705685619, 162519.6533), (513.7090301, 60919.55185), (514.712374582, 

4260.046482), (515.715719064, 2000.261068), (516.719063545, 1621.437669), 

(517.722408027, 1059.225202), (518.725752508, 869.5296049), (519.72909699, 

733.763814), (520.732441472, 588.4907842), (521.735785953, 7318.680763), 

(522.739130435, 33374.41635), (523.742474916, 11423.77281), (524.745819398, 

4398.949623), (525.74916388, 1895.948648), (526.752508361, 1260.387778), 

(527.755852843, 914.7615433), (528.759197324, 842.73839), (529.762541806, 

683.6245656), (530.765886288, 595.7702398), (531.769230769, 574.2491484), 

(532.772575251, 1275.278926), (533.775919732, 22128.20244), (534.779264214, 

21827.5795), (535.782608696, 40189.92615), (536.785953177, 31572.54028), 

(537.789297659, 16456.00319), (538.79264214, 3633.51059), (539.795986622, 

1686.944127), (540.799331104, 1284.380198), (541.802675585, 918.3893204), 

(542.806020067, 823.8579631), (543.809364548, 802.7999997), (544.81270903, 

666.1399007), (545.816053512, 653.1520486), (546.819397993, 767.8311467), 

(547.822742475, 14314.20708), (548.826086957, 26370.55206), (549.829431438, 

7851.38464), (550.83277592, 3551.996946), (551.836120401, 1548.390865), 

(552.839464883, 1244.664431), (553.842809365, 1073.337317), (554.846153846, 

698.3203888), (555.849498328, 796.5681553), (556.852842809, 613.2417321), 

(557.856187291, 4465.360641), (558.859531773, 4228.350163), (559.862876254, 

2605.980158), (560.866220736, 1566.617131), (561.869565217, 827.7161717), 

(562.872909699, 868.6246276), (563.876254181, 699.6074319), (564.879598662, 

668.807447), (565.882943144, 525.5871415), (566.886287625, 376.2496412), 

(567.889632107, 318.1031346), (568.892976589, 294.5610285), (569.89632107, 

516.3025856), (570.899665552, 3093.438625), (571.903010033, 14766.46614), 

(572.906354515, 22065.0177), (573.909698997, 1900.169849), (574.913043478, 

1272.562027), (575.91638796, 968.1711793), (576.919732441, 762.7345324), 

(577.923076923, 543.8428521), (578.926421405, 586.5629911), (579.929765886, 

691.534698), (580.933110368, 475.5370915), (581.936454849, 4386.756897), 

(582.939799331, 3633.841753), (583.943143813, 8385.561943), (584.946488294, 

39069.18335), (585.949832776, 7942.034245), (586.953177258, 6480.391502), 

(587.956521739, 1923.292875), (588.959866221, 1456.154346), (589.963210702, 

922.6153493), (590.966555184, 941.855967), (591.969899666, 651.5305042), 

(592.973244147, 602.5279164), (593.976588629, 587.9899859), (594.97993311, 

3946.209431), (595.983277592, 25874.21608), (596.986622074, 47637.7182), 

(597.989966555, 29012.60757), (598.993311037, 4156.146049), (599.996655518, 

1440.264821), (601.0, 1148.675323) 

    UNITS: ML/month 

 

WQSAM_phosphate = IF(CC_switch=1) THEN("WQSAM_phosphate_kg/month_CC") 

ELSE("WQSAM_phosphate_kg/month_historical") 
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    UNITS: kg/month 

 

"WQSAM_phosphate_kg/month_CC" = GRAPH(TIME) 

(1.0, 211.9539901), (2.0, 368.3537672), (3.0, 134.0712598), (4.0, 

250.9530365), (5.0, 111.4458264), (6.0, 39.68052058), (7.0, 21.36856297), 

(8.0, 13.39036603), (9.0, 13.47713), (10.0, 10.4400214), (11.0, 

10.98240799), (12.0, 10.66950628), (13.0, 347.5022062), (14.0, 1047.019302), 

(15.0, 558.7449771), (16.0, 535.2774458), (17.0, 252.4745439), (18.0, 

92.53682281), (19.0, 38.70095516), (20.0, 35.65410543), (21.0, 20.03006393), 

(22.0, 17.76018694), (23.0, 19.19037411), (24.0, 13.82823423), (25.0, 

29.21755813), (26.0, 280.9304299), (27.0, 190.9307645), (28.0, 754.7185452), 

(29.0, 287.4935724), (30.0, 196.5241835), (31.0, 46.68498248), (32.0, 

30.20532152), (33.0, 22.01890621), (34.0, 15.73148502), (35.0, 11.83203019), 

(36.0, 10.10892855), (37.0, 21.37170787), (38.0, 1057.15085), (39.0, 

1428.641863), (40.0, 1130.858683), (41.0, 155.7288112), (42.0, 95.14082483), 

(43.0, 44.407551), (44.0, 24.3809963), (45.0, 24.61750625), (46.0, 

20.50297459), (47.0, 16.83231019), (48.0, 75.82408759), (49.0, 2038.685662), 

(50.0, 1190.781577), (51.0, 1098.60346), (52.0, 96.54111496), (53.0, 

1160.223653), (54.0, 737.6833807), (55.0, 104.7176456), (56.0, 62.31424667), 

(57.0, 35.43933286), (58.0, 34.49350081), (59.0, 20.33806206), (60.0, 

18.38041015), (61.0, 350.5733258), (62.0, 1166.17845), (63.0, 948.7855057), 

(64.0, 142.6804169), (65.0, 77.33002828), (66.0, 57.92794057), (67.0, 

35.74941501), (68.0, 25.9624926), (69.0, 15.47237818), (70.0, 15.87614324), 

(71.0, 16.21238582), (72.0, 18.08376458), (73.0, 15.4480828), (74.0, 

29.07133249), (75.0, 882.3896356), (76.0, 526.5090496), (77.0, 413.9871208), 

(78.0, 918.3999061), (79.0, 61.83838341), (80.0, 32.95375616), (81.0, 

20.63430782), (82.0, 18.53713521), (83.0, 14.35098045), (84.0, 9.980379956), 

(85.0, 308.8185513), (86.0, 520.41177), (87.0, 1218.389632), (88.0, 

540.9839033), (89.0, 2647.054087), (90.0, 2252.019199), (91.0, 192.1810151), 

(92.0, 67.738625), (93.0, 51.00754655), (94.0, 29.57593472), (95.0, 

26.74313713), (96.0, 13.54200159), (97.0, 47.48452448), (98.0, 107.721274), 

(99.0, 86.9539451), (100.0, 99.53602887), (101.0, 58.75245834), (102.0, 

51.12295819), (103.0, 30.58069184), (104.0, 19.3595916), (105.0, 

17.88498467), (106.0, 10.89884941), (107.0, 10.58640154), (108.0, 

8.715803005), (109.0, 53.18614918), (110.0, 75.2626663), (111.0, 

35.43363227), (112.0, 33.82832083), (113.0, 29.82992322), (114.0, 

27.58973811), (115.0, 20.04308766), (116.0, 15.95508618), (117.0, 

9.829908086), (118.0, 8.782364645), (119.0, 13.50824392), (120.0, 

14.40964378), (121.0, 14.98680874), (122.0, 217.439285), (123.0, 

974.2920633), (124.0, 977.5103272), (125.0, 59.02083875), (126.0, 

31.00224507), (127.0, 30.19922977), (128.0, 18.96383984), (129.0, 

15.53367849), (130.0, 10.74678664), (131.0, 19.85648482), (132.0, 

12.79971881), (133.0, 187.3988931), (134.0, 194.894903), (135.0, 

974.6718319), (136.0, 1970.465258), (137.0, 1035.968942), (138.0, 

390.8710065), (139.0, 56.85831661), (140.0, 40.75075088), (141.0, 

27.26802073), (142.0, 19.97414981), (143.0, 18.62144233), (144.0, 

23.67063219), (145.0, 16.50362508), (146.0, 213.5691801), (147.0, 

231.6201049), (148.0, 62.8961703), (149.0, 42.77844107), (150.0, 

27.7191626), (151.0, 17.25663208), (152.0, 16.1401422), (153.0, 

12.48417808), (154.0, 7.938576508), (155.0, 7.019465231), (156.0, 

17.39218437), (157.0, 46.9269996), (158.0, 67.56665732), (159.0, 

223.1648509), (160.0, 69.065654), (161.0, 460.4731721), (162.0, 218.065129), 

(163.0, 79.1728349), (164.0, 36.65649814), (165.0, 37.10890151), (166.0, 

25.64611518), (167.0, 19.80218077), (168.0, 30.79716961), (169.0, 

43.17694471), (170.0, 78.89920122), (171.0, 41.14361399), (172.0, 

55.15839221), (173.0, 263.1964961), (174.0, 60.26253371), (175.0, 

32.64913705), (176.0, 23.20438366), (177.0, 15.31371042), (178.0, 



Page 42 of 70 

11.94986319), (179.0, 16.3231608), (180.0, 11.02100671), (181.0, 

57.05954543), (182.0, 233.2737571), (183.0, 1997.989203), (184.0, 

822.4027105), (185.0, 155.3446391), (186.0, 42.91765265), (187.0, 

22.28132622), (188.0, 18.5647271), (189.0, 14.86103689), (190.0, 

12.03913574), (191.0, 13.00885245), (192.0, 8.836008233), (193.0, 

261.6588531), (194.0, 549.9901045), (195.0, 64.70444663), (196.0, 

553.034434), (197.0, 440.632911), (198.0, 58.41282229), (199.0, 

45.82871042), (200.0, 26.51052663), (201.0, 18.35315725), (202.0, 

18.62084819), (203.0, 15.01472624), (204.0, 36.35430249), (205.0, 

21.10043543), (206.0, 294.2723533), (207.0, 190.7287085), (208.0, 

94.03656871), (209.0, 55.45155564), (210.0, 35.72959018), (211.0, 

29.2837448), (212.0, 21.11851341), (213.0, 16.21396242), (214.0, 

28.12262789), (215.0, 50.927606), (216.0, 48.7098995), (217.0, 216.8957863), 

(218.0, 241.1545836), (219.0, 123.3668298), (220.0, 225.5213928), (221.0, 

89.55853603), (222.0, 47.19920731), (223.0, 99.33858414), (224.0, 

44.20469004), (225.0, 25.56221545), (226.0, 39.07332676), (227.0, 

32.81411929), (228.0, 58.39627594), (229.0, 190.5974517), (230.0, 

284.4201913), (231.0, 1668.294643), (232.0, 1229.482898), (233.0, 

324.0079269), (234.0, 91.3668518), (235.0, 34.3670389), (236.0, 

25.02235399), (237.0, 20.32824393), (238.0, 15.46339482), (239.0, 

23.22802254), (240.0, 15.82871625), (241.0, 22.84410986), (242.0, 

1006.049857), (243.0, 2773.837989), (244.0, 2793.057645), (245.0, 

882.8142058), (246.0, 66.88040397), (247.0, 27.78988757), (248.0, 

25.26784091), (249.0, 21.55836801), (250.0, 14.59958378), (251.0, 

13.96140824), (252.0, 36.69862651), (253.0, 172.3874595), (254.0, 

368.758977), (255.0, 284.5517497), (256.0, 119.9689364), (257.0, 

81.5274386), (258.0, 87.47969173), (259.0, 46.00879731), (260.0, 

30.99105657), (261.0, 23.74326103), (262.0, 19.59698754), (263.0, 

13.34107976), (264.0, 16.15676414), (265.0, 37.21357004), (266.0, 

798.0109257), (267.0, 2402.816923), (268.0, 2182.955299), (269.0, 

290.3968881), (270.0, 78.44441608), (271.0, 36.0386127), (272.0, 

26.32154168), (273.0, 19.4329087), (274.0, 16.25172013), (275.0, 

19.14411837), (276.0, 14.48147175), (277.0, 130.0666197), (278.0, 

3671.772861), (279.0, 2330.339841), (280.0, 1377.15456), (281.0, 

686.0439303), (282.0, 107.2207641), (283.0, 52.54339853), (284.0, 

40.60667352), (285.0, 26.21009514), (286.0, 20.12511163), (287.0, 

15.92631088), (288.0, 14.15636686), (289.0, 14.18840124), (290.0, 

93.51743111), (291.0, 142.8876542), (292.0, 72.34964621), (293.0, 

52.69646948), (294.0, 48.61948006), (295.0, 28.93806023), (296.0, 

23.55183238), (297.0, 15.16932687), (298.0, 10.66676151), (299.0, 

11.99186401), (300.0, 7.694471687), (301.0, 6.808352232), (302.0, 

287.627361), (303.0, 906.5150846), (304.0, 537.7410097), (305.0, 

65.17032783), (306.0, 28.34050149), (307.0, 18.60885878), (308.0, 

12.57826999), (309.0, 12.14961751), (310.0, 8.656163951), (311.0, 

8.125949129), (312.0, 12.24685533), (313.0, 22.89178222), (314.0, 

280.7440613), (315.0, 1500.079723), (316.0, 1126.478683), (317.0, 

67.49431372), (318.0, 39.65436728), (319.0, 23.24322181), (320.0, 

18.3975989), (321.0, 14.75066339), (322.0, 10.66575416), (323.0, 

9.880916369), (324.0, 10.40287122), (325.0, 8.349323045), (326.0, 

13.27527609), (327.0, 12.77066022), (328.0, 23.66983798), (329.0, 

130.4382872), (330.0, 45.59173869), (331.0, 24.50084251), (332.0, 

21.08328905), (333.0, 16.51046145), (334.0, 11.32157825), (335.0, 

13.99230686), (336.0, 11.07570257), (337.0, 40.4127893), (338.0, 971.4252), 

(339.0, 861.9655735), (340.0, 92.81073168), (341.0, 168.5905387), (342.0, 

142.6967364), (343.0, 46.76849327), (344.0, 29.04472791), (345.0, 

16.68710399), (346.0, 11.1787808), (347.0, 10.8778468), (348.0, 

8.580936082), (349.0, 10.38635726), (350.0, 213.6992681), (351.0, 
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2575.049568), (352.0, 1082.447607), (353.0, 152.1400704), (354.0, 

108.5316007), (355.0, 55.06875427), (356.0, 29.04330043), (357.0, 

25.04369231), (358.0, 20.24326707), (359.0, 14.35328381), (360.0, 

17.14375452), (361.0, 70.12692707), (362.0, 63.90092272), (363.0, 

87.82970167), (364.0, 94.63486129), (365.0, 78.2898629), (366.0, 

49.61726694), (367.0, 40.79430587), (368.0, 27.09749124), (369.0, 

22.55306668), (370.0, 16.59474357), (371.0, 12.76244337), (372.0, 

24.5431727), (373.0, 54.55838099), (374.0, 179.146557), (375.0, 119.006819), 

(376.0, 76.6831483), (377.0, 36.01438346), (378.0, 22.81558522), (379.0, 

17.91398898), (380.0, 14.85921074), (381.0, 10.77892879), (382.0, 

9.56492395), (383.0, 9.153918327), (384.0, 10.60849972), (385.0, 

109.0759343), (386.0, 214.9784645), (387.0, 171.2785384), (388.0, 

181.0848006), (389.0, 529.1550404), (390.0, 278.5265955), (391.0, 

60.64527818), (392.0, 29.13469414), (393.0, 22.84644315), (394.0, 

15.32444303), (395.0, 12.11302545), (396.0, 7.924402647), (397.0, 

7.440438948), (398.0, 22.33372996), (399.0, 142.8753686), (400.0, 

123.0369036), (401.0, 132.4635989), (402.0, 50.14808605), (403.0, 

22.52036111), (404.0, 14.51035051), (405.0, 13.41660775), (406.0, 

9.931005941), (407.0, 8.227195749), (408.0, 8.43407412), (409.0, 

53.03172067), (410.0, 155.4704079), (411.0, 261.2472926), (412.0, 

54.41047687), (413.0, 29.37232529), (414.0, 27.67342573), (415.0, 

23.67133411), (416.0, 17.10666483), (417.0, 16.11852837), (418.0, 

14.44683082), (419.0, 14.17445429), (420.0, 10.0640165), (421.0, 

19.5068559), (422.0, 1950.05702), (423.0, 1066.013902), (424.0, 

100.1249273), (425.0, 32.85667489), (426.0, 50.96927819), (427.0, 

28.94764656), (428.0, 22.73580773), (429.0, 18.31089871), (430.0, 

18.38790023), (431.0, 17.14926152), (432.0, 15.41902793), (433.0, 

110.103368), (434.0, 231.16903), (435.0, 89.66497854), (436.0, 48.09472272), 

(437.0, 88.07926184), (438.0, 63.81884479), (439.0, 34.47935842), (440.0, 

38.30159102), (441.0, 28.05580578), (442.0, 19.40281217), (443.0, 

16.88591628), (444.0, 14.63857895), (445.0, 15.39221477), (446.0, 

69.87180756), (447.0, 754.8669872), (448.0, 513.6972747), (449.0, 

187.0574261), (450.0, 51.36183167), (451.0, 33.9781068), (452.0, 

20.4511486), (453.0, 16.26381601), (454.0, 10.91981816), (455.0, 

11.11260961), (456.0, 9.413879902), (457.0, 164.132704), (458.0, 

217.286052), (459.0, 513.6398934), (460.0, 955.7323266), (461.0, 

135.237321), (462.0, 78.90985374), (463.0, 31.1005633), (464.0, 24.439455), 

(465.0, 24.02263747), (466.0, 15.83273568), (467.0, 17.60969683), (468.0, 

14.7034222), (469.0, 23.1173189), (470.0, 34.95323453), (471.0, 

20.70728778), (472.0, 21.22066994), (473.0, 22.91232825), (474.0, 

18.61262821), (475.0, 15.36263629), (476.0, 12.91400236), (477.0, 

9.795772256), (478.0, 7.731287608), (479.0, 7.893965356), (480.0, 

14.81610838), (481.0, 12.75809271), (482.0, 149.2377136), (483.0, 

294.0060917), (484.0, 327.8781462), (485.0, 90.13055716), (486.0, 

43.07223123), (487.0, 26.92374405), (488.0, 18.79313117), (489.0, 

13.60241566), (490.0, 10.63466881), (491.0, 11.23920635), (492.0, 

16.31651499), (493.0, 12.99452316), (494.0, 218.5734497), (495.0, 

1276.160623), (496.0, 727.1318369), (497.0, 57.17773567), (498.0, 

30.14109667), (499.0, 20.04237246), (500.0, 16.88405682), (501.0, 

13.46349169), (502.0, 13.82311038), (503.0, 17.66160964), (504.0, 

23.61864477), (505.0, 78.26555947), (506.0, 86.52033481), (507.0, 

3617.754525), (508.0, 1686.002003), (509.0, 76.11979169), (510.0, 

36.23911503), (511.0, 24.11193063), (512.0, 16.63303517), (513.0, 

15.16792408), (514.0, 14.06905251), (515.0, 13.53534263), (516.0, 

13.70314744), (517.0, 22.98372415), (518.0, 108.1760603), (519.0, 

60.02656228), (520.0, 64.91898024), (521.0, 33.3881126), (522.0, 

29.79641572), (523.0, 20.48980086), (524.0, 16.60211652), (525.0, 
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12.77902885), (526.0, 8.421726529), (527.0, 15.20156382), (528.0, 

19.99851969), (529.0, 809.9216999), (530.0, 549.1219135), (531.0, 

126.7882351), (532.0, 178.6653013), (533.0, 777.0490365), (534.0, 

143.369971), (535.0, 50.58985729), (536.0, 39.51998273), (537.0, 

29.00811554), (538.0, 22.79159714), (539.0, 20.37366475), (540.0, 

21.34946742), (541.0, 14.54863528), (542.0, 174.0104512), (543.0, 

339.9245046), (544.0, 188.4768811), (545.0, 133.707105), (546.0, 

66.90823127), (547.0, 41.00667322), (548.0, 26.2442559), (549.0, 

21.89531598), (550.0, 14.87193078), (551.0, 16.70438765), (552.0, 

11.7738218), (553.0, 11.16832598), (554.0, 1022.949155), (555.0, 

3044.763768), (556.0, 1205.739044), (557.0, 83.02020234), (558.0, 

37.58690301), (559.0, 26.62236473), (560.0, 17.57780908), (561.0, 

19.69157155), (562.0, 14.16754334), (563.0, 9.950002), (564.0, 11.90979555), 

(565.0, 15.81442493), (566.0, 16.99869532), (567.0, 25.5615273), (568.0, 

448.8008575), (569.0, 386.806217), (570.0, 86.617621), (571.0, 44.68848931), 

(572.0, 35.77043425), (573.0, 26.54777105), (574.0, 21.6654147), (575.0, 

14.19689183), (576.0, 12.72687195), (577.0, 13.8857316), (578.0, 

23.49509143), (579.0, 107.3288723), (580.0, 74.82400453), (581.0, 

51.13283387), (582.0, 35.07096639), (583.0, 24.23644214), (584.0, 

20.8965238), (585.0, 13.83632759), (586.0, 11.5775662), (587.0, 

8.301646908), (588.0, 11.21158257), (589.0, 82.97459336), (590.0, 

171.8590302), (591.0, 328.1702508), (592.0, 195.8877667), (593.0, 

74.05032244), (594.0, 83.55926241), (595.0, 48.7118142), (596.0, 

30.62010783), (597.0, 27.85702197), (598.0, 20.3704454), (599.0, 

14.87774184), (600.0, 12.72539265), (601.0, 24.72390224) 

    UNITS: KG/month 

    DOCUMENT: Water quality and quantity were not modelled endogenously in 

detail within ResiMod, but were rather drawn as exogenous inputs from the 

Water Quality Systems Assessment Model (WQSAM). WQSAM uses the relationship 

between flow and water quality to simulate water quality variable loads, 

based on the principle of ‚Äòrequisite simplicity‚Äô and within the South 

African reality of limited observed data. WQSAM has been developed as a 

model linked to the SPATSIM (Spatial and Time Series Information Modelling) 

framework. WQSAM relies on the input of simulated flow volumes from a yield 

model that is routinely used within water quantity management in South 

Africa (namely the Water Resources Modelling Platform (WReMP)).  

     

    The climate modelling was performed with the expert input of the Climate 

System Analysis Group (CSAG), based out of the University of Cape Town. CSAG 

statistically downscaled climate projections from three General Circulation 

Models (GCMs) for Representative Concentration Pathway (RCP) 4.5 and 8.5, 

representing a medium and high greenhouse gas concentration (not emissions) 

trajectories . These three GCMs were selected based on their similarity of 

dynamics of regional-scale climate processes rather than on local-scale 

responses such as surface rainfall and temperature, and to represent a wet, 

medium and dry scenario . 

     

    The climate change projections utilised in the WReMP yield model and 

WQSAM were the downscaled projection for RCP8.5 and one GCM has been used to 

date, namely the MIROC-ESM GCM. Future work may include the running of two 

further GCMs (CanESM2 and MPI-ESM-LR) in order to simulate a wider range of 

possible future conditions under the RCP8.5 greenhouse gas scenario. 

     

    This graphical function, based on time, uses historical data taken from 

WQSAM from 1950-2000. This serves as the climate change run data for 

instream phosphate.  
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"WQSAM_phosphate_kg/month_historical" = GRAPH(TIME) 

(1.0, 77.03570279), (2.00166944908, 59.73549421), (3.00333889816, 

95.77180885), (4.00500834725, 59.59031565), (5.00667779633, 287.3138455), 

(6.00834724541, 222.6675806), (7.01001669449, 169.4080724), (8.01168614357, 

79.67029847), (9.01335559265, 58.24099641), (10.0150250417, 45.0102395), 

(11.0166944908, 24.48191898), (12.0183639399, 37.6345233), (13.020033389, 

24.12937603), (14.0217028381, 29.225061), (15.0233722871, 44.82375817), 

(16.0250417362, 279.3899938), (17.0267111853, 747.4314026), (18.0283806344, 

194.1001211), (19.0300500835, 205.4081558), (20.0317195326, 251.0215182), 

(21.0333889816, 101.8745925), (22.0350584307, 61.95407685), (23.0367278798, 

50.63028196), (24.0383973289, 32.64942848), (25.040066778, 33.29217701), 

(26.041736227, 27.48433705), (27.0434056761, 79.9450494), (28.0450751252, 

1009.991939), (29.0467445743, 2528.218782), (30.0484140234, 1853.535057), 

(31.0500834725, 396.1487027), (32.0517529215, 168.788107), (33.0534223706, 

144.2901858), (34.0550918197, 73.09389929), (35.0567612688, 68.81832302), 

(36.0584307179, 47.8396495), (37.0601001669, 40.12179515), (38.061769616, 

34.43822779), (39.0634390651, 31.71860658), (40.0651085142, 1962.90556), 

(41.0667779633, 1377.433039), (42.0684474124, 1072.528112), (43.0701168614, 

201.3265312), (44.0717863105, 96.61401488), (45.0734557596, 126.0034708), 

(46.0751252087, 104.412934), (47.0767946578, 69.71833066), (48.0784641068, 

49.89971483), (49.0801335559, 38.28695169), (50.081803005, 46.01685227), 

(51.0834724541, 54.19445658), (52.0851419032, 25.42061664), (53.0868113523, 

43.16580726), (54.0884808013, 129.7020177), (55.0901502504, 97.05009176), 

(56.0918196995, 172.9801537), (57.0934891486, 72.91113631), (58.0951585977, 

48.28943741), (59.0968280467, 29.36534485), (60.0984974958, 26.0785928), 

(61.1001669449, 19.41891363), (62.101836394, 26.08110303), (63.1035058431, 

13.62125101), (64.1051752922, 14.86506232), (65.1068447412, 493.6384276), 

(66.1085141903, 325.1409392), (67.1101836394, 278.3435531), (68.1118530885, 

66.53658858), (69.1135225376, 59.13153799), (70.1151919866, 46.43241047), 

(71.1168614357, 35.43750776), (72.1185308848, 22.79532483), (73.1202003339, 

17.64156492), (74.121869783, 21.41395031), (75.1235392321, 23.27975764), 

(76.1252086811, 151.1884972), (77.1268781302, 251.7348921), (78.1285475793, 

3368.101299), (79.1302170284, 1756.581788), (80.1318864775, 134.7016396), 

(81.1335559265, 48.79901212), (82.1352253756, 65.18107663), (83.1368948247, 

45.99204196), (84.1385642738, 31.31836929), (85.1402337229, 26.91646049), 

(86.141903172, 17.44370712), (87.143572621, 18.01545099), (88.1452420701, 

588.0968993), (89.1469115192, 704.7521034), (90.1485809683, 397.2886584), 

(91.1502504174, 1061.465492), (92.1519198664, 417.5579624), (93.1535893155, 

105.4463481), (94.1552587646, 51.653002), (95.1569282137, 37.07208326), 

(96.1585976628, 23.1497854), (97.1602671119, 22.10110893), (98.1619365609, 

16.94351675), (99.16360601, 15.23201459), (100.165275459, 323.4891978), 

(101.166944908, 690.5820572), (102.168614357, 100.3523463), (103.170283806, 

151.2572891), (104.171953255, 47.6535984), (105.173622705, 51.17579925), 

(106.175292154, 31.15804727), (107.176961603, 20.74495066), (108.178631052, 

18.94350761), (109.180300501, 16.04834831), (110.18196995, 12.79617083), 

(111.183639399, 12.29142878), (112.185308848, 55.76288559), (113.186978297, 

95.1804216), (114.188647746, 74.86331634), (115.190317195, 1849.957147), 

(116.191986644, 2400.371714), (117.193656093, 1198.388269), (118.195325543, 

63.74669162), (119.196994992, 43.97514705), (120.198664441, 27.48681015), 

(121.20033389, 30.49398241), (122.202003339, 21.99345245), (123.203672788, 

36.58844532), (124.205342237, 73.70103419), (125.207011686, 2305.405189), 

(126.208681135, 1105.757153), (127.210350584, 571.1315499), (128.212020033, 

92.36231221), (129.213689482, 116.0963969), (130.215358932, 47.0724265), 

(131.217028381, 40.70235751), (132.21869783, 22.92384959), (133.220367279, 

17.42311053), (134.222036728, 18.41352042), (135.223706177, 18.84968291), 

(136.225375626, 37.26316644), (137.227045075, 91.35973995), (138.228714524, 

452.978088), (139.230383973, 336.0620939), (140.232053422, 434.1177723), 
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(141.233722871, 675.4321702), (142.235392321, 95.55269571), (143.23706177, 

53.48229324), (144.238731219, 31.84226567), (145.240400668, 30.46876314), 

(146.242070117, 21.22626734), (147.243739566, 18.19705772), (148.245409015, 

40.43468079), (149.247078464, 1440.857028), (150.248747913, 1549.671827), 

(151.250417362, 382.1855456), (152.252086811, 151.796753), (153.25375626, 

62.24738894), (154.25542571, 31.14862208), (155.257095159, 27.44350729), 

(156.258764608, 17.77559474), (157.260434057, 13.67434095), (158.262103506, 

15.88802098), (159.263772955, 11.83040928), (160.265442404, 156.6013215), 

(161.267111853, 3043.027519), (162.268781302, 1565.427867), (163.270450751, 

262.8791934), (164.2721202, 1487.18584), (165.273789649, 876.7169122), 

(166.275459098, 96.54683266), (167.277128548, 46.59871702), (168.278797997, 

37.59595127), (169.280467446, 22.43930362), (170.282136895, 22.35123972), 

(171.283806344, 27.08035045), (172.285475793, 17.6520542), (173.287145242, 

1162.716525), (174.288814691, 952.3874075), (175.29048414, 721.3233904), 

(176.292153589, 646.7000092), (177.293823038, 58.68278307), (178.295492487, 

42.28619511), (179.297161937, 26.98468468), (180.298831386, 19.11786123), 

(181.300500835, 24.12920467), (182.302170284, 21.8250288), (183.303839733, 

194.6406916), (184.305509182, 266.3826844), (185.307178631, 3320.547617), 

(186.30884808, 1445.886598), (187.310517529, 524.5052309), (188.312186978, 

265.2233338), (189.313856427, 92.12002008), (190.315525876, 32.7862435), 

(191.317195326, 35.16004371), (192.318864775, 23.91546159), (193.320534224, 

14.59500076), (194.322203673, 16.29980353), (195.323873122, 15.52942704), 

(196.325542571, 44.83399972), (197.32721202, 99.83174534), (198.328881469, 

184.8690743), (199.330550918, 53.47505039), (200.332220367, 45.48532092), 

(201.333889816, 88.45205923), (202.335559265, 43.34199681), (203.337228715, 

39.8501171), (204.338898164, 28.77890363), (205.340567613, 18.52398577), 

(206.342237062, 19.02082263), (207.343906511, 22.65927698), (208.34557596, 

65.38053174), (209.347245409, 119.206343), (210.348914858, 307.0927722), 

(211.350584307, 664.6607867), (212.352253756, 74.21568467), (213.353923205, 

82.93133453), (214.355592654, 40.27763212), (215.357262104, 40.32748994), 

(216.358931553, 24.36385717), (217.360601002, 18.31853394), (218.362270451, 

45.39607384), (219.3639399, 116.8684522), (220.365609349, 309.6612307), 

(221.367278798, 335.1946205), (222.368948247, 360.5827526), (223.370617696, 

623.4530362), (224.372287145, 1117.177494), (225.373956594, 367.8163051), 

(226.375626043, 102.8496002), (227.377295492, 33.35736321), (228.378964942, 

29.71589669), (229.380634391, 19.33130025), (230.38230384, 25.92179839), 

(231.383973289, 106.6654043), (232.385642738, 140.7337671), (233.387312187, 

107.0067312), (234.388981636, 528.9460656), (235.390651085, 693.1349141), 

(236.392320534, 182.099694), (237.393989983, 97.82657437), (238.395659432, 

47.44906324), (239.397328881, 39.9075195), (240.398998331, 27.00123408), 

(241.40066778, 20.78200553), (242.402337229, 17.14005906), (243.404006678, 

13.37662493), (244.405676127, 13.62450845), (245.407345576, 151.3311586), 

(246.409015025, 598.9690299), (247.410684474, 66.98337368), (248.412353923, 

57.31203617), (249.414023372, 38.7901131), (250.415692821, 27.41263433), 

(251.41736227, 20.33789438), (252.41903172, 11.54938149), (253.420701169, 

12.99552106), (254.422370618, 15.23799236), (255.424040067, 111.7727623), 

(256.425709516, 174.3511479), (257.427378965, 596.7483538), (258.429048414, 

554.733033), (259.430717863, 112.635705), (260.432387312, 52.17955886), 

(261.434056761, 63.9500492), (262.43572621, 38.97646056), (263.437395659, 

24.64671418), (264.439065109, 20.9875546), (265.440734558, 15.90089882), 

(266.442404007, 13.93749695), (267.444073456, 24.5034168), (268.445742905, 

30.41613508), (269.447412354, 176.1568555), (270.449081803, 95.07437293), 

(271.450751252, 99.21001667), (272.452420701, 103.9861547), (273.45409015, 

51.44011158), (274.455759599, 38.10627957), (275.457429048, 33.05819055), 

(276.459098497, 20.20738225), (277.460767947, 19.45829671), (278.462437396, 

15.94015933), (279.464106845, 51.3294826), (280.465776294, 61.9555735), 

(281.467445743, 87.63613808), (282.469115192, 388.2471365), (283.470784641, 
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380.9396285), (284.47245409, 391.1818045), (285.474123539, 159.0724833), 

(286.475792988, 50.33837597), (287.477462437, 37.54643594), (288.479131886, 

36.09943146), (289.480801336, 25.23330111), (290.482470785, 40.8980474), 

(291.484140234, 145.883529), (292.485809683, 56.24838675), (293.487479132, 

1288.462917), (294.489148581, 1491.558114), (295.49081803, 1057.819883), 

(296.492487479, 107.4500344), (297.494156928, 54.44839439), (298.495826377, 

50.11654312), (299.497495826, 41.94269152), (300.499165275, 48.61850073), 

(301.500834725, 26.30723466), (302.502504174, 21.92939497), (303.504173623, 

16.58328194), (304.505843072, 13.44246654), (305.507512521, 113.7926945), 

(306.50918197, 189.6244968), (307.510851419, 46.15233606), (308.512520868, 

39.33820485), (309.514190317, 49.74824803), (310.515859766, 27.09432778), 

(311.517529215, 20.8104856), (312.519198664, 17.13130595), (313.520868114, 

19.37701215), (314.522537563, 13.47724841), (315.524207012, 17.54338091), 

(316.525876461, 27.80219716), (317.52754591, 146.0081073), (318.529215359, 

144.063475), (319.530884808, 114.6585946), (320.532554257, 61.96697052), 

(321.534223706, 47.7525964), (322.535893155, 34.49511568), (323.537562604, 

29.16280368), (324.539232053, 19.50408596), (325.540901503, 16.6747754), 

(326.542570952, 13.6516651), (327.544240401, 114.9987025), (328.54590985, 

964.5520086), (329.547579299, 467.245657), (330.549248748, 129.4351065), 

(331.550918197, 697.0724963), (332.552587646, 497.0361996), (333.554257095, 

94.01752189), (334.555926544, 32.21284836), (335.557595993, 22.91040712), 

(336.559265442, 16.98920054), (337.560934891, 12.52257994), (338.562604341, 

25.6337193), (339.56427379, 27.750386), (340.565943239, 226.9385214), 

(341.567612688, 6093.608592), (342.569282137, 1832.690459), (343.570951586, 

137.0903143), (344.572621035, 72.89831687), (345.574290484, 60.81087142), 

(346.575959933, 42.0335275), (347.577629382, 27.93804868), (348.579298831, 

25.90367709), (349.58096828, 21.95015156), (350.58263773, 33.521405), 

(351.584307179, 16.41812385), (352.585976628, 374.6975947), (353.587646077, 

2271.591688), (354.589315526, 2168.200655), (355.590984975, 550.8544473), 

(356.592654424, 141.2182726), (357.594323873, 77.47356456), (358.595993322, 

72.05395043), (359.597662771, 46.33992896), (360.59933222, 35.01938305), 

(361.601001669, 29.6664044), (362.602671119, 20.85074075), (363.604340568, 

17.92938004), (364.606010017, 21.04245996), (365.607679466, 580.999492), 

(366.609348915, 1074.090461), (367.611018364, 1977.451898), (368.612687813, 

1075.521433), (369.614357262, 84.41272093), (370.616026711, 42.16149063), 

(371.61769616, 24.92141002), (372.619365609, 21.96146271), (373.621035058, 

15.68244862), (374.622704508, 13.37707975), (375.624373957, 13.00013232), 

(376.626043406, 19.07615748), (377.627712855, 44.81712195), (378.629382304, 

1007.131953), (379.631051753, 632.0813808), (380.632721202, 66.03694779), 

(381.634390651, 51.92980216), (382.6360601, 30.95258032), (383.637729549, 

31.45221159), (384.639398998, 24.74548143), (385.641068447, 14.89083811), 

(386.642737896, 13.96242202), (387.644407346, 13.15832587), (388.646076795, 

10.07197027), (389.647746244, 20.37212619), (390.649415693, 140.3040147), 

(391.651085142, 430.5930687), (392.652754591, 843.700739), (393.65442404, 

373.469035), (394.656093489, 72.04090766), (395.657762938, 36.69711026), 

(396.659432387, 65.1641797), (397.661101836, 36.78975514), (398.662771285, 

35.47948729), (399.664440735, 27.46626651), (400.666110184, 20.01419255), 

(401.667779633, 67.77208835), (402.669449082, 41.61113186), (403.671118531, 

1883.764942), (404.67278798, 685.45138), (405.674457429, 174.1231452), 

(406.676126878, 38.00985314), (407.677796327, 24.07269006), (408.679465776, 

21.72566034), (409.681135225, 18.09449072), (410.682804674, 25.04916692), 

(411.684474124, 43.63664328), (412.686143573, 845.8858413), (413.687813022, 

1059.857638), (414.689482471, 98.43465177), (415.69115192, 34.3767019), 

(416.692821369, 20.99629194), (417.694490818, 24.56229125), (418.696160267, 

22.24216999), (419.697829716, 17.82977311), (420.699499165, 16.33108533), 

(421.701168614, 11.74036991), (422.702838063, 9.855369283), (423.704507513, 

9.27643541), (424.706176962, 12.58103415), (425.707846411, 21.48829716), 
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(426.70951586, 15.09137975), (427.711185309, 54.98564213), (428.712854758, 

219.3061449), (429.714524207, 184.7333401), (430.716193656, 41.85336931), 

(431.717863105, 18.91485279), (432.719532554, 12.2117261), (433.721202003, 

8.506517549), (434.722871452, 7.644497919), (435.724540902, 6.293376316), 

(436.726210351, 95.7868034), (437.7278798, 847.582999), (438.729549249, 

3830.330037), (439.731218698, 2496.179482), (440.732888147, 1130.705023), 

(441.734557596, 287.7279013), (442.736227045, 64.55241654), (443.737896494, 

28.52479773), (444.739565943, 22.24594446), (445.741235392, 14.96974778), 

(446.742904841, 18.56715262), (447.74457429, 25.73835038), (448.74624374, 

224.3618233), (449.747913189, 124.3627675), (450.749582638, 61.81356389), 

(451.751252087, 89.47639951), (452.752921536, 394.8852144), (453.754590985, 

243.10464), (454.756260434, 95.1966555), (455.757929883, 42.10407815), 

(456.759599332, 25.11115591), (457.761268781, 17.8053439), (458.76293823, 

14.0813917), (459.764607679, 46.45511991), (460.766277129, 52.62138846), 

(461.767946578, 113.2068996), (462.769616027, 1734.76373), (463.771285476, 

734.4469859), (464.772954925, 172.368733), (465.774624374, 58.5631291), 

(466.776293823, 38.12026222), (467.777963272, 35.11658645), (468.779632721, 

25.48990213), (469.78130217, 17.42608937), (470.782971619, 14.69723842), 

(471.784641068, 12.51200153), (472.786310518, 29.35068818), (473.787979967, 

243.3884338), (474.789649416, 133.8212561), (475.791318865, 69.00244754), 

(476.792988314, 121.1124187), (477.794657763, 43.42111936), (478.796327212, 

22.64528322), (479.797996661, 16.65221688), (480.79966611, 15.69115027), 

(481.801335559, 10.4509658), (482.803005008, 14.06004092), (483.804674457, 

26.24793602), (484.806343907, 44.62449725), (485.808013356, 109.9228449), 

(486.809682805, 117.3152875), (487.811352254, 65.49863923), (488.813021703, 

43.23676302), (489.814691152, 39.88408815), (490.816360601, 22.41352573), 

(491.81803005, 18.42315232), (492.819699499, 12.03436271), (493.821368948, 

10.98333161), (494.823038397, 13.00085824), (495.824707846, 10.69563044), 

(496.826377295, 41.35987309), (497.828046745, 882.2273214), (498.829716194, 

1572.223576), (499.831385643, 369.9462645), (500.833055092, 694.7686545), 

(501.834724541, 298.2239024), (502.83639399, 93.63355132), (503.838063439, 

34.78997178), (504.839732888, 17.74657672), (505.841402337, 20.80185621), 

(506.843071786, 15.33371738), (507.844741235, 12.45719331), (508.846410684, 

29.15660218), (509.848080134, 2692.689892), (510.849749583, 6047.881246), 

(511.851419032, 7375.827222), (512.853088481, 2615.242064), (513.85475793, 

129.9676898), (514.856427379, 47.64382251), (515.858096828, 36.90961448), 

(516.859766277, 22.07034909), (517.861435726, 17.79975922), (518.863105175, 

14.80269044), (519.864774624, 11.99206521), (520.866444073, 318.8804605), 

(521.868113523, 1744.91959), (522.869782972, 541.9581225), (523.871452421, 

150.5220384), (524.87312187, 48.05437847), (525.874791319, 27.64283921), 

(526.876460768, 19.60861738), (527.878130217, 17.99057786), (528.879799666, 

14.36619298), (529.881469115, 12.93165342), (530.883138564, 13.0511067), 

(531.884808013, 42.47064737), (532.886477462, 1015.342191), (533.888146912, 

1122.697024), (534.889816361, 2065.465395), (535.89148581, 1383.553212), 

(536.893155259, 660.9309638), (537.894824708, 99.39895412), (538.896494157, 

38.49038011), (539.898163606, 26.81508187), (540.899833055, 18.52237765), 

(541.901502504, 18.8470014), (542.903171953, 19.2814716), (543.904841402, 

15.56261938), (544.906510851, 15.7859016), (545.908180301, 21.15045488), 

(546.90984975, 758.6301965), (547.911519199, 1358.856074), (548.913188648, 

370.3074772), (549.914858097, 111.736701), (550.916527546, 37.34149907), 

(551.918196995, 28.86470141), (552.919866444, 25.75753878), (553.921535893, 

16.15784491), (554.923205342, 20.25821593), (555.924874791, 15.79903778), 

(556.92654424, 204.3564705), (557.928213689, 178.7454712), (558.929883139, 

105.4425437), (559.931552588, 55.39777191), (560.933222037, 25.4721892), 

(561.934891486, 25.08181832), (562.936560935, 18.47931047), (563.938230384, 

16.48998037), (564.939899833, 12.17052636), (565.941569282, 8.471556709), 

(566.943238731, 7.525304729), (567.94490818, 7.525585032), (568.946577629, 
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14.76166854), (569.948247078, 128.9449303), (570.949916528, 901.8997399), 

(571.951585977, 1001.691412), (572.953255426, 61.83964092), (573.954924875, 

34.46236563), (574.956594324, 23.42756395), (575.958263773, 17.11842067), 

(576.959933222, 11.63275119), (577.961602671, 14.03032102), (578.96327212, 

18.72720234), (579.964941569, 12.96667346), (580.966611018, 207.5360565), 

(581.968280467, 155.5689231), (582.969949917, 453.1275888), (583.971619366, 

1682.381803), (584.973288815, 319.0020692), (585.974958264, 229.4955167), 

(586.976627713, 47.67991741), (587.978297162, 32.57817255), (588.979966611, 

19.18019999), (589.98163606, 22.4952636), (590.983305509, 15.40235665), 

(591.984974958, 14.82189334), (592.986644407, 15.05429342), (593.988313856, 

226.0912415), (594.989983306, 1427.400488), (595.991652755, 2330.386862), 

(596.993322204, 963.7145373), (597.994991653, 84.99515187), (598.996661102, 

24.35514338), (599.998330551, 19.20414262), (601.0, 11.96053762) 

    UNITS: KG/month 

    DOCUMENT: Water quality and quantity were not modelled endogenously in 

detail within ResiMod, but were rather drawn as exogenous inputs from the 

Water Quality Systems Assessment Model (WQSAM). WQSAM uses the relationship 

between flow and water quality to simulate water quality variable loads, 

based on the principle of ‚Äòrequisite simplicity‚Äô and within the South 

African reality of limited observed data. WQSAM has been developed as a 

model linked to the SPATSIM (Spatial and Time Series Information Modelling) 

framework. WQSAM relies on the input of simulated flow volumes from a yield 

model that is routinely used within water quantity management in South 

Africa (namely the Water Resources Modelling Platform (WReMP)).  

     

    The climate modelling was performed with the expert input of the Climate 

System Analysis Group (CSAG), based out of the University of Cape Town. CSAG 

statistically downscaled climate projections from three General Circulation 

Models (GCMs) for Representative Concentration Pathway (RCP) 4.5 and 8.5, 

representing a medium and high greenhouse gas concentration (not emissions) 

trajectories . These three GCMs were selected based on their similarity of 

dynamics of regional-scale climate processes rather than on local-scale 

responses such as surface rainfall and temperature, and to represent a wet, 

medium and dry scenario . 

     

    The climate change projections utilised in the WReMP yield model and 

WQSAM were the downscaled projection for RCP8.5 and one GCM has been used to 

date, namely the MIROC-ESM GCM. Future work may include the running of two 

further GCMs (CanESM2 and MPI-ESM-LR) in order to simulate a wider range of 

possible future conditions under the RCP8.5 greenhouse gas scenario. 

     

    This graphical function, based on time, uses historical data taken from 

WQSAM from 1950-2000. This serves as the business as usual (BAU) run data 

for instream phosphate.  

 

WQSAM_sulphate = IF(CC_switch=1) THEN("WQSAM_sulphate_KG/month_CC") 

ELSE("WQSAM_sulphate_KG/month_historical") 

    UNITS: KG/month 

    DOCUMENT: Here, the chosen WQSAM sulphate concentration is selected via 

the CC switch.  

 

"WQSAM_sulphate_KG/month_CC" = GRAPH(TIME) 

(0.0, 54813.34623), (1.0, 116256.9381), (2.0, 65295.44013), (3.0, 

151068.0547), (4.0, 149758.9005), (5.0, 37289.15636), (6.0, 24678.33587), 

(7.0, 17478.00375), (8.0, 16652.26467), (9.0, 12120.14139), (10.0, 

11892.78501), (11.0, 10797.66749), (12.0, 120996.5354), (13.0, 335411.5354), 

(14.0, 167452.634), (15.0, 151713.8245), (16.0, 85753.24486), (17.0, 
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49796.63184), (18.0, 29480.9749), (19.0, 32663.96534), (20.0, 22291.85245), 

(21.0, 20279.94494), (22.0, 20202.39881), (23.0, 13885.58131), (24.0, 

22261.54824), (25.0, 86395.49242), (26.0, 73852.0308), (27.0, 216155.7661), 

(28.0, 131677.9193), (29.0, 97805.95138), (30.0, 33042.90317), (31.0, 

26928.05917), (32.0, 22802.9348), (33.0, 18143.17644), (34.0, 14187.9205), 

(35.0, 11681.49017), (36.0, 20125.06759), (37.0, 296453.5981), (38.0, 

444563.4773), (39.0, 561381.3276), (40.0, 112784.2129), (41.0, 64404.40342), 

(42.0, 38339.93833), (43.0, 25950.79031), (44.0, 25776.78897), (45.0, 

21376.87489), (46.0, 17976.92078), (47.0, 47991.33054), (48.0, 551568.5902), 

(49.0, 352809.3171), (50.0, 498990.708), (51.0, 73137.24888), (52.0, 

371826.1986), (53.0, 328902.7255), (54.0, 97071.85821), (55.0, 59714.09178), 

(56.0, 35819.24676), (57.0, 33589.12242), (58.0, 20152.69945), (59.0, 

16422.7618), (60.0, 115927.6216), (61.0, 399270.4466), (62.0, 373848.7684), 

(63.0, 96937.86876), (64.0, 54834.22521), (65.0, 40368.01207), (66.0, 

28852.97612), (67.0, 24746.41835), (68.0, 16845.54489), (69.0, 16104.96415), 

(70.0, 15115.59545), (71.0, 12942.28922), (72.0, 12392.76244), (73.0, 

17572.1117), (74.0, 222289.7352), (75.0, 353162.9279), (76.0, 180970.2338), 

(77.0, 353430.6735), (78.0, 49714.5081), (79.0, 35225.96006), (80.0, 

25490.40714), (81.0, 22457.53524), (82.0, 17019.9676), (83.0, 12035.39461), 

(84.0, 170784.636), (85.0, 185991.5326), (86.0, 394488.0509), (87.0, 

320617.3423), (88.0, 809276.132), (89.0, 1330120.409), (90.0, 162219.9458), 

(91.0, 67600.32159), (92.0, 46562.39755), (93.0, 28306.71198), (94.0, 

25849.43494), (95.0, 13678.56493), (96.0, 31218.33855), (97.0, 42524.25075), 

(98.0, 29894.82168), (99.0, 32128.18058), (100.0, 20472.77756), (101.0, 

21999.57313), (102.0, 17096.8003), (103.0, 13317.86118), (104.0, 

13850.31635), (105.0, 9121.834756), (106.0, 9129.597959), (107.0, 

7098.0565), (108.0, 27438.14411), (109.0, 31100.92767), (110.0, 

15320.29781), (111.0, 15014.46299), (112.0, 12718.29356), (113.0, 

12272.9905), (114.0, 10001.65838), (115.0, 9228.633726), (116.0, 

6370.396933), (117.0, 6032.616738), (118.0, 9090.370336), (119.0, 

8934.747931), (120.0, 8488.195916), (121.0, 61323.96971), (122.0, 

174939.6186), (123.0, 424275.5032), (124.0, 48086.02596), (125.0, 

30329.46979), (126.0, 30045.59419), (127.0, 19467.9864), (128.0, 

16421.50907), (129.0, 11401.53225), (130.0, 16810.98137), (131.0, 

9848.877396), (132.0, 66806.35629), (133.0, 60130.13685), (134.0, 

239773.4448), (135.0, 794184.0842), (136.0, 420223.5995), (137.0, 

190886.3501), (138.0, 40692.67616), (139.0, 34323.44629), (140.0, 

26433.53802), (141.0, 20048.38235), (142.0, 17013.28061), (143.0, 

18716.60364), (144.0, 12766.58365), (145.0, 73434.20212), (146.0, 

78302.70183), (147.0, 25266.89805), (148.0, 21558.10739), (149.0, 

16991.46437), (150.0, 12199.32501), (151.0, 12748.90731), (152.0, 

11105.39081), (153.0, 7563.576131), (154.0, 6756.599624), (155.0, 

13994.74452), (156.0, 23285.00652), (157.0, 22963.49783), (158.0, 

54141.98789), (159.0, 21731.0731), (160.0, 106436.3862), (161.0, 

69820.17769), (162.0, 36647.39348), (163.0, 24903.00034), (164.0, 

29147.60596), (165.0, 22463.82876), (166.0, 18303.37539), (167.0, 

23323.07485), (168.0, 23537.24468), (169.0, 32035.69833), (170.0, 

16329.64724), (171.0, 20415.64563), (172.0, 75481.70579), (173.0, 

25310.98944), (174.0, 17807.48507), (175.0, 15660.80412), (176.0, 

12041.0559), (177.0, 10092.49582), (178.0, 12932.32061), (179.0, 

8648.223863), (180.0, 27509.58606), (181.0, 55852.55645), (182.0, 

558576.4473), (183.0, 401798.0938), (184.0, 96895.53747), (185.0, 

40757.60547), (186.0, 26223.2156), (187.0, 22125.67412), (188.0, 

16261.83841), (189.0, 12753.71531), (190.0, 13398.81798), (191.0, 

9126.589719), (192.0, 102196.6106), (193.0, 201627.1473), (194.0, 

40339.15262), (195.0, 150222.4926), (196.0, 116414.0393), (197.0, 

27457.45517), (198.0, 29076.98883), (199.0, 20408.13349), (200.0, 
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15710.32046), (201.0, 15595.16887), (202.0, 12697.29036), (203.0, 

22810.03304), (204.0, 12339.95064), (205.0, 95034.60947), (206.0, 

60677.02461), (207.0, 37135.0518), (208.0, 24429.97463), (209.0, 

18388.50666), (210.0, 17620.7109), (211.0, 14244.44328), (212.0, 

11752.20008), (213.0, 18051.62153), (214.0, 24056.8956), (215.0, 

21822.70741), (216.0, 61867.75085), (217.0, 64610.56788), (218.0, 

39660.86056), (219.0, 72283.56598), (220.0, 40648.27466), (221.0, 

24940.12766), (222.0, 51707.08388), (223.0, 26336.12656), (224.0, 

17516.89477), (225.0, 24796.31808), (226.0, 21498.9789), (227.0, 

31714.92424), (228.0, 67951.0502), (229.0, 80218.55469), (230.0, 

532494.4296), (231.0, 600078.1956), (232.0, 178057.0604), (233.0, 

64588.62559), (234.0, 33028.91304), (235.0, 27351.24048), (236.0, 

22636.18344), (237.0, 17085.11099), (238.0, 20669.2694), (239.0, 

13018.60058), (240.0, 16466.40376), (241.0, 278347.9216), (242.0, 

964776.1859), (243.0, 1017779.695), (244.0, 550282.1189), (245.0, 

65255.03075), (246.0, 32968.57426), (247.0, 29047.55967), (248.0, 

25145.07446), (249.0, 17575.94885), (250.0, 16494.07301), (251.0, 

30404.90454), (252.0, 59259.39378), (253.0, 96736.28205), (254.0, 

78016.66133), (255.0, 42318.34091), (256.0, 37678.33082), (257.0, 

40240.76185), (258.0, 26012.65565), (259.0, 21728.39551), (260.0, 

19879.67757), (261.0, 18140.84379), (262.0, 13120.99874), (263.0, 

14165.38587), (264.0, 24540.89402), (265.0, 218930.4921), (266.0, 

630874.549), (267.0, 982146.7705), (268.0, 178246.5088), (269.0, 

65217.16422), (270.0, 36460.27591), (271.0, 30177.33993), (272.0, 

24279.38119), (273.0, 19850.05873), (274.0, 20083.55914), (275.0, 

13896.04323), (276.0, 56160.59751), (277.0, 852086.4616), (278.0, 

1174599.947), (279.0, 560043.3353), (280.0, 312214.0394), (281.0, 

77752.58318), (282.0, 38025.2092), (283.0, 32759.49021), (284.0, 

25271.18608), (285.0, 21175.955), (286.0, 18280.61548), (287.0, 

16755.24066), (288.0, 13672.5025), (289.0, 49408.55948), (290.0, 

61614.73765), (291.0, 26470.07387), (292.0, 20291.98089), (293.0, 

22044.80273), (294.0, 16411.56673), (295.0, 16426.01096), (296.0, 

12403.8205), (297.0, 9324.20831), (298.0, 10238.94915), (299.0, 

6477.210612), (300.0, 5734.947713), (301.0, 95829.16739), (302.0, 

184888.8187), (303.0, 317420.6804), (304.0, 58960.61806), (305.0, 

29844.16434), (306.0, 21484.0647), (307.0, 15766.71023), (308.0, 

15308.34613), (309.0, 10773.42693), (310.0, 9586.160521), (311.0, 

13164.03879), (312.0, 19870.44268), (313.0, 93639.70723), (314.0, 

362274.9914), (315.0, 670793.3628), (316.0, 66752.97255), (317.0, 

43335.0384), (318.0, 25380.87151), (319.0, 20389.67083), (320.0, 

16912.53117), (321.0, 12483.04434), (322.0, 11237.14146), (323.0, 

10966.9524), (324.0, 8300.055436), (325.0, 11648.25842), (326.0, 

10041.17501), (327.0, 15015.21681), (328.0, 47916.22624), (329.0, 

18531.04282), (330.0, 11567.18221), (331.0, 11607.77937), (332.0, 

10445.36423), (333.0, 7839.43753), (334.0, 9852.028174), (335.0, 

7800.337244), (336.0, 21637.45518), (337.0, 208086.8584), (338.0, 

319162.466), (339.0, 56237.02373), (340.0, 78404.92519), (341.0, 

61392.96161), (342.0, 31343.38176), (343.0, 26993.02122), (344.0, 

19089.00678), (345.0, 13281.76283), (346.0, 12141.01586), (347.0, 

9091.066192), (348.0, 9852.876435), (349.0, 64495.8034), (350.0, 

715562.7535), (351.0, 568139.4815), (352.0, 120874.713), (353.0, 

67063.80876), (354.0, 44032.58611), (355.0, 28505.78203), (356.0, 

25618.11845), (357.0, 21961.4927), (358.0, 16501.55495), (359.0, 

17788.16176), (360.0, 40503.96267), (361.0, 30512.3471), (362.0, 

36652.5015), (363.0, 35031.65588), (364.0, 28075.55585), (365.0, 

20020.83953), (366.0, 19276.93532), (367.0, 14760.36219), (368.0, 

14219.438), (369.0, 11854.92335), (370.0, 9969.644888), (371.0, 
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17720.82569), (372.0, 28182.04228), (373.0, 49246.18032), (374.0, 

32726.09427), (375.0, 28727.95263), (376.0, 16264.59115), (377.0, 

11913.03654), (378.0, 10787.06097), (379.0, 10282.18364), (380.0, 

8390.319653), (381.0, 7923.110691), (382.0, 7781.922537), (383.0, 

9122.330991), (384.0, 52300.21902), (385.0, 59549.60859), (386.0, 

48952.27935), (387.0, 58869.83875), (388.0, 136174.7817), (389.0, 

109934.6358), (390.0, 47024.09674), (391.0, 31519.83784), (392.0, 

26679.64927), (393.0, 19428.44123), (394.0, 16271.73533), (395.0, 

10797.76822), (396.0, 9998.862142), (397.0, 19541.09216), (398.0, 

49110.24833), (399.0, 32660.43646), (400.0, 35174.53435), (401.0, 

21180.72457), (402.0, 13327.3594), (403.0, 10439.60836), (404.0, 

10680.86372), (405.0, 8457.477785), (406.0, 7347.179598), (407.0, 

7679.654213), (408.0, 31778.42252), (409.0, 41579.15623), (410.0, 

63944.23917), (411.0, 19619.82267), (412.0, 12820.38184), (413.0, 

13347.56488), (414.0, 12870.63878), (415.0, 10699.10636), (416.0, 

10808.71315), (417.0, 9428.155658), (418.0, 9091.92115), (419.0, 

6722.469294), (420.0, 12596.98178), (421.0, 602163.9564), (422.0, 

448056.7356), (423.0, 73076.73628), (424.0, 29729.66645), (425.0, 

38525.36997), (426.0, 22747.24744), (427.0, 19340.54626), (428.0, 

16802.39526), (429.0, 16457.98966), (430.0, 15181.25071), (431.0, 

13487.44604), (432.0, 45787.45645), (433.0, 71409.51834), (434.0, 

37549.72036), (435.0, 22445.56672), (436.0, 35150.31277), (437.0, 

26537.91572), (438.0, 16104.89037), (439.0, 20512.69143), (440.0, 

18204.5035), (441.0, 14789.35512), (442.0, 13948.23512), (443.0, 

12153.43477), (444.0, 11863.37495), (445.0, 33521.91976), (446.0, 

191847.7898), (447.0, 178025.9749), (448.0, 90338.49529), (449.0, 

35652.53427), (450.0, 29168.03183), (451.0, 20787.46618), (452.0, 

18156.00192), (453.0, 12841.12454), (454.0, 12453.12869), (455.0, 

10189.80286), (456.0, 78298.47139), (457.0, 57267.97925), (458.0, 

116828.8064), (459.0, 387216.5744), (460.0, 82304.95785), (461.0, 

58011.1916), (462.0, 28460.6652), (463.0, 24215.26893), (464.0, 

23667.13735), (465.0, 16460.56843), (466.0, 17438.91737), (467.0, 

13808.57523), (468.0, 18515.18289), (469.0, 21921.11368), (470.0, 

12513.90068), (471.0, 12630.73461), (472.0, 13288.82683), (473.0, 

10722.22794), (474.0, 9186.410075), (475.0, 8338.660518), (476.0, 

6882.703579), (477.0, 5790.279248), (478.0, 6236.631062), (479.0, 

11057.53526), (480.0, 8660.349426), (481.0, 56244.8976), (482.0, 

67889.24121), (483.0, 86315.29453), (484.0, 34920.50709), (485.0, 

22278.9773), (486.0, 17550.54286), (487.0, 14686.26748), (488.0, 

12106.94466), (489.0, 10129.30209), (490.0, 10810.99346), (491.0, 

13510.96962), (492.0, 9749.959165), (493.0, 68288.74496), (494.0, 

278791.7156), (495.0, 471046.9889), (496.0, 63516.23569), (497.0, 

33809.42762), (498.0, 22504.51622), (499.0, 18924.53556), (500.0, 

15403.80673), (501.0, 15283.64163), (502.0, 17010.03716), (503.0, 

18163.38342), (504.0, 38208.20261), (505.0, 38169.49582), (506.0, 

1028270.751), (507.0, 944058.2616), (508.0, 73804.42223), (509.0, 

40494.91875), (510.0, 29055.10489), (511.0, 21096.4049), (512.0, 

18123.6666), (513.0, 14874.76459), (514.0, 13494.54883), (515.0, 

13030.77443), (516.0, 17614.94716), (517.0, 40305.73641), (518.0, 

20657.7822), (519.0, 23816.87758), (520.0, 14715.52926), (521.0, 

14462.70812), (522.0, 11055.64757), (523.0, 10153.10531), (524.0, 

8813.121327), (525.0, 6281.037279), (526.0, 10896.75779), (527.0, 

12720.90735), (528.0, 235355.2956), (529.0, 178473.0225), (530.0, 

53349.6001), (531.0, 58983.55483), (532.0, 281680.6409), (533.0, 

90409.47925), (534.0, 36152.92183), (535.0, 32478.74577), (536.0, 

27502.08876), (537.0, 22288.49809), (538.0, 19149.07205), (539.0, 

17771.87256), (540.0, 10907.00779), (541.0, 58760.5355), (542.0, 
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83495.50536), (543.0, 53944.46166), (544.0, 43635.37703), (545.0, 

28561.19183), (546.0, 23894.46536), (547.0, 19775.70995), (548.0, 

19227.76025), (549.0, 14106.03878), (550.0, 14741.31737), (551.0, 

10355.94046), (552.0, 9534.021302), (553.0, 216531.7753), (554.0, 

1163362.082), (555.0, 715678.675), (556.0, 74456.39873), (557.0, 

35585.58825), (558.0, 25895.59826), (559.0, 18117.80259), (560.0, 

18665.18544), (561.0, 13464.44175), (562.0, 9753.703639), (563.0, 

11104.54027), (564.0, 13141.61726), (565.0, 12407.38163), (566.0, 

16243.73397), (567.0, 130498.6308), (568.0, 150973.0205), (569.0, 

49754.9083), (570.0, 29216.53287), (571.0, 25800.18683), (572.0, 

21645.70473), (573.0, 19928.48585), (574.0, 14317.91284), (575.0, 

12981.06695), (576.0, 12301.81804), (577.0, 14291.51712), (578.0, 

39888.70175), (579.0, 23398.73285), (580.0, 16860.22834), (581.0, 

14006.63154), (582.0, 12079.26199), (583.0, 12434.82211), (584.0, 

9457.523988), (585.0, 8586.634127), (586.0, 6554.309978), (587.0, 

8788.320445), (588.0, 37572.43018), (589.0, 52139.94186), (590.0, 

87641.97252), (591.0, 65013.9849), (592.0, 30611.17766), (593.0, 

40142.57788), (594.0, 28424.59498), (595.0, 21632.35551), (596.0, 

22030.23853), (597.0, 17415.28969), (598.0, 12994.34235), (599.0, 

11256.49729), (600.0, 19422.08506) 

    UNITS: KG/months 

    DOCUMENT: Water quality and quantity were not modelled endogenously in 

detail within ResiMod, but were rather drawn as exogenous inputs from the 

Water Quality Systems Assessment Model (WQSAM). WQSAM uses the relationship 

between flow and water quality to simulate water quality variable loads, 

based on the principle of ‚Äòrequisite simplicity‚Äô and within the South 

African reality of limited observed data. WQSAM has been developed as a 

model linked to the SPATSIM (Spatial and Time Series Information Modelling) 

framework. WQSAM relies on the input of simulated flow volumes from a yield 

model that is routinely used within water quantity management in South 

Africa (namely the Water Resources Modelling Platform (WReMP)).  

     

    The climate modelling was performed with the expert input of the Climate 

System Analysis Group (CSAG), based out of the University of Cape Town. CSAG 

statistically downscaled climate projections from three General Circulation 

Models (GCMs) for Representative Concentration Pathway (RCP) 4.5 and 8.5, 

representing a medium and high greenhouse gas concentration (not emissions) 

trajectories . These three GCMs were selected based on their similarity of 

dynamics of regional-scale climate processes rather than on local-scale 

responses such as surface rainfall and temperature, and to represent a wet, 

medium and dry scenario . 

     

    The climate change projections utilised in the WReMP yield model and 

WQSAM were the downscaled projection for RCP8.5 and one GCM has been used to 

date, namely the MIROC-ESM GCM. Future work may include the running of two 

further GCMs (CanESM2 and MPI-ESM-LR) in order to simulate a wider range of 

possible future conditions under the RCP8.5 greenhouse gas scenario. 

     

    This graphical function, based on time, uses projections taken from 

WQSAM from 2010 to 2060. This serves as the climate change run data for 

instream sulphate.  

 

"WQSAM_sulphate_KG/month_historical" = GRAPH(TIME) 

(0.0, 27999.73732), (1.00166944908, 19634.87516), (2.00333889816, 

66211.27901), (3.00500834725, 19151.17454), (4.00667779633, 56284.20025), 

(5.00834724541, 34009.06738), (6.01001669449, 35623.80467), (7.01168614357, 

17121.78008), (8.01335559265, 23190.73781), (9.01502504174, 30854.9888), 
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(10.0166944908, 19280.37564), (11.0183639399, 26655.16988), (12.020033389, 

14540.21142), (13.0217028381, 13369.06455), (14.0233722871, 17960.96677), 

(15.0250417362, 72408.19864), (16.0267111853, 105844.6225), (17.0283806344, 

29308.37548), (18.0300500835, 34159.13819), (19.0317195326, 50820.50113), 

(20.0333889816, 24422.59055), (21.0350584307, 16861.8968), (22.0367278798, 

16568.59484), (23.0383973289, 12609.91578), (24.040066778, 13666.44684), 

(25.041736227, 11697.13703), (26.0434056761, 28648.22001), (27.0450751252, 

176891.697), (28.0467445743, 341647.8379), (29.0484140234, 443742.9047), 

(30.0500834725, 107123.7836), (31.0517529215, 46282.29797), (32.0534223706, 

41763.18304), (33.0550918197, 23021.03246), (34.0567612688, 24920.75444), 

(35.0584307179, 20680.1716), (36.0601001669, 19521.76954), (37.061769616, 

17926.86925), (38.0634390651, 15787.29372), (39.0651085142, 352264.6984), 

(40.0667779633, 297458.6207), (41.0684474124, 282466.8755), (42.0701168614, 

63713.74735), (43.0717863105, 35261.28318), (44.0734557596, 46298.5941), 

(45.0751252087, 38107.1831), (46.0767946578, 28945.35227), (47.0784641068, 

24782.46637), (48.0801335559, 20407.18115), (49.081803005, 22880.1793), 

(50.0834724541, 24569.58028), (51.0851419032, 11056.63333), (52.0868113523, 

17782.46974), (53.0884808013, 38450.64629), (54.0901502504, 24509.98839), 

(55.0918196995, 46490.65961), (56.0934891486, 25179.36617), (57.0951585977, 

21489.35236), (58.0968280467, 16350.24654), (59.0984974958, 16405.75204), 

(60.1001669449, 13503.83987), (61.101836394, 17409.78672), (62.1035058431, 

8908.972985), (63.1051752922, 9561.930269), (64.1068447412, 111668.629), 

(65.1085141903, 66013.86047), (66.1101836394, 67485.44677), (67.1118530885, 

22254.44126), (68.1135225376, 24036.6349), (69.1151919866, 20687.15348), 

(70.1168614357, 18167.77323), (71.1185308848, 13591.08122), (72.1202003339, 

11056.24397), (73.121869783, 13166.73893), (74.1235392321, 13286.53749), 

(75.1252086811, 48402.39914), (76.1268781302, 64380.96265), (77.1285475793, 

767495.3469), (78.1302170284, 991746.4231), (79.1318864775, 88543.06513), 

(80.1335559265, 34079.495), (81.1352253756, 40416.29029), (82.1368948247, 

30545.79379), (83.1385642738, 23490.97654), (84.1402337229, 21501.42521), 

(85.141903172, 14959.1494), (86.143572621, 14737.09655), (87.1452420701, 

196442.381), (88.1469115192, 246251.6643), (89.1485809683, 128574.2685), 

(90.1502504174, 372043.3753), (91.1519198664, 175914.6398), (92.1535893155, 

53716.45178), (93.1552587646, 34601.49369), (94.1569282137, 31483.5058), 

(95.1585976628, 23915.93156), (96.1602671119, 23396.72103), (97.1619365609, 

18448.45635), (98.16360601, 16579.46334), (99.1652754591, 84964.97887), 

(100.166944908, 168220.4008), (101.168614357, 43975.8842), (102.170283806, 

62738.11693), (103.171953255, 21335.43118), (104.173622705, 25617.67908), 

(105.175292154, 19375.34535), (106.176961603, 15552.81607), (107.178631052, 

15728.11738), (108.180300501, 14802.01373), (109.18196995, 12142.80917), 

(110.183639399, 10800.68973), (111.185308848, 27547.10497), (112.186978297, 

35813.75721), (113.188647746, 27200.32392), (114.190317195, 498885.0769), 

(115.191986644, 790786.4445), (116.193656093, 805699.0924), (117.195325543, 

71844.48839), (118.196994992, 49135.78293), (119.198664441, 32377.38795), 

(120.20033389, 31937.29685), (121.202003339, 20072.34967), (122.203672788, 

25671.16664), (123.205342237, 33239.04709), (124.207011686, 565981.5608), 

(125.208681135, 380191.3215), (126.210350584, 221911.9881), (127.212020033, 

43052.7447), (128.213689482, 60357.48704), (129.215358932, 29913.52374), 

(130.217028381, 31732.38279), (131.21869783, 22471.60884), (132.220367279, 

18151.12844), (133.222036728, 17506.68579), (134.223706177, 15055.21517), 

(135.225375626, 24807.28069), (136.227045075, 39380.62097), (137.228714524, 

124011.0477), (138.230383973, 136833.1344), (139.232053422, 155271.03), 

(140.233722871, 249162.2737), (141.235392321, 56605.29054), (142.23706177, 

41841.87547), (143.238731219, 31308.58718), (144.240400668, 30556.93892), 

(145.242070117, 21356.56924), (146.243739566, 17224.69728), (147.245409015, 

28146.99067), (148.247078464, 358370.8619), (149.248747913, 494754.8374), 

(150.250417362, 206896.841), (151.252086811, 102669.5381), (152.25375626, 
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42989.06867), (153.25542571, 24544.73132), (154.257095159, 24697.64586), 

(155.258764608, 18213.71394), (156.260434057, 14258.29959), (157.262103506, 

15246.31935), (158.263772955, 11082.80122), (159.265442404, 62341.08737), 

(160.267111853, 636417.4668), (161.268781302, 1022617.713), (162.270450751, 

223734.0327), (163.2721202, 482063.8067), (164.273789649, 342652.8663), 

(165.275459098, 58094.85319), (166.277128548, 35906.09564), (167.278797997, 

32355.27704), (168.280467446, 22430.408), (169.282136895, 23061.83975), 

(170.283806344, 24051.86049), (171.285475793, 13427.2194), (172.287145242, 

375833.859), (173.288814691, 469199.9363), (174.29048414, 318820.2706), 

(175.292153589, 386662.513), (176.293823038, 57958.72297), (177.295492487, 

45181.68), (178.297161937, 32679.5755), (179.298831386, 24503.24779), 

(180.300500835, 26824.02677), (181.302170284, 21422.54756), (182.303839733, 

63505.61608), (183.305509182, 72197.18474), (184.307178631, 823615.9314), 

(185.30884808, 879648.6444), (186.310517529, 238092.008), (187.312186978, 

117745.9429), (188.313856427, 54838.15518), (189.315525876, 28072.52463), 

(190.317195326, 33086.95507), (191.318864775, 24559.01285), (192.320534224, 

15889.85184), (193.322203673, 16160.09852), (194.323873122, 12765.43297), 

(195.325542571, 25342.04134), (196.32721202, 36226.13018), (197.328881469, 

53865.0589), (198.330550918, 17930.92364), (199.332220367, 18010.27965), 

(200.333889816, 34725.76986), (201.335559265, 17768.50767), (202.337228715, 

18657.17395), (203.338898164, 16593.01159), (204.340567613, 12867.96154), 

(205.342237062, 14097.58623), (206.343906511, 15401.30001), (207.34557596, 

29849.40881), (208.347245409, 37616.55896), (209.348914858, 71626.72371), 

(210.350584307, 253353.1239), (211.352253756, 48405.55334), (212.353923205, 

54800.81351), (213.355592654, 26462.92839), (214.357262104, 27796.65096), 

(215.358931553, 19801.77132), (216.360601002, 16005.59876), (217.362270451, 

29843.51281), (218.3639399, 46165.48277), (219.365609349, 89188.49783), 

(220.367278798, 86692.83491), (221.368948247, 111813.7242), (222.370617696, 

151245.1824), (223.372287145, 294989.8141), (224.373956594, 180279.3231), 

(225.375626043, 92007.72702), (226.377295492, 40147.3978), (227.378964942, 

34852.44162), (228.380634391, 22995.08592), (229.38230384, 24869.51598), 

(230.383973289, 60529.3027), (231.385642738, 54347.4835), (232.387312187, 

38326.85712), (233.388981636, 145412.1929), (234.390651085, 330133.7517), 

(235.392320534, 107499.1573), (236.393989983, 61797.34684), (237.395659432, 

31212.21142), (238.397328881, 29913.79153), (239.398998331, 24836.90289), 

(240.40066778, 21030.01946), (241.402337229, 17787.36946), (242.404006678, 

13898.5656), (243.405676127, 13483.37419), (244.407345576, 71448.47228), 

(245.409015025, 170679.5508), (246.410684474, 35346.38973), (247.412353923, 

33998.54681), (248.414023372, 25428.64499), (249.415692821, 20869.61126), 

(250.41736227, 18413.42822), (251.41903172, 11844.58257), (252.420701169, 

12915.37798), (253.422370618, 13792.60469), (254.424040067, 52459.10691), 

(255.425709516, 58684.17343), (256.427378965, 148281.2245), (257.429048414, 

177923.5627), (258.430717863, 52985.97149), (259.432387312, 28392.06502), 

(260.434056761, 32296.29556), (261.43572621, 21799.68272), (262.437395659, 

16250.89188), (263.439065109, 15512.41081), (264.440734558, 12801.42935), 

(265.442404007, 11558.08676), (266.444073456, 18232.95152), (267.445742905, 

18082.1748), (268.447412354, 54317.24952), (269.449081803, 33325.73511), 

(270.450751252, 39654.8279), (271.452420701, 38359.59468), (272.45409015, 

20636.43294), (273.455759599, 17701.08782), (274.457429048, 18118.47481), 

(275.459098497, 12984.30068), (276.460767947, 13487.73966), (277.462437396, 

10861.7413), (278.464106845, 25860.88886), (279.465776294, 29735.34318), 

(280.467445743, 31813.25661), (281.469115192, 110727.7845), (282.470784641, 

129873.9231), (283.47245409, 122527.3339), (284.474123539, 76956.43713), 

(285.475792988, 30209.99237), (286.477462437, 26142.68571), (287.479131886, 

27515.82127), (288.480801336, 20497.81455), (289.482470785, 27133.86878), 

(290.484140234, 54912.70616), (291.485809683, 23072.47927), (292.487479132, 

320165.5155), (293.489148581, 524257.8381), (294.49081803, 561143.9892), 
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(295.492487479, 86900.58884), (296.494156928, 44136.17162), (297.495826377, 

40886.36085), (298.497495826, 35627.06784), (299.499165275, 34970.17381), 

(300.500834725, 19567.29506), (301.502504174, 17311.85587), (302.504173623, 

13433.22285), (303.505843072, 11174.0506), (304.507512521, 57222.06946), 

(305.50918197, 58279.01713), (306.510851419, 17706.14021), (307.512520868, 

17614.03169), (308.514190317, 24004.03691), (309.515859766, 15086.44111), 

(310.517529215, 13484.75269), (311.519198664, 12757.69556), (312.520868114, 

15342.54762), (313.522537563, 11329.93168), (314.524207012, 14399.87549), 

(315.525876461, 19826.89712), (316.52754591, 52296.98815), (317.529215359, 

44666.85553), (318.530884808, 41364.71802), (319.532554257, 25941.15097), 

(320.534223706, 22404.94795), (321.535893155, 19290.3871), (322.537562604, 

19817.2225), (323.539232053, 15403.68281), (324.540901503, 13710.26688), 

(325.542570952, 11637.66159), (326.544240401, 50892.30331), (327.54590985, 

247986.6775), (328.547579299, 256476.9894), (329.549248748, 77927.99939), 

(330.550918197, 247676.4337), (331.552587646, 179464.5042), (332.554257095, 

66870.82799), (333.555926544, 29941.02608), (334.557595993, 24442.22985), 

(335.559265442, 19315.36977), (336.560934891, 13976.68933), (337.562604341, 

21398.48693), (338.56427379, 18232.59457), (339.565943239, 63810.97257), 

(340.567612688, 909346.6667), (341.569282137, 1798142.687), (342.570951586, 

151692.7323), (343.572621035, 54023.84536), (344.574290484, 41224.88403), 

(345.575959933, 31740.00665), (346.577629382, 23312.31625), (347.579298831, 

23718.50448), (348.58096828, 20550.51913), (349.58263773, 25875.11096), 

(350.584307179, 12971.10361), (351.585976628, 114242.9338), (352.587646077, 

468335.5116), (353.589315526, 1326272.188), (354.590984975, 312557.3387), 

(355.592654424, 84871.99957), (356.594323873, 46974.05297), (357.595993322, 

42070.75088), (358.597662771, 26833.36646), (359.59933222, 22295.75125), 

(360.601001669, 22166.16999), (361.602671119, 17494.5797), (362.604340568, 

14925.19005), (363.606010017, 15741.88908), (364.607679466, 191784.923), 

(365.609348915, 405726.0422), (366.611018364, 743545.7055), (367.612687813, 

595333.552), (368.614357262, 73340.13872), (369.616026711, 44599.27695), 

(370.61769616, 29912.42571), (371.619365609, 27150.24625), (372.621035058, 

20543.49329), (373.622704508, 17460.28521), (374.624373957, 13424.04646), 

(375.626043406, 18674.14688), (376.627712855, 28734.8542), (377.629382304, 

214288.5216), (378.631051753, 232064.3013), (379.632721202, 40261.43566), 

(380.634390651, 36398.00212), (381.6360601, 22153.23675), (382.637729549, 

23313.46107), (383.639398998, 20615.28554), (384.641068447, 14061.47131), 

(385.642737896, 13394.02306), (386.644407346, 12345.51345), (387.646076795, 

9344.94928), (388.647746244, 16323.38285), (389.649415693, 51832.50881), 

(390.651085142, 104895.8638), (391.652754591, 216652.4719), (392.65442404, 

135998.0991), (393.656093489, 39631.76454), (394.657762938, 26416.17562), 

(395.659432387, 40439.0327), (396.661101836, 21633.88791), (397.662771285, 

22009.46336), (398.664440735, 19678.33663), (399.666110184, 15588.6535), 

(400.667779633, 34917.07488), (401.669449082, 20388.84194), (402.671118531, 

520683.1767), (403.67278798, 386431.5625), (404.674457429, 152677.4909), 

(405.676126878, 46715.98379), (406.677796327, 35073.48741), (407.679465776, 

32907.27219), (408.681135225, 26147.0735), (409.682804674, 31547.68606), 

(410.684474124, 38618.35298), (411.686143573, 310933.3199), (412.687813022, 

353634.7612), (413.689482471, 70188.83637), (414.69115192, 33847.44326), 

(415.692821369, 23102.64026), (416.694490818, 26834.77075), (417.696160267, 

24342.48676), (418.697829716, 20211.59469), (419.699499165, 18773.09177), 

(420.701168614, 13855.25809), (421.702838063, 11818.54972), (422.704507513, 

11050.59229), (423.706176962, 13634.1354), (424.707846411, 18671.06559), 

(425.70951586, 12914.69071), (426.711185309, 35627.51561), (427.712854758, 

70392.73585), (428.714524207, 107342.4536), (429.716193656, 49432.5278), 

(430.717863105, 28855.69371), (431.719532554, 20035.03616), (432.721202003, 

13645.40153), (433.722871452, 11169.53576), (434.724540902, 8612.974205), 

(435.726210351, 88239.99434), (436.7278798, 199971.1597), (437.729549249, 
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1098049.497), (438.731218698, 884909.596), (439.732888147, 419158.9), 

(440.734557596, 151230.4853), (441.736227045, 64535.19953), (442.737896494, 

39982.5155), (443.739565943, 34053.57009), (444.741235392, 23045.38698), 

(445.742904841, 23001.36924), (446.74457429, 26110.13196), (447.74624374, 

70035.47766), (448.747913189, 48100.79249), (449.749582638, 28948.71042), 

(450.751252087, 43694.53349), (451.752921536, 111694.3058), (452.754590985, 

154226.8648), (453.756260434, 99884.0809), (454.757929883, 54087.52235), 

(455.759599332, 36032.68404), (456.761268781, 25746.45122), (457.76293823, 

18609.26394), (458.764607679, 37052.94137), (459.766277129, 33660.72894), 

(460.767946578, 48620.16709), (461.769616027, 420167.4101), (462.771285476, 

356628.4941), (463.772954925, 156986.8687), (464.774624374, 60822.49103), 

(465.776293823, 38488.73906), (466.777963272, 36024.61532), (467.779632721, 

29530.8895), (468.78130217, 21295.4332), (469.782971619, 17227.43542), 

(470.784641068, 14383.7167), (471.786310518, 26220.55548), (472.787979967, 

82120.67233), (473.789649416, 49551.61424), (474.791318865, 45950.71511), 

(475.792988314, 54959.41961), (476.794657763, 30008.08326), (477.796327212, 

20676.48531), (478.797996661, 17673.0715), (479.79966611, 17412.71397), 

(480.801335559, 12089.41953), (481.803005008, 15244.77918), (482.804674457, 

22593.75152), (483.806343907, 31552.45913), (484.808013356, 55348.39879), 

(485.809682805, 56943.6528), (486.811352254, 38095.53006), (487.813021703, 

28566.56357), (488.814691152, 31585.67323), (489.816360601, 22542.60127), 

(490.81803005, 20841.36789), (491.819699499, 14785.43016), (492.821368948, 

13603.75915), (493.823038397, 15170.87757), (494.824707846, 12066.93206), 

(495.826377295, 33274.31948), (496.828046745, 291454.4855), (497.829716194, 

446965.543), (498.831385643, 192730.641), (499.833055092, 241506.5615), 

(500.834724541, 193227.0366), (501.83639399, 109601.7836), (502.838063439, 

54396.10969), (503.839732888, 31149.87512), (504.841402337, 30068.60039), 

(505.843071786, 20751.48147), (506.844741235, 16185.51518), (507.846410684, 

31747.85025), (508.848080134, 927683.9848), (509.849749583, 2834284.25), 

(510.851419032, 3550944.444), (511.853088481, 2611535.371), (512.85475793, 

127335.2406), (513.856427379, 59173.95628), (514.858096828, 46708.98249), 

(515.859766277, 28012.4102), (516.861435726, 22530.7359), (517.863105175, 

18782.2756), (518.864774624, 14672.60534), (519.866444073, 187490.9551), 

(520.868113523, 472876.6517), (521.869782972, 229805.3332), (522.871452421, 

101826.4611), (523.87312187, 48393.31827), (524.874791319, 32579.80813), 

(525.876460768, 22814.37496), (526.878130217, 20763.34546), (527.879799666, 

16515.66529), (528.881469115, 14074.51056), (529.883138564, 13452.40908), 

(530.884808013, 33375.65011), (531.886477462, 316496.735), (532.888146912, 

420065.3743), (533.889816361, 745134.0692), (534.89148581, 717217.1084), 

(535.893155259, 385372.2262), (536.894824708, 107230.9763), (537.896494157, 

51298.08514), (538.898163606, 38386.50747), (539.899833055, 26876.59458), 

(540.901502504, 22968.18192), (541.903171953, 21926.47805), (542.904841402, 

17879.32209), (543.906510851, 17242.14121), (544.908180301, 19515.08687), 

(545.90984975, 234579.2122), (546.911519199, 449603.5074), (547.913188648, 

179829.007), (548.914858097, 93654.36059), (549.916527546, 45408.01929), 

(550.918196995, 36974.67264), (551.919866444, 31634.76917), (552.921535893, 

20538.15928), (553.923205342, 22922.3514), (554.924874791, 17012.61799), 

(555.92654424, 89700.61304), (556.928213689, 56464.36421), (557.929883139, 

42177.55385), (558.931552588, 29991.42153), (559.933222037, 17800.78864), 

(560.934891486, 20248.1035), (561.936560935, 17060.80142), (562.938230384, 

16989.17972), (563.939899833, 13626.06679), (564.941569282, 9876.747561), 

(565.943238731, 8412.885896), (566.94490818, 7882.388017), (567.946577629, 

13700.47309), (568.948247078, 64789.36284), (569.949916528, 194124.7928), 

(570.951585977, 419472.6575), (571.953255426, 52930.21972), (572.954924875, 

37790.85525), (573.956594324, 29259.52289), (574.958263773, 23187.52374), 

(575.959933222, 16490.35033), (576.961602671, 17445.9786), (577.96327212, 

19511.74262), (578.964941569, 13360.46097), (579.966611018, 72826.96859), 
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(580.968280467, 59374.66677), (581.969949917, 148469.1086), (582.971619366, 

846079.8554), (583.973288815, 209066.135), (584.974958264, 153526.065), 

(585.976627713, 52173.4095), (586.978297162, 41961.36296), (587.979966611, 

27685.8919), (588.98163606, 27527.43684), (589.983305509, 18917.63546), 

(590.984974958, 17205.93873), (591.986644407, 16636.06753), (592.988313856, 

107037.7997), (593.989983306, 331367.9063), (594.991652755, 1342749.656), 

(595.993322204, 969801.7232), (596.994991653, 127358.5814), (597.996661102, 

46603.58058), (598.998330551, 37250.28347), (600.0, 37250.28347) 

    UNITS: KG/months 

    DOCUMENT: Water quality and quantity were not modelled endogenously in 

detail within ResiMod, but were rather drawn as exogenous inputs from the 

Water Quality Systems Assessment Model (WQSAM). WQSAM uses the relationship 

between flow and water quality to simulate water quality variable loads, 

based on the principle of ‘requisite simplicity’ and within the South 

African reality of limited observed data. WQSAM has been developed as a 

model linked to the SPATSIM (Spatial and Time Series Information Modelling) 

framework. WQSAM relies on the input of simulated flow volumes from a yield 

model that is routinely used within water quantity management in South 

Africa (namely the Water Resources Modelling Platform (WReMP) calibrated and 

run in the ORC for AWARD by Mr Stephen Mallory and colleagues, 

https://www.waterresources.co.za ).  

    The climate modelling was performed with the expert input of the Climate 

System Analysis Group (CSAG), based out of the University of Cape Town 

(UCT). CSAG statistically downscaled climate projections from three General 

Circulation Models (GCMs) for Representative Concentration Pathway (RCP) 4.5 

and 8.5, representing a medium and high greenhouse gas concentration (not 

emissions) trajectories . These three GCMs were selected based on their 

similarity of dynamics of regional-scale climate processes rather than on 

local-scale responses such as surface rainfall and temperature, and to 

represent a wet, medium and dry scenario . 

    The climate change projections utilised in the WReMP yield model and 

WQSAM were the downscaled projection for RCP8.5 and one GCM has been used to 

date, namely the MIROC-ESM GCM. Future work may include the running of two 

further GCMs (CanESM2 and MPI-ESM-LR) in order to simulate a wider range of 

possible future conditions under the RCP8.5 greenhouse gas scenario. 

    This graphical function, based on time, uses historical data taken from 

WQSAM from 1950-2000. This serves as the business as usual (BAU) run data 

for instream sulphate.  

     

 

Table 5: Parameter table for the freshwater riverine ecosystem diversity (FRED) sector (initial values of stocks highlighted in grey). 

Parameter Value Unit Description 

Maximum allowable 

concentration sulphate 

250 mg/l Email correspondence with Emmanuel: "I will also 

attach standard limits (a report by DWS, 2011 - see 

table E1 for standards) for sulphates and phosphates 

for South Africa - for references. You will notice that 

phosphate is measured as ortho-phosphate and the 

anything above 0.025 mg/L is unacceptable. For 

sulphates, anything above 250 mg/L or 0.25 g/L is 

unacceptable. " 

Desired level of 

freshwater riverine 

ecosystem diversity  

0.95 dmnl Emmanuel Vellamalu on a skype phone call (28-09) 

showed through his descriptions of the SSD curves 

that RQOs allow for 5% loss of freshwater 

biodiversity. Therefore 95% is chosen as the 
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Parameter Value Unit Description 

maximum for the FRED stock. (See DWA Planning 

Level Review 2011) 

KNP normal recovery 

time 

180 Months Meeting with KNP stakeholders informed the 

formulation of 10 to 20 years for recovery.  

Normal time for 

pollution to impact 

biodiversity levels 

36 months Modeller’s best estimate. Verified by KNP 

stakeholders during sectoral meeting.  

Maximum allowable 

phosphate 

concentration 

1 mg/l General and Special Standards, GOVERNMENT 

GAZETTE 18 MAY 1984 NO. 9225, 

REGULATION NO. 991 (18 MAY 1984), 

REQUIREMENTS FOR THE PURIFICATION OF 

WASTE WATER OR 

EFFLUENT. 

INITIAL [stock] 

Freshwater Riverine 

Ecosystem Diversity 

0.75 dmnl A simple aggregate indicator for biodiversity, 

informed by data provided by E.Vellamu (Vellemu, 

2017).  
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********** 

7. WWTW_Sector: 

********** 
 

average_life_of_WWTW_plant = effect_of_O&M_ratio_on_average_life_of_plant 

    UNITS: months 

    DOCUMENT: This variable is a placeholder to show that the 'effect of O&M 

ratio on average life of plant' translates into a time factor.  

 

average_time_for_capacity_loss = 120 

    UNITS: months 

    DOCUMENT: Best guess assumption by the modeler that average career 

length is approximately 10 years (120 months) for WWTW plant employees.  

 

average_time_to_repair = 6 

    UNITS: months 

    DOCUMENT: This estimate was taken from the interview with Phillip 

Ramalia, who gave an example of biological aerators which broke and took 6 

months to repair.  

     

    [Fabio - this could be an endogenous thing, this could be one combined 

variable with capacity available for maintenance.  

 

averaging_time = 36 

    UNITS: months 

 

CC_sewage_per_person = 150+(PULSE(5, 12,  12 )) 

    UNITS: l/people/day 

    DOCUMENT: See 'CC sewage per person in ML/month' 

 

"CC_sewage_per_person_in_ML/month" = IF (CC_switch=1) THEN 

((CC_sewage_per_person)*day_to_month/l_to_ML) ELSE (0) 

    UNITS: ML/person/month 

    DOCUMENT: This was added following discussions with Taryn Kong (27-10) 

who pointed out that CC can influence the amount of rainfall and therefore 

the amount of incoming sewage volume per person per month. To capture this, 

a pulse function was added which adds the additional volume in discrete and 

sudden events, much like flooding.  

 

day_to_month = 30 

    UNITS: days/month 

 

demand_for_WWTW_CC = (IF (CC_switch=1) THEN 

("CC_sewage_per_person_in_ML/month") ELSE 

("sewage_per_person_in_ML/month"))*percentage_of_population_connected*"total

_population_Ba-Phalaborwa" 

    UNITS: ML/month 

 

"demand_forecast_(without_climate_change_switch)" = 

"sewage_per_person_in_ML/month"*percentage_of_population_connected*"total_po

pulation_Ba-Phalaborwa" 

    UNITS: ML/month 
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discharge_concentration_WWTW = 

("discharge_load_WWTW_in_KG/month"/demand_for_WWTW_CC)*mg_to_KG/l_to_ML 

    UNITS: mg/l 

 

"discharge_load_WWTW_in_KG/month" = 

((phosphate_concentration_untreated/mg_to_KG*l_to_ML))*(WWTW_spill+"untreate

d_discharge_ML/month")+(phosphate_concentration_treated/mg_to_KG*l_to_ML*WWT

W_physical_capacity_online) 

    UNITS: KG/month 

    DOCUMENT: Load was modeled primarily based on discussions with Hugo 

Retief on 21-09, we discussed the value of modeling load, or the total 

amount of sulphate or phosphates that enter the Selati each month, rather 

than concentration. The reasoning behind this was that modeling 

concentration encourages the 'dilution solution to pollution' whereby the 

respective stakeholders (WWTW & mines) could argue that their discharge is 

acceptable, given an appropriate amount of instream flow within the Ga-

Selati.  

    The formulation of 'discharge load of WWTW' is calculated by multiplying 

the 'phosphate concentration of treated effluent' by the online capacity. 

Assuming that, all effluent which is discharged from operating WWTW will be 

at this lower concentration value. Similarly, the 'phosphate concentration 

of untreated effluent' is multiplied by the remaining WWTW demand volume 

('untreated discharge ML/month'), plus any additional spills.  

 

effect_of_incoming_sewage_on_plant_efficiency = 

GRAPH("CC_sewage_per_person_in_ML/month") 

(0.000, 0.0000), (0.0045, 0.0000), (0.0046, 0.3000), (1.000, 0.3000) 

    UNITS: Dimensionless 

    DOCUMENT: Also from correspondance with Taryn Kong (31-10), she 

performed a literature review of possible effects of climate change on WWTW 

and surmised that a reduction in efficiency is probable when sewage volumes 

increase due to extreme rainfall events. Therefore this estimate of 

efficiency reduction is included which works counter to the effect of new 

technology, that would improve efficiency. Furthermore, as seen in the 

'final infrastructure efficiency factor' climate change can also have 

positive effects on WWTW operation because, as explained by Marlene (27-10) 

the temperature increase can make the biological reactions speed up allowing 

for WWTW to be 5-10% more efficient.  

 

effect_of_O&M_ratio_on_average_life_of_plant = 

GRAPH(ratio_of_O&M_to_capacity) 

(0.000, 180.0), (0.100, 180.0), (0.200, 180.0), (0.300, 180.0), (0.400, 

180.0), (0.500, 200.0), (0.600, 250.0), (0.700, 320.0), (0.800, 350.0), 

(0.900, 400.0), (1.000, 480.0) 

    UNITS: Months 

    DOCUMENT: 24-10 Held a meeting with Dr Marlene vd Merwe-Botha. In this 

meeting we went through the WWTW sector structure and she described the 

effect of O&M maintenance on the lifetime of the plant. In this case I was 

able to directly ask her if the ratio of capacity was a useful measure of 

the routine maintenance capability. She confirmed this, and shared with me 

the non-linear relationship that exists here. We then worked together to 

develop the graphical function for the effect of O&M ratio on average life 

of plant. She later sent along a Powerpoint slide set which further 

elucidated this idea.  

 

effect_of_percentage_offline_on_WWTW_spill_frequency = 

GRAPH(percentage_offline) 
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(0.000, 600.000), (0.200, 12.000), (0.400, 8.000), (0.600, 6.000), (0.800, 

4.000), (1.000, 1.000) 

    UNITS: Months 

 

final_forecasted_demand = FORCST( (IF CC_switch=1 THEN 

"demand_forecast_(without_climate_change_switch)" ELSE 

(demand_for_WWTW_CC)),  averaging_time,  horizon) 

    UNITS: ML/month 

 

final_infrastructure_efficiency_factor = 

((CC_switch*0)+IF("'good_governance'_switch"=1) 

THEN(step_increase_technology_good_gv) ELSE (step_increase_technology_BAU)) 

- effect_of_incoming_sewage_on_plant_efficiency 

    UNITS: Dimensionless 

    DOCUMENT: See 'o&m capacity available for maintenance'  

 

fraction_of_O&M_supported = 0.2 

    UNITS: Dimensionless 

    DOCUMENT: This fraction is an estimate that conveys the story shared by 

Dr Marlene vd Mewe-Botha (12-09-2016). She shared that human resource is one 

of the main issues under scrutiny by regulators at this point and that 

improvements are only likely over a very long time horizon (see 'time to 

train and update O&M capacity'). She emphasized the 'capable plant model' 

and that existing WWTW plants must have good management as well as 

technically capable operators to function at optimum levels. Furthermore, 

she indicated that the incompetence of regulators has lead to an 

overemphasis on increasing technical capabilities of plants without 

improving the human resource side. She validated the vicious cycle that this 

creates, where more failures take place along with increasing technical 

capacity and that these failures then motivate funding applications for more 

technical capacity.  

 

fraction_of_offline_capacity_contributing_to_spill_events_for_WWTW = 0.25 

    UNITS: months/dimensionless 

    DOCUMENT: This parameter is the best-guess assumption of the modeler. 

The structure was verified by Marlene vd Merwe-Botha (23-10) and I explained 

to her the way that this part of the structure functions.  

 

fraction_of_physical_dev_need_supported = 0.75 

    UNITS: Dimensionless 

    DOCUMENT: Similar to the narrative captured in the ' fraction of O&M 

supported' variable documentation. Dr Marlene vd Mewe-Botha (12-09-2016) 

indicated this receives more attention than does O&M. Therefore the initial 

value of this fraction receives a higher estimate. 

 

horizon = horizon_in_years*months_per_year 

    UNITS: months 

    DOCUMENT: Percy 13/10/2016  

    Process Design Guide for Small Wastewater Works  

    DJ Nozaic&SD Freese  

    pg. 5 

    "Where possible, designs should be based on a 10 year design period for 

any one phase of construction. However, shorter periods or staged 

developments often need to be implemented to match predicted growth 

patterns. " 

    Further confirmed by James Nkuna (WWTW official) during working session 

meeting on 13-10-2016. 
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horizon_in_years = 10 

    UNITS: Years 

 

indicated_fraction_of_O&M_development_need_supported = 

IF("'good_governance'_switch"=1) THEN(.75) ELSE(fraction_of_O&M_supported) 

    UNITS: Dimensionless 

    DOCUMENT: This variable allows for integration of the good governance 

switch, where the fraction of O&M supported is increased, reflecting 

improved competence of the regulators.  

 

indicated_fraction_of_physical_development_need_supported = 

IF("'good_governance'_switch"=1) THEN(1) 

ELSE(fraction_of_physical_dev_need_supported) 

    UNITS: Dimensionless 

 

indicated_O&M_capacity_to_be_developed = ((final_forecasted_demand-

WWTW_O&M_capacity)*"'good_governance'_switch")+((total_capacity-

WWTW_O&M_capacity)*(1-"'good_governance'_switch")) 

    UNITS: ML/months 

 

indicated_physical_capacity_to_be_developed = MAX(final_forecasted_demand-

total_capacity,  0) 

    UNITS: ML/month 

 

infrastructure_efficiency_factor = 1 

    UNITS: Dimensionless 

 

months_per_year = 12 

    UNITS: months/year 

 

new_technology_installation_time = 

new_technology_installation_time_in_years*months_per_year 

    UNITS: months 

 

new_technology_installation_time_good_gov = 

new_technology_installation_time_in_years_good_gov*months_per_year 

    UNITS: months 

 

new_technology_installation_time_in_years = 15 

    UNITS: years 

 

new_technology_installation_time_in_years_good_gov = 5 

    UNITS: years 

 

O&M_capacity_available_for_maintenance = MAX( 

(WWTW_O&M_capacity*final_infrastructure_efficiency_factor)-

WWTW_physical_capacity_online,  0) 

    UNITS: ML/month 

    DOCUMENT: 'O&M capacity available for maintenance' is the difference 

between the physical capacity online and the O&M capacity. It assumes that 

operating online capacity takes an equivalent amount of O&M. The remaining 

O&M capacity is free to perform any necessary maintenance tasks. This is 

adjusted by the 'final infrastructure efficiency factor' which allows the 

user to simulate scenarios where new WWTW plants that are installed require 

less O&M capacity to operate effectively. Therefore, a greater amount of O&M 

can be made available to perform maintenance tasks.  
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operational_efficiency_factor_good_gov = 1.8 

    UNITS: Dimensionless 

 

percentage_of_population_connected = 0.4 

    UNITS: Dimensionless 

    DOCUMENT: ResiModV1 - percentage of population connected to sewage, 

percentage of population illegally connecting: 0.66 

    BaPhalaborwa Local Government.co.za: 0.4  

    Assumption here that we did not include un-connected users as 

contributors to WWTW demand 

 

percentage_offline = WWTW_physical_capacity_offline/total_capacity 

    UNITS: Dimensionless 

 

phosphate_concentration_treated = 0.25 

    UNITS: mg/l 

    DOCUMENT: Percy Kgowana provided the 'General and Special Standards, 

Government Gazette from 18 MAY 1984 NO. 9225 regulation no. 991', which sets 

standard 

    requirements for the purification of waste water or effluent. The 

maximum concentration allowable is 1 mg/l. Percy indicated they are often 

treating effluent to a discharge concentration of .5 or less. The parameter 

value chosen (.25 mg/l) is highly conservative and was chosen based on 

behavior resulting from species sensitivity distributions (see phosphate 

effect on biodiversity).  

    For more information see the document ‘Leg_General and Special 

Standards’, included in final ResiMod v2 reporting to AWARD (op cit)..  

 

phosphate_concentration_untreated = 5 

    UNITS: mg/l 

    DOCUMENT: Percy Kgowana (AWARD intern with specialization in WWTW) noted 

that this can be variable and depends a lot on population size. We 

interviewed Percy Kgowana regarding the parameter values here. He shared 

with me these can reach three to four times the maximum allowable 

concentration levels.  

    Other data sources indicate that for small WWTW levels can reach upwards 

of 10 mg/l (see Nozaic&Freese_2009_Process Design Guide for Small WWTW, pg. 

14). Given the variability indicated by Percy a more conservative estimate 

of 5 was chosen, weighted more towards estimates given by Percy who has 

worked closely with the Ba-Phalaborwa WWTW.  

 

population_growth_rate = 0.011/12 

    UNITS: Dimensionless/month 

    DOCUMENT: http://www.statssa.gov.za/?page_id=993&id=ba-phalaborwa-

municipality. 

    The fractional growth rate was reduced slightly, in order to compensate 

for compounding due to the monthly integration of the model. Value taken 

from the site is calculated based upon the period 2001-2011.  

 

ratio_of_O&M_to_capacity = 

(WWTW_O&M_capacity*final_infrastructure_efficiency_factor)/(total_capacity) 

    UNITS: Dimensionless 

    DOCUMENT: This variable shows the percentage of O&M with respect to the 

total physical capacity. As the ratio approaches 1, it indicates adequate 

maintenance capacity is available to cover the total physical capacity.  

 



Page 65 of 70 

sewage_per_person = 150 

    UNITS: l/people/days 

    DOCUMENT: 150 l/person/day from resimodV1 

 

"sewage_per_person_in_ML/month" = (sewage_per_person)*day_to_month/l_to_ML 

    UNITS: ML/person/month 

    DOCUMENT: converted to ML/month 

 

start_time_WWTW_spill = 36 

    UNITS: months 

 

step_increase_technology_BAU = 1+(STEP(infrastructure_efficiency_factor-1,  

new_technology_installation_time)) 

    UNITS: Dimensionless 

 

step_increase_technology_good_gv = 

1+(STEP(operational_efficiency_factor_good_gov-1,  

new_technology_installation_time_good_gov)) 

    UNITS: Dimensionless 

 

time_between_failures = 36 

    UNITS: months 

    DOCUMENT: Though Phillip Ramalia was asked this question in several 

different ways, he struggled to give a direct estimate. Instead, a best-

guess was made by the modeler, with the (likely very conservative) reasoning 

that major failures of physical plant capacity only happen every three 

years.  

 

time_to_build_new_capacity = 36 

    UNITS: months 

    DOCUMENT: consider lag time associated with building new capacity. 

 

time_to_train_and_update_capacity_in_years = 10 

    UNITS: years 

    DOCUMENT: Years converted to months for model calculations.  

 

time_to_train_and_update_O&M_capacity = 

time_to_train_and_update_capacity_in_years*months_per_year 

    UNITS: months 

    DOCUMENT: Marlene vd Merwe-Botha gave an estimated range of 5-20 years 

for training of human resources required for plant operations to improve to 

an acceptable level. Here the median of this estimate has been applied (10 

years).  

 

time_to_update_supported_capacity = IF("'good_governance'_switch"=1) 

THEN(24) ELSE(time_to_train_and_update_O&M_capacity) 

    UNITS: months 

    DOCUMENT: Marlene: 5- 20 years to see improvements in training 

 

total_capacity = 

WWTW_physical_capacity_offline+WWTW_physical_capacity_online 

    UNITS: ML/month 

    DOCUMENT: IDP Report 2013/14 - 2015/16. Table 16 gives values in ML/day 

 

"total_population_Ba-Phalaborwa"(t) = "total_population_Ba-Phalaborwa"(t - 

dt) + (population_growth) * dt 

    INIT "total_population_Ba-Phalaborwa" = 150000 
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    UNITS: People 

    DOCUMENT: The population drives the demand for WWTW. The fractional 

population growth rate is derived from the Statistics South Africa web-page 

. The fractional growth rate was reduced slightly, in order to compensate 

for compounding due to the monthly integration of the model. Value taken 

from the site is calculated based upon the period 2001-2011. The initial 

value was also taken from this site from 2011 values (150,637), and rounded 

down to 150,000 for simplicity.      

    INFLOWS: 

        population_growth = population_growth_rate*"total_population_Ba-

Phalaborwa" {UNIFLOW} 

            UNITS: People/Months 

 

"untreated_discharge_ML/month" = MAX(demand_for_WWTW_CC-

WWTW_physical_capacity_online,  0) 

    UNITS: ML/month 

 

WWTW_O&M_capacity(t) = WWTW_O&M_capacity(t - dt) + (increase_O&M_capacity - 

loss_of_O&M_capacity) * dt 

    INIT WWTW_O&M_capacity = 350 

    UNITS: ML/month 

    DOCUMENT: The choice to model WWTW O&M capacity was made on the basis of 

an interview with Philip Ramalia (08-09-2016) and on the basis of literature 

which described current challenges as "poor design and construction, lack of 

maintenance and skilled operators, non-compliance with applicable legal 

requirements, lack of proper monitoring, technical and management issues." 

Gopo 2013 pg. 13.     

    The O&M capacity here is modeled in ML/month, and describes the overall 

ability of the managers, operators and general maintenance staff. The idea 

that O&M capacity has been underemphasized is a large part of the model 

narrative. Beginning with interviews with Phillip Romalia, Thamsanqa Mdluli, 

and Dr Marlene vd Merwe Botha. The trap of under-investment in O&M leading 

to poor operations and lack of capacity was strongly described by Marlene. 

David Thobejani also confirmed this narrative and structural hypothesis.      

    The initial value was set to reflect the current state of affairs, as 

described by Marlene, where O&M does not meet the technical needs of the 

plant.     

INFLOWS: 

        increase_O&M_capacity = 

indicated_O&M_capacity_to_be_developed*MIN(1,  

indicated_fraction_of_O&M_development_need_supported*effect_of_public_concer

n_on_amount_of_O&M_capacity_development)/time_to_update_supported_capacity 

{UNIFLOW} 

            UNITS: ML/months/Months 

OUTFLOWS: 

        loss_of_O&M_capacity = 

WWTW_O&M_capacity/average_time_for_capacity_loss {UNIFLOW} 

            UNITS: ML/months/Months 

            DOCUMENT: Assumes retirement rate is the same for all employees, 

could be made more operational with pipeline delays, however this was not 

deemed necessary for the lessons the model was trying to convey.  

 

WWTW_physical_capacity_offline(t) = WWTW_physical_capacity_offline(t - dt) + 

(failure_rate_of_WWTW - repair_rate_of_WWTW - decomissioning) * dt 

    INIT WWTW_physical_capacity_offline = 150 

    UNITS: ML/months 
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    DOCUMENT: WWTW physical capacity offline is the capacity of a plant 

which is inoperable for any number of reasons.  

    For both the online and offline capacities, data for WWTW plants 

servicing the Ba-Phalaborwa municipality was used to set initial values. 

This was taken from ResiMod v.1, and due to limited documentation on this 

version of resimod, the estimates here may need further revision.   

INFLOWS: 

        failure_rate_of_WWTW = 

WWTW_physical_capacity_online/time_between_failures {UNIFLOW} 

            UNITS: ML/months/Months 

OUTFLOWS: 

        repair_rate_of_WWTW = 

MIN(O&M_capacity_available_for_maintenance/average_time_to_repair,  

WWTW_physical_capacity_offline/average_time_to_repair) {UNIFLOW} 

            UNITS: ML/months/Months 

            DOCUMENT: Also in line with Marlene vd Merewe-Botha (12-09-2016) 

– repairs take place, but they are limited by the amount of O&M capacity 

available. Furthermore, t available for maintenance and delayed by the 

‘average time to repair.’  

            This structure was further validated by Marlene during a second 

working session on 23-10-2016.  

         

decomissioning = WWTW_physical_capacity_offline/average_life_of_WWTW_plant 

{UNIFLOW} 

            UNITS: ML/months/Months 

            DOCUMENT: Assume capacity will first become offline before it 

will become decommissioned at a rate commensurate with the average life of 

WWTW, determined by the ratio of O&M to total plant capacity.  

 

WWTW_physical_capacity_online(t) = WWTW_physical_capacity_online(t - dt) + 

(new_physical_capacity + repair_rate_of_WWTW - failure_rate_of_WWTW) * dt 

    INIT WWTW_physical_capacity_online = 350 

    UNITS: ML/months 

    DOCUMENT: WWTW physical capacity online, refers to the plant‚Äôs total 

capacity to physically process incoming sewage to a concentration level 

which satisfies the Recommended Quality Objectives (RQOs) for phosphate.  

     

    For both the online and offline capacities, data for WWTW plants 

servicing the Ba-Phalaborwa municipality was used to set initial values. 

Initial values taken from IDP Report 2013/14 - 2015/16 for Ba-Phalaborwa, 

Table 16 gives values in ML/day which was converted to ML/month for the 

purposes of this model.  

     

INFLOWS: 

        new_physical_capacity = 

((indicated_physical_capacity_to_be_developed*MIN(1,  

(indicated_fraction_of_physical_development_need_supported*effect_of_public_

concern_on_amount_of_O&M_capacity_development)))/time_to_build_new_capacity) 

{UNIFLOW} 

            UNITS: ML/months/Months 

         

repair_rate_of_WWTW = 

MIN(O&M_capacity_available_for_maintenance/average_time_to_repair,  

WWTW_physical_capacity_offline/average_time_to_repair) {UNIFLOW} 

            UNITS: ML/months/Months 

            DOCUMENT: Also in line with Marlene vd Merewe-Botha (12-09) - 

repairs take place, but they are limited by the amount of O&M capacity 
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available. Furthermore, t available for maintenance and delayed by the 

'average time to repair.'         

            This structure was further validated by Marlene during a second 

working session on 23-10.  

     

OUTFLOWS: 

        failure_rate_of_WWTW = 

WWTW_physical_capacity_online/time_between_failures {UNIFLOW} 

            UNITS: ML/months/Months 

 

WWTW_spill = PULSE(WWTW_spill_volume, 

start_time_WWTW_spill,effect_of_percentage_offline_on_WWTW_spill_frequency)*

WWTW_spill_switch 

    UNITS: ML/month 

 

WWTW_spill_switch = 0 

    UNITS: Dimensionless 

 

WWTW_spill_volume = 

WWTW_physical_capacity_offline*fraction_of_offline_capacity_contributing_to_

spill_events_for_WWTW 

    UNITS: ML 

 

 

Table 6: Parameter table for the wastewater treatment works (WWTW) sector (initial values of stocks highlighted in grey). 

Parameter Value Unit Description 

Population growth 

rate 

0.011/12 (or 

0.000916) 

dmnl/month Source: 

http://www.statssa.gov.za/?page_id=993&id=ba-

phalaborwa-municipality.  

Sewage per 

person 

150 litres/people/days ResiMod v1(Jonker et al., 2015) 

Horizon 10 Years Planning time horizon: source WWTW supervisor 

Fraction of O&M 

supported 

0.1 Dmnl Estimate from Dr van der Merwe-Botha (nationally-

renowned WWTW expert). 

Average time for 

capacity loss 

120 months Best guess assumption by the modeler that average 

career length is approximately 10 years (120 months) 

for WWTW plant employees. 

Time to train and 

update capacity 

10 Years Dr van der Merwe-Botha gave an estimated range of 

5-20 years for training of human resources required 

for plant operations to improve to an acceptable level. 

Median of this estimate is used 

Time between 

failures 

36 months Though Phillip Ramalia (WWTW supervisor) was 

asked this question in several different ways, he 

struggled to give a direct estimate. Instead, a best-

guess was made by the modeler, with the (likely very 

conservative) reasoning that major failures of 

physical plant capacity only happen every three 

years. 

Average time to 

repair 

6 Months This estimate was taken from the interview with 

Phillip Ramalia, who gave an example of biological 

aerators which broke and took 6 months to repair.  

http://www.statssa.gov.za/?page_id=993&id=ba-phalaborwa-municipality
http://www.statssa.gov.za/?page_id=993&id=ba-phalaborwa-municipality
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Parameter Value Unit Description 

Time to build new 

capacity 

36 Months Modelers best estimate for baseline, parameter 

verified by WWTW sector workshops and 

subsequent final workshop.  

Fraction of 

physical 

development need 

supported 

0.75 dmnl Similar to the narrative captured in the ' fraction of 

O&M supported' variable documentation. Dr van der 

Merwe-Botha (12-09-2016) indicated this receives 

more attention than does O&M. Therefore the initial 

value of this fraction receives a higher estimate. 

Fraction of offline 

capacity 

contributing to 

spill events for 

WWTWs 

0.25 Months/dmnl This parameter is the best-guess assumption of the 

modeler. The structure was verified by Dr van der 

Merwe-Botha (23-10-2016) 

INITIAL total 

population Ba-

Phalaborwa 

150,000 People The fractional population growth rate is derived from 

the StatsSA (Statistics South Africa) web-page 

(Statistics South Africa, 2011). The fractional growth 

rate was reduced slightly, in order to compensate for 

compounding due to the monthly integration of the 

model. Value is based on the period 2001-2011. The 

initial value was also taken from this site from 2011 

values (150,637), and rounded down to 150,000 for 

simplicity. 

INITIAL WWTW 

O&M capacity 

350 ML/month The O&M capacity here is modeled in ML/month, 

and describes the overall ability of the managers, 

operators and general maintenance staff. The idea 

that O&M capacity has been underemphasized is a 

large part of the model narrative. Beginning with 

interviews with Phillip Romalia, Thamsanqa Mdluli, 

and Marlene vd Merwe Botha. The trap of under-

investment in O&M leading to poor operations and 

lack of capacity was strongly described by Marlene. 

David Thobejani also confirmed this narrative and 

structural hypothesis.  

     The initial value was set to reflect the current state 

of affairs, as described by Marlene, where O&M does 

not meet the technical needs of the plant. 

INITIAL WWTW 

physical capacity 

online 

350 ML/month For both the online and offline capacities, data for 

WWTW plants servicing the Ba-Phalaborwa 

municipality was used to set initial values. Initial 

values taken from IDP Report 2013/14 - 2015/16 for 

Ba-Phalaborwa, Table 16 gives values in ML/day 

which was converted to ML/month for the purposes 

of this model. 

INITIAL WWTW 

physical capacity 

online  

150 ML/months For both the online and offline capacities, data for 

WWTW plants servicing the Ba-Phalaborwa 

municipality was used to set initial values.  
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As our societies and natural systems are becoming ever more interconnected, it is 

critical that sustainable management can adapt to new knowledge from both the 

ecological and the social domains, and act on it in a timely and effective manner. This 

need is amplifying in the Anthropocene as we are approaching the limit for humanity’s 

safe operating space, thus requiring increased attention to the information feedbacks 

between the silos of science, policy and society which will ultimately define this future. 

A web of policies is in place to protect the health of people and the planet, but to ensure 

that they are effective we need frameworks to create clarity and causality between 

interventions and observed effects. The Drivers-Pressures-State-Impacts-Response 

(DPSIR) framework was created for this purpose, however, its’ implicit focus on 1) 

analytical and 2) procedural aspects must be made explicit to enable coordination 

across silos and studies. While continued creation of DPSIR derivatives may limit its 

impact, more explicit coordination between these two aspects can improve the 

effectiveness of DPSIR while retaining its flexibility. We thus propose five elements 

to support sustainable policy development and implementation using DPSIR: 1) 

iteration; 2) risk, uncertainty and analytical bias; 3) flexible integration; 4) use of 

quantitative methods, and; 5) clear and standard definitions for DPSIR. We illustrate 

these elements in four cases: Three which highlight missing feedbacks when DPSIR 

elements are not made explicit and a fourth case on per-and-polyfluorinated alkyl 

substances (PFAS) – showing a potential roadmap to successful policy implementation 

using DPSIR. 
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Abstract 13 

As our societies and natural systems are becoming ever more interconnected, it is critical that sustainable 14 
management can adapt to new knowledge from both the ecological and the social domains, and act on it in a 15 
timely and effective manner. This need is amplifying in the Anthropocene as we are approaching the limit for 16 
humanity’s safe operating space, thus requiring increased attention to the information feedbacks between the 17 
silos of science, policy and society which will ultimately define this future. A web of policies is in place to protect 18 
the health of people and the planet, but to ensure that they are effective we need frameworks to create clarity 19 
and causality between interventions and observed effects. The Drivers-Pressures-State-Impacts-Response (DPSIR) 20 
framework was created for this purpose, however, its’ implicit focus on 1) analytical and 2) procedural aspects 21 
must be made explicit to enable coordination across silos and studies. While continued creation of DPSIR 22 
derivatives may limit its impact, more explicit coordination between these two aspects can improve the 23 
effectiveness of DPSIR while retaining its flexibility. We thus propose five elements to support sustainable policy 24 
development and implementation using DPSIR: 1) iteration; 2) risk, uncertainty and analytical bias; 3) flexible 25 
integration; 4) use of quantitative methods, and; 5) clear and standard definitions for DPSIR. We illustrate these 26 
elements in four cases: Three which highlight missing feedbacks when DPSIR elements are not made explicit and a 27 
fourth case on per-and-polyfluorinated alkyl substances (PFAS) – showing a potential roadmap to successful policy 28 
implementation using DPSIR.  29 

Introduction 30 

It has become increasingly complex to assess the effectiveness of environmental legislation, to achieve 31 
the goal of preventing harm from anthropogenic activities on the health of humans and the 32 
environment (EEA, 2020; Fu et al., 2020; Kwiatkowski et al., 2020; Reid et al., 2018). To better 33 
understand how different policy interventions relate, and thereby facilitate such assessments, create 34 
transparency and guide future interventions, frameworks such as DPSIR have been developed. DPSIR 35 
represents a framework applied on coupled social-ecological systems (SES) which are composed of 36 
multiple, relatively separable, yet (nonlinearly) interacting subsystems (Ostrom, 2009).  From previous 37 
SES studies, we recognize that understanding how the different elements relate is key to ensuring that 38 
intervention points are effective in achieving the set goals, and also efficient in creating change (Fritsch, 39 
2017; Halbe et al., 2018).  40 

To achieve this across a variety of ecosystems and scales, frameworks should enable the flexible, 41 

interdisciplinary application of analytical methods (Binder et al., 2013). Further, frameworks must 42 



 

2 
 

enable clear communication across stakeholder groups to prevent unavoidable inherent biases (Svarstad 43 

et al., 2008) and enhance policy relevance and uptake (Tscherning et al., 2011), which together will 44 

support effective governance and decision making (Halbe et al., 2018).  Frameworks should enable not 45 

only downstream policy responses to recognized existing environmental challenges, but also support the 46 

design of a more sustainable upstream policy, thereby reducing the need and occurrence of stopgap 47 

measures (Buck et al., 2020) with potential for rebound effects.  48 

The many current and emerging initiatives illustrate the need for frameworks to support both analysis 49 

and communication of innovative, post-normal scientific approaches. Without frameworks to support 50 

problem structuring, challenges plaguing e.g. implementation of the Water Framework Directive (WFD) 51 

(Voulvoulis et al., 2017) are likely to limit the success of nested strategies  in new initiative. Examples 52 

include the Chemicals strategy for sustainability (CSS) and Zero pollution ambition (ZPA) under the 53 

European Green Deal (EGD). The latter has many overlapping aims, for instance within the CSS, ZPA, 54 

Nature-based Solutions (NbS), Biodiversity strategy (BDS) and Farm to Fork (F2F) strategy. There is an 55 

opportunity for transdisciplinary learning across initiatives supported by a framework like DPSIR for 56 

enhanced knowledge co-creation (Norström et al., 2020). To achieve these multiple goals in an 57 

increasingly complex setting will require a paradigm shift among policy, science and society. This shift is 58 

needed to support European policy efforts that aim to achieve sustainable management and avoid harm 59 

to the planet and people (European Commission, 2020b), within planetary boundaries (Randers et al., 60 

2018; Rockström et al., 2009). To be effective, this shift must be realised beyond European Economic 61 

Area borders and include extensive international cooperation (EEA, 2020). Achieving this will require a 62 

flexible and mutually intelligible framework for clear communication across research disciplines, political 63 

cultures and regions.  The DPSIR history of application shows its unique fitness to meet this need.  64 

DPSIR has been widely used, functioning as an interdisciplinary tool for assessing the sustainability of 65 

SES and covering a wide range of environmental issues (Gari et al., 2015). DPSIR has been applied (and 66 

recommended) by international organizations such as  The Organisation for Economic Co-operation and 67 

Development, The European Environmental Agency and  The United Nations Environment Programme, 68 

as well as within and across national and local organizations (Tscherning et al., 2011). Environmental 69 

reporting became a routine use for DPSIR, evolving to a conceptual framework for organizing 70 

information describing environmental problems via indicators and statistics, and their relationship to 71 

the socio-economic domain to support policy development and decision-making (Cooper, 2013; Svarstad 72 

et al., 2008). Two related features that have contributed heavily to the use of DPSIR; 1) It helps provide 73 

structure to environmental indicators with reference to political objectives, or policy responses, 2) it 74 

focuses on causal relationships, which is beneficial when analysing complex systems (Maxim et al., 75 

2009), and managing informational flows (Kristensen, 2004).  76 

Modifications to DPSIR have broadly sought to improve (1) analytical and (2) procedural aspects of the 77 

framework to support the integration of additional methods and tools (Gari et al., 2015). Highlighted 78 

methods include semi-quantitative and quantitative tools: Bayesian Belief Networks, biogeochemical 79 

modelling, multivariate statistical approaches, and impact-indicator indices (Lewison et al., 2016). 80 

Procedural modifications have reshaped definitions (Gari et al., 2015; Oesterwind et al., 2016) and 81 

extended efforts to better incorporate additional interdisciplinary perspectives, such as policy-makers 82 

and other stakeholders (Bell, 2012). Only a few studies have used DPSIR with both qualitative and 83 

quantitative tools simultaneously (see e.g. Benini et al., 2010; Zare et al., 2019). 84 



 

3 
 

Modified applications of DPSIR have reported positive outcomes, across multiple areas of environmental 85 

research (Anandhi et al., 2020; Gari et al., 2015). This shows the potential of DPSIR to harmonize and 86 

support important policy directives. For example, approaches that make the framework more accessible 87 

to stakeholders opens new opportunities for its use as a tool in fulfilling e.g. WFD requirements 88 

including those for increased public participation (Apostolaki et al., 2019; Voulvoulis et al., 2017).  89 

The potential of the DPSIR framework cannot be leveraged properly, if it becomes entangled with 90 

specific approaches. A key challenge for DPSIR is therefore clarification and synthesis, with minimal 91 

standardisation, to allow for the inclusion of existing and novel approaches for evaluating environmental 92 

systems. To demonstrate this, we break down DPSIR into explicit components successful application.  93 

Our analysis draws upon systems thinking, reflecting previous modifications, to show why retaining the 94 

flexibility of the original DPSIR framework is crucial. We begin by introducing some previous 95 

modifications of DPSIR. Next, we frame the DPSIR approach based on the concept of information 96 

feedback and control (Figure 1) to improve its potential for supporting meaningful, sustainable policy 97 

development and implementation. Finally, we illustrate this with examples from South Africa, China and 98 

Europe to demonstrate how DPSIR can continue to be useful across vastly different environmental 99 

topics and governance scales. 100 

Background to DPSIR   101 

Several reviews of DPSIR and its predecessor frameworks have been conducted (Cooper, 2013; Gari et 102 

al., 2015; Patrício et al., 2016), which track its creation and adaptation from inception as the Stress-103 

Response Environmental Statistical System (S-RESS; Rapport and Friend, 1979) to today’s well-known 104 

DPSIR format used by the European Environment Agency for reporting on the state of the European 105 

environment in their five-year reports (EEA, 1995a) and its subsequent use and modifications. 106 

Summarizing and building upon these modifications, Gari et al. (2015) put forward six recommendations 107 

to support the evolution of DPSIR. We organize these into procedural and analytical aspects:  108 

Procedural:  109 

• Terms should be clearly defined and context explained to improve identification of ambiguous 110 

variables.  111 

• Objectives should be evaluated together with stakeholders to prevent hierarchical bias.  112 

• Multidisciplinary experts and stakeholders should be involved in the process.  113 

• Local knowledge capacity should be evaluated and incorporated to achieve sustainable 114 

management. 115 

 116 

Analytical: 117 

• The system should be investigated comprehensively, applying DPSIR using established or novel 118 

field, laboratory, modelling and other approaches.  119 

• Cause-effect relationships should be classified (e.g. positive, negative, synergistic, multiplicative) 120 

using additional research approaches to improve understanding of these relations.  121 

 122 

Similar arguments regarding challenges to improve DPSIR are evidenced in the “Drivers-Activities-123 

Pressures-State Change-Impacts (to Welfare)-Response (as Measures)” (DAPSI(W)R(M)) framework 124 

(Elliott et al., 2017; Patrício et al., 2016). DAPSI(W)R(M) couples explicitly to the ecosystem services 125 

concept to define state change, linking evaluation directly to human welfare impacts. This and other 126 
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applications with explicit ecosystem services links (Apostolaki et al., 2019), can restrict integration with 127 

emerging approaches. Moreover, the application of an ecosystem services-based approach can overlook 128 

important trade-offs (Nesshöver et al., 2017), as well as functions of ecosystems which may not improve 129 

human wellbeing (e.g. allergies to pollen) (Schaubroeck, 2017).  130 

The DPSIR framework has also been criticised for not reporting objectively, introducing biases of the 131 

investigators and thus failing to deal with multiple stakeholder perspectives (Gupta et al., 2020; Svarstad 132 

et al., 2008). This may limit the equality of DPSIR analysis (Gupta et al., 2020). Perhaps as a means to 133 

overcome these deficiencies, studies have used DPSIR alongside semi-quantitative or quantitative 134 

analyses. Examples include expert-derived impact scores in a matrix-based approach; scaled 135 

vulnerability indices; impact and indicator indices; Bayesian Belief Networks (BBNs); steady-state 136 

biogeochemical models combined with empirical monitoring data; multivariate statistical approaches 137 

(Lewison et al., 2016) and system dynamics simulation (Zare et al., 2019).  138 

Overall, the frequent literature recommendations to modify DPSIR actually stands as evidence of the 139 

flexibility of the original DPSIR framework (Lewison et al., 2016; Pacheco et al., 2007). Consequently, it is 140 

clear that a synthesis is needed that combines lessons from past recommendations yet retains the 141 

simplicity and flexibility of the original framework, to permit the incorporation of future environmental 142 

challenges and analysis of (policy) solution frameworks. 143 

Next generation application of DPSIR 144 

We propose a synthesis of features focused on the concept of information feedback when applying 145 

DPSIR, namely: (1) processes that either (a) generate knowledge or (b) transfer knowledge and 146 

(2) analytical tools that either (a) generate data or (b) make data useful. Importantly, these aspects are 147 

intended to overlap one another – attention is most needed at the interfaces that create feedback 148 

between scientific research, policy formation and societal consequences.  149 

Figure 1 illustrates this updated conceptualisation centring on the three silos, Science, Society and 150 

Policy, which must be engaged in order to implement sustainable solutions for environmental 151 

challenges. The design and implementation of sustainable solutions must explicitly recognise and 152 

accelerate feedbacks across the system, but also between each of the silos (Mastrángelo et al., 2019). 153 

The next generation application DPSIR is represented conceptually by the red feedback loop that acts 154 

across the entire system. This creates feedbacks 1-3 (black arrows, Figure 1) between each of the 155 

aforementioned silos. In a given application, it is unlikely that all three of these individual feedbacks 156 

function simultaneously. However, it is necessary that all be activated during DPSIR application to 157 

ensure necessary information, originating within a silo, can be activated and drive the implementation 158 

of sustainable solutions.  159 
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  160 

 

Case 1: Nanosilver 
regulation 

Case 2: China Case 3: SA 

 
  

  161 

Figure 1. DPSIR is a powerful tool to enable feedback between the three pillars of implementation by creating system wide (red 162 
and black, panel A) feedbacks. The black arrows indicate informational flow among the silos occurring within prevailing 163 
institutional arrangements. The red feedback emphasises the role of the DPSIR framework to create sectoral feedbacks  (1, 2, & 164 
3) to support the identification of weak or absent links among the silos. Once identified, efforts can then be (re) focused on 165 
procedural or analytical methods that can be used to strengthen these links. 166 

Below, five key features for next generation DPSIR application are presented, which should ensure that 167 

all three feedbacks receive proper activation and, ensure integration of both procedural and analytical 168 

aspects. The procedural aspect of DPSIR, must include transparent reporting and catalogue limitations of 169 

chosen approaches in order to avoid complacency (Saltelli, Bammer, et al., 2020). This can provide a 170 

starting point for additional iterations as required to achieve desired solutions.  171 

Proposed 

DPSIR 

framework 

(Case 4) 
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1. Importance of iteration 172 

The iterative application of DPSIR is crucial to the development of an improved understanding of the 173 

system and identification of potential management actions and their intended or unintended results. 174 

The links forming feedbacks 1, 2 and 3 (Figure 1) between the silos can be active independently and in 175 

parallel. DPSIR can collect and integrate information over time, improving determination of causality for 176 

a given environmental challenge. For example, a strong feedback between science and society enabled 177 

through workshops, citizen-science efforts, etc. can elucidate the link between State and Impacts. DPSIR 178 

can capture this knowledge until additional iterations activate missing links in the feedback chain that 179 

are needed to reach implementation (i.e. link to policy). 180 

In selecting the correct tools for addressing challenges in complex environmental systems, the analyst 181 

must make use of the available resources, working within the existing context and in relation to existing 182 

social factors whilst remaining adaptive (Clifford-Holmes et al., 2018; Voinov et al., 2018). Iteration with 183 

DPSIR allows for reflection on the choice of analytical technique, as emerging information gathered may 184 

indicate the need to, e.g. involve researchers/practitioners from other fields, engage with stakeholders 185 

previously not considered, or apply additional quantitative or qualitative methods. This allows DPSIR to 186 

align with recommendations to deliberately a problem solving approach, and re-evaluate if it is found 187 

not to be appropriate for the task at hand (Voinov et al., 2018).  188 

 189 

2. Addressing Risk, Uncertainty, and Analytical Bias 190 

Applications of the DPSIR framework should be transparent, with sensitivity towards the important roles 191 

of salience, credibility and legitimacy in shaping communication about uncertainty and bias offered by 192 

the lens of a given analytical technique (Saltelli, Bammer, et al., 2020). Information must not only relate 193 

to scientific and political stakeholders but also civil society. In fact, integrating diverse perspectives has 194 

been shown to be as effective for designing solutions for natural resource management as scientifically 195 

derived approaches (Aminpour et al., 2020). Such post-normal approaches are highly relevant to the 196 

potential for implementation of proposed solutions, supporting inclusion of the full spectrum of 197 

uncertainty, originating from individual subjective space possibilities (bias) due to variation in 198 

backgrounds (deficiencies as well as proficiencies) (Faulkner et al., 2017). Further, transparency is a 199 

fundamental cornerstone of EU policy processes (The European Parliament and of the Council, 2020). 200 

As an example, consider stopgap measures put in place to “buy time” while more lasting solutions are 201 

pursued (Buck et al., 2020), which can also be characterised as “shifting the burden” to a temporary 202 

solution (Ford, 2010). Within a next-generation DPSIR application such measures might be considered as 203 

an interim solution, but should also utilize the feedback concept to ensure that sources of uncertainty 204 

are addressed from the respective “new” knowledge to reduce blind spots that can shift risk or resource 205 

exploitation elsewhere (Gupta et al., 2020). The EU Green Deal, together with the Paris Agreement, 206 

provide such an example, where carbon emissions targets are fulfilled at the cost of resource 207 

degradation elsewhere (Fuchs et al., 2020).    208 

3. Importance of flexible integration 209 

DPSIR application must be decoupled from specific analytical frames to remain relevant.  An example of 210 

this necessity is found in the Nature-based Solutions (NbS) strategy. NbS aims to enhance the benefits 211 

for both nature and people in addressing societal challenges related to climate adaptation. The 212 
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increasing global application of NbS shows its potential for furthering the evaluation and restoration of 213 

natural systems and supporting biodiversity policy objectives (European Commission, 2020a). 214 

Furthermore, growing interest in NbS including current testing in several EU-funded projects may lead to 215 

its further incorporation into formal policy (Cohen-Shacham et al., 2019; Nesshöver et al., 2017; Seddon 216 

et al., 2020).   217 

Such a policy shift would likely require an entire redesign of those DPSIR derivatives that are coupled to 218 

specific analytical approaches such as the aforementioned DAPSI(W)R(M) or the DPSIR-ESA. Whilst, 219 

within a next-generation DPSIR application, an NbS expert could, for example, be brought into the 220 

dialogue to ensure biodiversity policy objectives are achieved alongside ecosystem services for human 221 

wellbeing.  222 

If DPSIR continues to be coupled to specific methods, frameworks and analytical approaches the more 223 

than 25 DPSIR derivative frameworks currently found in the literature (Anandhi et al., 2020) are likely to 224 

fragment further. This would be a missed opportunity for shared insights across ecosystems, scales and 225 

geopolitical boundaries.   226 

4. Quantitative analysis in DPSIR  227 

A widely applied approach to operationalizing scientific knowledge is simulation modelling for decision 228 

support. This may be due to evidence that simulation models outperform expert judgement in 229 

prioritizing management actions for ecological systems (Czaika & Selin, 2017). However, such simulation 230 

models are also dependent upon system understanding and available data. Data can enrich simulation 231 

models and knowledge regarding environmental processes, which in-turn, enriches system 232 

understanding. Quantitative tools – even in data-scarce settings – can support the development of 233 

consensus in unique ways (Carnohan et al., 2021; Zulkafli et al., 2017). Advances in data visualization in 234 

environmental settings is making this more accessible to broader audiences than ever before (Grainger 235 

et al., 2016). DPSIR, as a framework that has evolved from reporting to analysis, has a strong 236 

communicative legacy. This gives it a unique position to drive the implementation of novel practices that 237 

can increase the uptake of science in society through democratization of knowledge.   238 

5. Defining DPSIR 239 

The definitions of the DPSIR elements are another important element, as they support qualitative 240 

analyses, and communication (within and between silos) as a procedural aspect. Definitions provide the 241 

boundary conditions and frame for the analysis and ultimately determine what to in- and exclude. Thus, 242 

updated, standardized definitions are an important tool to improve communication of results across 243 

disciplines.  The sound meta-analysis provided by Oesterwind et al. (2016) led to a set of definitions 244 

which should be applicable in any ecosystem context. Some differences in interpretation are likely to 245 

ensue in future applications, but this should be driven by the desire to explain the system under 246 

investigation in an integrative manner in keeping with the purpose of the DPSIR framework.   247 

Illustrating Feedback with DPSIR 248 

We demonstrate how next-generation application of DPSIR can support improved outcomes via an 249 

evaluation of four case studies. The first case features active application of DPSIR to show how our 250 

updated DPSIR concept can be directly applied. This is followed by two case studies, chosen to highlight 251 
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missing feedbacks between different sectors. A final case on per-and-polyfluorinated alkyl substances 252 

(PFAS), provides a solution roadmap.  253 

Qualitative DPSIR analysis of nanosilver regulation in the EU 254 

Hansen and Baun (2015) applied DPSIR in combination with stakeholder analysis to explore possibilities 255 

for reaching consensus amongst stakeholders regarding the regulation of nanosilver in Europe. The aim 256 

of the study was to explore the use of such a coupled approach as an alternative to quantitative risk 257 

assessment, which tends to lack focus on how to manage the environmental risks once identified. DPSIR 258 

analysis was first used to structure the available scientific and technical information describing the 259 

nature and level of potential risks, and identify regulatory options that could be adopted with regard to 260 

societal use of nanosilver. Stakeholder analysis was subsequently used to evaluate stakeholder 261 

preferences for implementing one or more of the identified regulatory options. Specifically, a top-down 262 

desktop approach was utilized (Reed et al., 2009), focussing on identifying and categorizing 263 

stakeholders, mapping their interests and interrelations, and assessing their importance and influence. A 264 

strength of this case study is that the analysis should serve to inform decision-makers about the best 265 

way to address nanosilver, which should increase the likelihood of stakeholder understanding, 266 

acceptance and buy-in with regards to regulatory options.  267 

 268 

Figure 2. DPSIR feedback analysis of nanosilver regulation in the EU showing the need for additional tools/procedures to fill the 269 
gap between science and policy (feedback 1) and society and  policy (feedback 2) . 270 

In their DPSIR analysis, the authors identified six regulatory response options that could address the 271 
drivers and pressures of nanosilver. These ranged from a “baseline option” of no action to a combined 272 
implementation of multiple up- and downstream policy options that emphasized nano-specific 273 
properties and risks. However, conflicting interests and values among industry and the NGOs ultimately 274 
revealed that a consensus policy option could not be found. This has led to a top-down regulation 275 
approach, via Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH), which has 276 
created a web of detailed and sometimes ambiguously defined compliance demands for other 277 
stakeholders (Clausen & Hansen, 2018).  278 
 279 
This application of DPSIR in combination with stakeholder analysis addressed some of the shortcomings 280 

discussed previously. However, Figure 2 illustrates the missing connections to achieve a next generation 281 

result. As the authors performed the analysis from their desktop, biases were likely introduced into the 282 
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policy options that were later presented to stakeholders. Here, the importance of iteration and 283 

transparent/inclusive risk and uncertainty assessment is clear. A potential next step would be to initiate 284 

a process in which stakeholders are given a stronger voice in the analytical process in order to explore if 285 

consensus (activating feedback 1 in Figure 2). While the authors were deliberate with their choice to 286 

remain qualitative, additional analytical techniques may have been useful to increase credibility and 287 

salience of policy options (activating feedback 3). 288 

Quantitative DPSIR Analysis of Greening in China   289 

In the period 2000-2017, a global increase in leaf vegetation area (commonly referred to as “greening”) 290 

was reported, where China alone was found to have contributed with ca. 25% of the total increase. Of 291 

China’s contributions, ca. 42% came from conserving and expanding forests, and 32% from cropping 292 

(Chen et al., 2019). These changes have been encouraged by China’s Sloping Land Conversion Policy, or 293 

“Grain for Green” Policy initiated in 1999, which aimed to reduce soil erosion and air pollution impacts 294 

by replacing marginal agricultural land with forest alongside broader reforestation efforts (Qu et al., 295 

2017). Analysis of the increased greening across China was conducted using a process-based 296 

ecohydrological model, examining gross primary production (GPP) and water loss directly from plants to 297 

atmosphere as evapotranspiration (ET) (Mo et al., 2018). 298 

The annual GPP was found to be significantly increasing in all four of China’s climatic zones. Overall, the 299 

reforestation process is expected to greatly improve environmental protection and land degradation 300 

recovery (Chen et al., 2019). However, increasing ET will also reduce water availability for agricultural 301 

irrigation and industry under climate change, which will affect the social and economic sustainability.  302 

 303 

 304 

Figure 3. DPSIR feedback analysis for Greening in China case study, where strong feedback between science and policy are 305 
present but a lacking feedback to societal needs creates unintended consequences. 306 

With greening observable across China (i.e. via remote sensing), the iterations of quantitative analysis 307 

provided a more complete understanding of the coupling between the current state and any impacts, 308 

thus providing a basis for policy refinement. However, feedback is lacking from society and 309 

incorporating local knowledge could help target policy responses and support meaning making of the 310 



 

10 
 

existing data (Norström et al., 2020). In this case, mitigating water scarcity impacts in areas that are 311 

coming under the greatest pressure due to changing climatic conditions (Feng et al., 2016).  312 

Semi-quantitative DPSIR analysis of Integrated Water Resources Management in South 313 

Africa 314 

The Olifants River Catchment (ORC) underpins the economy of South Africa - providing water resources 315 

for a wide variety of industries, agriculture and tourism, as well as potable water for communities. 316 

Within a tributary of the ORC, the Selati River, mining, agriculture, tourism/conservation and municipal 317 

wastewater treatment works (WWTW) are each guided by different drivers. Water quality impacts to 318 

biodiversity downstream, including in Kruger National Park, led to the application of system dynamics 319 

modelling. Participatory modelling techniques involved stakeholders within a group decision-making 320 

space. Because participants were involved in building the model, they gained ownership of the theory of 321 

the system that emerged and developed a shared language for discussing systemic problems. The 322 

resulting model was then used to test the impact of various policies/interventions, to support higher 323 

order learning among the participants.  324 

In this data-scarce environment, the model development integrated: iterative stakeholder interviews 325 

and workshops, downscaled global climate modelling outputs, in-stream pollutant load data from other 326 

hydrological models, species-sensitivity distribution curves and reports gathered by local and national 327 

level public institutions (Carnohan et al., 2021). The final model was used to facilitate discussions with 328 

stakeholders that led to an enriched understanding of the interdependency of the drivers, pressures and 329 

state of the system, which lead to the undesirable impacts.  330 

The mechanisms through which the drivers lead to pressures were simulated as scenarios: flooding 331 

caused by heavy rainfall, leading to overflowing mining tailings dams, causing spikes in sulphate 332 

concentrations, and under-capacity WWTW delivering high concentrations of phosphates. Participatory 333 

workshops with stakeholders from local and national organisations identified a number of potential 334 

responses and simulated the impacts until 2050. These results were communicated as narratives, videos 335 

and simulation results supported with conceptual diagrams. Participants’ reflections, measured through 336 

a monitoring and evaluation process (Carnohan et al., 2021), indicated knowledge co-creation and 337 

learning had occurred. 338 

 A strength of this case study is its effective use of novel analytical methods to synthesise qualitative and 339 

quantitative data. The visualisation techniques and participatory approach reflect contemporary 340 

currents in environmental science (Grainger et al., 2016; Luna-Reyes et al., 2018). In addition, the 341 

approach taken was highly iterative and allowed for integration with other tools and scientific findings 342 

to respond to findings in process.  343 
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 344 
Figure 4. DPSIR feedback analysis for the IWRM case in SA. The iterative process succeeded in generating good dialogue via the 345 
use of scientific tools, feedback to policy is needed to drive implementation of identified solutions.  346 

The multiple iterations between the simulation team and efforts to communicate scientific impacts via 347 

integrated modelling and visualisation activated feedback 2 (Pollard et al., 2020). The tool was 348 

subsequently used with members of the nascent Olifants Catchment Management Agency, which 349 

offered a route to national and regional policymaking (feedback 1). An unsteady governance 350 

environment prevented the continuation of this mixed-methods approach at a broader scale, although 351 

the systemic approach continued to be used within the project’s institutional home (Pollard et al., 2020). 352 

The development of a visual user interface (VUI) to support use of, and broader local engagement with, 353 

the tool was also undertaken (feedback 3). Further iterations should focus on the advancement of these 354 

findings to the policy level. 355 

Next generation DPSIR Roadmap: PFAS and Human Health 356 

The group of PFAS  compounds comprise >9000 synthetic organofluoride chemicals, and with a few 357 

exceptions they are all of anthropogenic origin, first emerging alongside the discovery of Teflon in 1938.  358 

The types of PFAS and their uses have since diversified into all parts of modern life, ranging from 359 

industrial production, advanced materials (e.g. renewable energy technologies, medicines, 360 

agrochemicals) and in consumer products (e.g. textiles, food contact materials, cell phones) (Glüge et al., 361 

2020). The extensive applications are linked to the properties of PFAS; resisting physical and chemical 362 

degradation, and repellence of water, oil and soil. However, PFAS are also highly persistent compounds, 363 

which has led to a global contamination and accumulation of PFAS in people and the environment. 364 

Studies have shown that the vast majority of single PFAS are harmful to humans and other living 365 

organisms (Kwiatkowski et al., 2020).  Especially in Europe and North America, actions to prevent and 366 

control PFAS pollution has, since the late 1990s, occurred faster and across more legislations and 367 

countries than for any other broad group of chemicals.  Close interaction between all three levels of 368 

policy, science and society can be observed through the DPSIR informational feedbacks. 369 

Science has played a key role, in the discovery of widespread environmental PFAS pollution. Crucially, 370 

efforts were made to communicate, not only within scientific communities, but also to policymakers and 371 

the public.  In 2012, evidence revealed that one of the manufacturing companies had known, and kept 372 

quiet for more than 50 years, about the immunotoxicity of some PFAS. This led to the Helsingør 373 



 

12 
 

statement, where academic and authority scientists summarised the evidence, their concerns, and 374 

knowledge gaps in PFAS science, and called for action across stakeholders to prevent further PFAS 375 

pollution (Scheringer et al., 2014). This created momentum to initiate studies and further engagement 376 

and served as a signal to industry to phase-out PFAS. These combined actions led to increased societal 377 

awareness as a sense of community developed between scientists, authorities, NGOs, frontrunning 378 

business and media.  In 2015 the Madrid Statement further emphasized stakeholder engagement giving 379 

NGOs increasing ownership, further strengthening feedback between science and society (Blum, 2015).  380 

The link to policy was strengthened during the creation of the 2017 Stockholm Statement, where the 381 

Swedish chemicals agency played a key role (Cousins et al., 2020). Discussions led to the realisation that 382 

managing the thousands of PFAS traditionally, substance-by-substance, would not be sufficient in the 383 

case of PFAS. As linkages among and between the three silos were bolstered, the paradigm of PFAS 384 

regulation began to change. Additional analysis was required, surfacing insights about addressing PFAS 385 

as (sub)-groups (Cousins et al., 2020) and clarifying scientific arguments that multiple lines of evidence 386 

point to a need address PFAS as a class (Kwiatkowski et al., 2020).  In 2020, the EU PFAS strategy was 387 

published (European Commission, 2020c) with a long list of actions to be taken, and shortly after, the EU 388 

drinking water directive (targeting a combination of 20 single and the whole group of PFAS) (European 389 

Commission, 2018) was adopted. An EU PFAS restriction of all non-essential uses of PFAS under the EU 390 

REACH regulation is foreseen for 2022.  391 

Multiple iterations of feedback between the silos were supported and informed by analyses. Studies of 392 

relevance provided scientific evidence regarding toxicity, and economic studies showed the cost of 393 

inaction on PFAS providing economic and political argumentation for pollution prevention, rather than 394 

trying to remediate. This led to development of sustainable policy responses tempered by the risks 395 

posed to human health and recognition of the inadequacy of other response options (i.e. threshold 396 

values for single PFAS). Based on this well-functioning system of collaboration, restrictions for PFAS as a 397 

class across all uses at EU level for industrial chemicals is expected as a next step.  398 

Discussion 399 

The multiple tools and approaches from each case were illustrative of the need for explicit recognition 400 

of analytical lenses used to support DPSIR application. It is likely that both qualitative and quantitative 401 

are best used in combination to reach implementable and sustainable solutions by encouraging 402 

collaboration based upon scientific insight, ensuring transparency of biases found in methods, the 403 

analysts themselves and stakeholders (Saltelli, Bammer, et al., 2020; Saltelli, Benini, et al., 2020). It 404 

encourages the integration of novel methodologies and novel application of existing methodologies.  405 

A critical aspect for many environmental issues lies within the scale of analysis, and the need for 406 

frameworks that can handle scalability and transferability when designing policy responses. By 407 

organizing information using the DPSIR framework, a suite of scientific research – spanning from 408 

qualitative (ethnographic analyses) to quantitative (simulation modelling) – could be synthesized and 409 

communicated holistically. Furthermore, it can help situate the role of data in policy making, balanced 410 

by the ability to synthesize it into meaningful information for end-users.   411 

The next generation DPSIR affords an opportunity for communication across case studies, disciplines 412 

and silos, leveraging the procedural aspect of DPSIR. A next step should be to develop a generic 413 

reporting guideline using the five elements of next generation DPSIR application. This could be 414 
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implemented as a web-based portal that can connect disparate groups facing similar challenges (e.g. 415 

Hovmand et al., 2011). Simultaneously communication should be friendly to scientific and non-scientific 416 

communities to increase transparency across different stakeholder groups, regardless of which silo they 417 

occupy.  This implementation of DPSIR could boost its flexible, yet synthesising capabilities across 418 

geopolitical boundaries – espousing benefits and exposing drawbacks of the different approaches used 419 

over time. Indeed, a key advantage of the iterative DPSIR application may be improved temporal 420 

flexibility as its application need not be limited to the start of a project, as presented in the case studies. 421 

This paper has sought to make explicit the implicit strengths of the enduring DPSIR framework, and 422 

proposed five key elements for its successful, next-generation application. Case study examples 423 

illustrated how DPSIR can be used to identify missing feedbacks among knowledge silos and allow for 424 

sustainable implementation of policies that serve society and are based upon science. This can be 425 

accomplished through deployment of DPSIR as an iterative, risk and bias conscious, integrative, 426 

quantitative-leaning, and well-defined framework. These aspects of DPSIR make it uniquely positioned 427 

to support development and implementation of sustainable policy.   428 

  429 



 

14 
 

References 430 

Aminpour, P., Gray, S. A., Jetter, A. J., Introne, J. E., Singer, A., & Arlinghaus, R. (2020). Wisdom of stakeholder 431 
crowds in complex social–ecological systems. Nature Sustainability, 3(3), 191–199. 432 
https://doi.org/10.1038/s41893-019-0467-z 433 

Anandhi, A., Douglas-Mankin, K. R., Srivastava, P., Aiken, R. M., Senay, G., Leung, L. R., & Chaubey, I. (2020). DPSIR-434 
ESA Vulnerability Assessment (DEVA) Framework: Synthesis, Foundational Overview, and Expert Case 435 
Studies. Transactions of the ASABE, 63(3), 741–752. https://doi.org/10.13031/trans.13516 436 

Apostolaki, S., Koundouri, P., & Pittis, N. (2019). Using a systemic approach to address the requirement for 437 
Integrated Water Resource Management within the Water Framework Directive. Science of the Total 438 
Environment, 679, 70–79. https://doi.org/10.1016/j.scitotenv.2019.05.077 439 

Bell, S. (2012). DPSIR = A Problem Structuring Method? An exploration from the “‘Imagine’” approach. 440 
https://doi.org/10.1016/j.ejor.2012.04.029 441 

Benini, L., Bandini, V., Marazza, D., & Contin, A. (2010). Assessment of land use changes through an indicator-based 442 
approach: A case study from the Lamone river basin in Northern Italy. Ecological Indicators, 10(1), 4–14. 443 
https://doi.org/10.1016/j.ecolind.2009.03.016 444 

Binder, C. R., Hinkel, J., Bots, P. W. G., & Pahl-Wostl, C. (2013). Comparison of Frameworks for Analyzing Social-445 
ecological Systems. Ecology and Society, 18(4), art26. https://doi.org/10.5751/ES-05551-180426 446 

Blum, A. (2015). Perspectives | Brief Communication The Madrid Statement on Poly- and. Environmental Health 447 
Perspectives, 123(5), A107–A111. https://doi.org/10.1021/es201662b.Fei 448 

Buck, H. J., Martin, L. J., Geden, O., Kareiva, P., Koslov, L., Krantz, W., Kravitz, B., Noël, J., Parson, E. A., Preston, C. 449 
J., Sanchez, D. L., Scarlett, L., & Talati, S. (2020). Evaluating the efficacy and equity of environmental stopgap 450 
measures. Nature Sustainability, 3(7), 499–504. https://doi.org/10.1038/s41893-020-0497-6 451 

Carnohan, S. A., Clifford-Holmes, J. K., Retief, H., McKnight, U. S., & Pollard, S. (2021). Climate change adaptation in 452 
rural South Africa: Using stakeholder narratives to build system dynamics models in data-scarce 453 
environments. Journal of Simulation, 15(1–2), 5–22. https://doi.org/10.1080/17477778.2020.1762516 454 

Chen, C., Park, T., Wang, X., Piao, S., Xu, B., Chaturvedi, R. K., Fuchs, R., Brovkin, V., Ciais, P., Fensholt, R., 455 
Tømmervik, H., Bala, G., Zhu, Z., Nemani, R. R., & Myneni, R. B. (2019). China and India lead in greening of 456 
the world through land-use management. Nature Sustainability, 2(2), 122–129. 457 
https://doi.org/10.1038/s41893-019-0220-7 458 

Clausen, L. P. W., & Hansen, S. F. (2018). The ten decrees of nanomaterials regulations. In Nature Nanotechnology 459 
(Vol. 13, Issue 9, pp. 766–768). Nature Publishing Group. https://doi.org/10.1038/s41565-018-0256-2 460 

Clifford-Holmes, J. K., Carnohan, S. A., Palmer, C., Pollard, S., & Slinger, J. H. (2018). Modelling as Bricolage. 36th 461 
International Conference of the System Dynamics Society, Presentation. 462 

Cohen-Shacham, E., Andrade, A., Dalton, J., Dudley, N., Jones, M., Kumar, C., Maginnis, S., Maynard, S., Nelson, C. 463 
R., Renaud, F. G., Welling, R., & Walters, G. (2019). Core principles for successfully implementing and 464 
upscaling Nature-based Solutions. In Environmental Science and Policy (Vol. 98, pp. 20–29). Elsevier Ltd. 465 
https://doi.org/10.1016/j.envsci.2019.04.014 466 

Cooper, P. (2013). Socio-ecological accounting : DPSWR , a modi fi ed DPSIR framework , and its application to 467 
marine ecosystems. Ecological Economics, 94, 106–115. https://doi.org/10.1016/j.ecolecon.2013.07.010 468 

Cousins, I. T., Dewitt, J. C., Glüge, J., Goldenman, G., Herzke, D., Lohmann, R., Miller, M., Ng, C. A., Scheringer, M., 469 
Vierke, L., & Wang, Z. (2020). Strategies for grouping per-and polyfluoroalkyl substances (PFAS) to protect 470 
human and environmental health. Environmental Science: Processes and Impacts, 22(7), 1444–1460. 471 
https://doi.org/10.1039/d0em00147c 472 

Czaika, E., & Selin, N. E. (2017). Model use in sustainability policy making: An experimental study. Environmental 473 



 

15 
 

Modelling and Software, 98, 54–62. https://doi.org/10.1016/j.envsoft.2017.09.001 474 

EEA. (2020). Drivers of change of relevance for Europe’s environment and sustainability. European Environment 475 
Agency (EEA). Copenhagen, Denmark (Issue 25). https://doi.org/10.2800/129404 476 

Elliott, M., Burdon, D., Atkins, J. P., Borja, A., Cormier, R., de Jonge, V. N., & Turner, R. K. (2017). “And DPSIR begat 477 
DAPSI(W)R(M)!” - A unifying framework for marine environmental management. Marine Pollution Bulletin, 478 
118(1–2), 27–40. https://doi.org/10.1016/j.marpolbul.2017.03.049 479 

European Commission. (2018). Proposal for a Directive on the quality of water intended for human consumption. 480 
Http://Ec.Europa.Eu/Environment/Water/Water-Drink/Review_En.Html, 0332(2017), 02/03/2018. 481 
http://ec.europa.eu/environment/water/water-drink/review_en.html 482 

European Commission. (2020a). Biodiversity and Nature-based Solutions. https://doi.org/10.2777/183298 483 

European Commission. (2020b). EU Chemicals Strategy for Sustainability Towards a Toxic-Free Environment. 484 

European Commission. (2020c). Poly- and perfluoroalkyl substances (PFAS): Chemicals Strategy for Sustainability 485 
Towards a Toxic-Free Environment. Commission Staff Working Document. 486 
https://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/aboutpfass/Figure1-classification-of-487 
per-and- 488 

Faulkner, P., Feduzi, A., & Runde, J. (2017). Unknowns, Black Swans and the risk/ uncertainty distinction. 489 
Cambridge Journal of Economics, 41(5), 1279–1302. https://doi.org/10.1093/cje/bex035 490 

Feng, X., Fu, B., Piao, S., Wang, S., Ciais, P., Zeng, Z., Lü, Y., Zeng, Y., Li, Y., Jiang, X., & Wu, B. (2016). Revegetation in 491 
China’s Loess Plateau is approaching sustainable water resource limits. Nature Climate Change, 6(11), 1019–492 
1022. https://doi.org/10.1038/nclimate3092 493 

Ford, A. (2010). Modeling the environment. In Island Press (2nd ed.). Island Press. 494 
https://books.google.com/books/about/Modeling_the_Environment_Second_Edition.html?id=38PJahZTzC0495 
C&source=kp_cover 496 

Fritsch, O. (2017). Integrated and adaptive water resources management: exploring public participation in the UK. 497 
In Regional Environmental Change (Vol. 17, Issue 7, pp. 1933–1944). Springer Verlag. 498 
https://doi.org/10.1007/s10113-016-0973-8 499 

Fu, B., Horsburgh, J. S., Jakeman, A. J., Gualtieri, C., Arnold, T., Marshall, L., Green, T. R., Quinn, N. W. T., Volk, M., 500 
Hunt, R. J., Vezzaro, L., Croke, B. F. W., Jakeman, J. D., Snow, V., & Rashleigh, B. (2020). Modeling Water 501 
Quality in Watersheds: From Here to the Next Generation. Water Resources Research, 56(11). 502 
https://doi.org/10.1029/2020WR027721 503 

Fuchs, R., Brown, C., & Rounsevell, M. (2020). Europe’s Green Deal offshores environmental damage to other 504 
nations. In Nature (Vol. 586, Issue 7831, pp. 671–673). Nature Research. https://doi.org/10.1038/d41586-505 
020-02991-1 506 

Gari, S. R., Newton, A., & Icely, J. D. (2015). A review of the application and evolution of the DPSIR framework with 507 
an emphasis on coastal social-ecological systems. Ocean & Coastal Management, 103, 63–77. 508 
https://doi.org/10.1016/j.ocecoaman.2014.11.013 509 

Giakoumis, T., & Voulvoulis, N. (2018). A participatory ecosystems services approach for pressure prioritisation in 510 
support of the Water Framework Directive. Ecosystem Services, 34, 126–135. 511 
https://doi.org/10.1016/j.ecoser.2018.10.007 512 

Glüge, J., Scheringer, M., Cousins, I. T., Dewitt, J. C., Goldenman, G., Herzke, D., Lohmann, R., Ng, C. A., Trier, X., & 513 
Wang, Z. (2020). An overview of the uses of per- And polyfluoroalkyl substances (PFAS). Environmental 514 
Science: Processes and Impacts, 22(12), 2345–2373. https://doi.org/10.1039/d0em00291g 515 

Grainger, S., Mao, F., & Buytaert, W. (2016). Environmental data visualisation for non-scientific contexts : 516 
Literature review and design framework. Environmental Modelling and Software, 85, 299–318. 517 
https://doi.org/10.1016/j.envsoft.2016.09.004 518 



 

16 
 

Gupta, J., Scholtens, J., Perch, L., Dankelman, I., Seager, J., Sánder, F., Stanley-Jones, M., & Kempf, I. (2020). Re-519 
imagining the driver–pressure–state–impact–response framework from an equity and inclusive development 520 
perspective. Sustainability Science, 15(2), 503–520. https://doi.org/10.1007/s11625-019-00708-6 521 

Halbe, J., Pahl-Wostl, C., & Adamowski, J. (2018). A methodological framework to support the initiation, design and 522 
institutionalization of participatory modeling processes in water resources management. Journal of 523 
Hydrology, 556, 701–716. https://doi.org/10.1016/j.jhydrol.2017.09.024 524 

Hansen, S. F., & Baun, A. (2015). DPSIR and Stakeholder Analysis of the Use of Nanosilver. NanoEthics, 9(3), 297–525 
319. https://doi.org/10.1007/s11569-015-0245-y 526 

Hovmand, P. S., Andersen, D. F., & Calhoun, A. (2011). Scriptapedia : A Handbook of Scripts for Developing 527 
Structured Group Model Building Sessions 1. 1–16. https://en.wikibooks.org/wiki/Scriptapedia 528 

Kristensen, P. (2004). The DPSIR Framework. http://data.sfb.bg.ac.rs/sftp/danijela.djunisijevic-bojovic/Osnovi 529 
zaštite životne sredine/primeri/DPSIR.pdf 530 

Kwiatkowski, C. F., Andrews, D. Q., Birnbaum, L. S., Bruton, T. A., Dewitt, J. C., Knappe, D. R. U., Maffini, M. V., 531 
Miller, M. F., Pelch, K. E., Reade, A., Soehl, A., Trier, X., Venier, M., Wagner, C. C., Wang, Z., & Blum, A. (2020). 532 
Scientific Basis for Managing PFAS as a Chemical Class. Environmental Science and Technology Letters, 7(8), 533 
532–543. https://doi.org/10.1021/acs.estlett.0c00255 534 

Lewison, R. L., Rudd, M. A., Al-Hayek, W., Baldwin, C., Beger, M., Lieske, S. N., Jones, C., Satumanatpan, S., 535 
Junchompoo, C., & Hines, E. (2016). How the DPSIR framework can be used for structuring problems and 536 
facilitating empirical research in coastal systems. Environmental Science and Policy, 56, 110–119. 537 
https://doi.org/10.1016/j.envsci.2015.11.001 538 

Luna-Reyes, L. F., Black, L. J., Ran, W., Andersen, D. L., Jarman, H., Richardson, G. P., & Andersen, D. F. (2018). 539 
Modeling and Simulation as Boundary Objects to Facilitate Interdisciplinary Research. Systems Research and 540 
Behavioral Science, June 2016. https://doi.org/10.1002/sres.2564 541 

Mastrángelo, M. E., Pérez-Harguindeguy, N., Enrico, L., Bennett, E., Lavorel, S., Cumming, G. S., Abeygunawardane, 542 
D., Amarilla, L. D., Burkhard, B., Egoh, B. N., Frishkoff, L., Galetto, L., Huber, S., Karp, D. S., Ke, A., Kowaljow, 543 
E., Kronenburg-García, A., Locatelli, B., Martín-López, B., … Zoeller, K. (2019). Key knowledge gaps to achieve 544 
global sustainability goals. Nature Sustainability, 2(12), 1115–1121. https://doi.org/10.1038/s41893-019-545 
0412-1 546 

Maxim, L., Spangenberg, J. H., & Connor, M. O. (2009). An analysis of risks for biodiversity under the DPSIR 547 
framework. Ecological Economics, 69(1), 12–23. https://doi.org/10.1016/j.ecolecon.2009.03.017 548 

Mo, X., Liu, S., Chen, X., & Hu, S. (2018). Variability, tendencies, and climate controls of terrestrial 549 
evapotranspiration and gross primary productivity in the recent decade over China. Ecohydrology, 11(4), 550 
e1951. https://doi.org/10.1002/eco.1951 551 

Nesshöver, C., Assmuth, T., Irvine, K. N., Rusch, G. M., Waylen, K. A., Delbaere, B., Haase, D., Jones-Walters, L., 552 
Keune, H., Kovacs, E., Krauze, K., Külvik, M., Rey, F., Van Dijk, J., Vistad, O. I., Wilkinson, M. E., Wittmer, H., 553 
Vistad, I., Wilkinson, M. E., … Wittmer, H. (2017). The science, policy and practice of nature-based solutions: 554 
An interdisciplinary perspective. Science of the Total Environment, 579, 1215–1227. 555 
https://doi.org/10.1016/j.scitotenv.2016.11.106 556 

Norström, A. V, Cvitanovic, C., Löf, M. F., West, S., Wyborn, C., Balvanera, P., Bednarek, A. T., Bennett, E. M., Biggs, 557 
R., de Bremond, A., Campbell, B. M., Canadell, J. G., Carpenter, S. R., Folke, C., Fulton, E. A., Gaffney, O., 558 
Gelcich, S., Jouffray, J., Leach, M., … Österblom, H. (2020). Principles for knowledge co-production in 559 
sustainability research. Nature Sustainability, 3(3), 182–190. https://doi.org/10.1038/s41893-019-0448-2 560 

Oesterwind, D., Rau, A., & Zaiko, A. (2016). Drivers and pressures – Untangling the terms commonly used in marine 561 
science and policy. Journal of Environmental Management. https://doi.org/10.1016/j.jenvman.2016.05.058 562 

Ostrom, E. (2009). A general framework for analyzing sustainability of. Science, 325(July), 419–422. 563 
https://doi.org/10.1126/science.1172133 564 



 

17 
 

Pacheco, A., Carrasco, A. R., Vila-Concejo, A., Ferreira, ´, & Dias, J. A. (2007). A coastal management program for 565 
channels located in backbarrier systems ARTICLE IN PRESS. Ocean & Coastal Management, 50, 119–143. 566 
https://doi.org/10.1016/j.ocecoaman.2006.08.008 567 

Patrício, J., Elliott, M., Mazik, K., Papadopoulou, K.-N., & Smith, C. J. (2016). DPSIR—Two Decades of Trying to 568 
Develop a Unifying Framework for Marine Environmental Management? Frontiers in Marine Science, 569 
3(September), 1–14. https://doi.org/10.3389/fmars.2016.00177 570 

Pollard, S. R., Retief, H., & Clifford-Holmes, J. K. (2020). Systemic, social learning approaches to water governance 571 
and sustainability in the Olifants River Catchment. 572 

Qu, M., Liu, G., Lin, Y., Driedger, E., Peter, Z., Xu, X., & Cao, Y. (2017). Experts’ perceptions of the sloping land 573 
conversion program in the Loess Plateau, China. Land Use Policy, 69(September), 204–210. 574 
https://doi.org/10.1016/j.landusepol.2017.09.021 575 

Randers, J., Rockström, J., & Stoknes, P.-E. (2018). Achieving the 17 sustainable development goals within 9 576 
planetary boundaries. EarthArXiv, 1–31. https://doi.org/10.31223/OSF.IO/XWEVB 577 

Reed, M. S., Graves, A., Dandy, N., Posthumus, H., Hubacek, K., Morris, J., Prell, C., Quinn, C. H., & Stringer, L. C. 578 
(2009). Who’s in and why? A typology of stakeholder analysis methods for natural resource management. 579 
Journal of Environmental Management, 90, 1933–1949. https://doi.org/10.1016/j.jenvman.2009.01.001 580 

Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A., Johnson, P. T. J., Kidd, K. A., MacCormack, T. J., Olden, 581 
J. D., Ormerod, S. J., Smol, J. P., Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon, D., & Cooke, S. J. (2018). 582 
Emerging threats and persistent conservation challenges for freshwater biodiversity. Biological Reviews, 94, 583 
849–873. https://doi.org/10.1111/brv.12480 584 

Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F. S., Lambin, E. F., Lenton, T. M., Scheffer, M., Folke, C., 585 
Schellnhuber, H. J., Nykvist, B., de Wit, C. A., Hughes, T., van der Leeuw, S., Rodhe, H., Sörlin, S., Snyder, P. K., 586 
Costanza, R., Svedin, U., … Foley, J. A. (2009). Planetary boundaries: exploring the safe operating space for 587 
humanity. Ecology & Society, 14(2). http://www.ecologyandsociety.org/vol14/iss2/art32/ 588 

Saltelli, A., Bammer, G., Bruno, I., Charters, E., Di Fiore, M., Didier, E., Nelson Espeland, W., Kay, J., Lo Piano, S., 589 
Mayo, D., Pielke Jr, R., Portaluri, T., Porter, T. M., Puy, A., Rafols, I., Ravetz, J. R., Reinert, E., Sarewitz, D., 590 
Stark, P. B., … Vineis, P. (2020). Five ways to ensure that models serve society: a manifesto. Nature, 591 
582(7813), 482–484. https://doi.org/10.1038/d41586-020-01812-9 592 

Saltelli, A., Benini, L., Funtowicz, S., Giampietro, M., Kaiser, M., Reinert, E., & van der Sluijs, J. P. (2020). The 593 
technique is never neutral. How methodological choices condition the generation of narratives for 594 
sustainability. Environmental Science and Policy, 106, 87–98. https://doi.org/10.1016/j.envsci.2020.01.008 595 

Schaubroeck, T. (2017). Nature-based solutions: Sustainable? In Nature (Vol. 543, Issue 7645, p. 315). Nature 596 
Publishing Group. https://doi.org/10.1038/543315c 597 

Scheringer, M., Trier, X., Cousins, I. T., de Voogt, P., Fletcher, T., Wang, Z., & Webster, T. F. (2014). Helsingør 598 
Statement on poly- and perfluorinated alkyl substances (PFASs). Chemosphere, 114, 337–339. 599 
https://doi.org/10.1016/j.chemosphere.2014.05.044 600 

Seddon, N., Chausson, A., Berry, P., Girardin, C. A. J., Smith, A., & Turner, B. (2020). Understanding the value and 601 
limits of nature-based solutions to climate change and other global challenges. Philosophical Transactions of 602 
the Royal Society B: Biological Sciences, 375(1794). https://doi.org/10.1098/rstb.2019.0120 603 

Svarstad, H., Kjerulf, L., Rothman, D., Siepel, H., & Wa, F. (2008). Discursive biases of the environmental research 604 
framework DPSIR. 25, 116–125. https://doi.org/10.1016/j.landusepol.2007.03.005 605 

Tscherning, K., Helming, K., Krippner, B., Sieber, S., & Gomez Paloma, S. (2011). Does research applying the DPSIR 606 
framework support decision making? Land Use Policy, 29, 102–110. 607 
https://doi.org/10.1016/j.landusepol.2011.05.009 608 

Voinov, A., Jenni, K., Gray, S., Kolagani, N., Glynn, P. D., Bommel, P., Prell, C., Zellner, M., Paolisso, M., Jordan, R., 609 



 

18 
 

Sterling, E., Schmitt Olabisi, L., Giabbanelli, P. J., Sun, Z., Le Page, C., Elsawah, S., BenDor, T. K., Hubacek, K., 610 
Laursen, B. K., … Smajgl, A. (2018). Tools and methods in participatory modeling: Selecting the right tool for 611 
the job. Environmental Modelling and Software, 109(August), 232–255. 612 
https://doi.org/10.1016/j.envsoft.2018.08.028 613 

Voulvoulis, N., Arpon, K. D., & Giakoumis, T. (2017). The EU Water Framework Directive: From great expectations 614 
to problems with implementation. Science of The Total Environment, 575, 358–366. 615 
https://doi.org/10.1016/j.scitotenv.2016.09.228 616 

Zare, F., Elsawah, S., Bagheri, A., Nabavi, E., & Jakeman, A. J. (2019). Improved integrated water resource modelling 617 
by combining DPSIR and system dynamics conceptual modelling techniques. Journal of Environmental 618 
Management, 246, 27–41. https://doi.org/10.1016/j.jenvman.2019.05.033 619 

Zulkafli, Z., Perez, K., Vitolo, C., Buytaert, W., Karpouzoglou, T., Dewulf, A., De Bièvre, B., Clark, J., Hannah, D. M., & 620 
Shaheed, S. (2017). User-driven design of decision support systems for polycentric environmental resources 621 
management. Environmental Modelling and Software, 88, 58–73. 622 
https://doi.org/10.1016/j.envsoft.2016.10.012 623 

 624 



 

III 
The Dynamic Aquatic Simulation Hub: An 

Agile, Integrated Model and Boundary Object 
for Integrated Water Resources 

Management 
 

 

 

Shane A. Carnohan, Sebastian Figari, Poul L. Bjerg, Gregory G. 

Lemaire and Ursula S. McKnight 

 

 

 

Manuscript, 2021 

 
  



Abstract for:  

The Dynamic Aquatic Simulation Hub: An Agile, 

Integrated Model and Boundary Object for Integrated 

Water Resources Management 

Shane A. Carnohan, Sebastian Figari, Poul L. Bjerg, Gregory G. Lemaire and Ursula S. 

McKnight 

 

Manuscript, 2021 

Complex social-ecological systems (SES), such as those found in peri-urban 

catchments, continue to experience deteriorating water quality, hampering the 

successful implementation of sustainable integrated water resources management 

(IWRM) strategies. This trend continues to accelerate despite numerous polices and 

legislation in place aiming to ensure a sustainable anthropogenic presence within 

planetary boundaries. System dynamics (SD) simulation, especially when combined 

with agile stakeholder engagement practices, represents a promising approach for 

tackling SES challenges related to water resources, including additional 

complexities such as climate change and freshwater biodiversity loss. This paper 

introduces the Dynamic Aquatic Simulation Hub (DASH), an SD decision support 

system designed to begin filling gaps identified in IWRM analysis, envisioning a 

leaner approach to integrating state-of-the-art quantitative modelling with 

participatory processes. DASH thus aims to act as a boundary object around which 

disparate stakeholders can interact and find consensus, by providing a solution to 

existing challenges in terms of: data (availability and diversity), equity 

(stakeholders and engagement processes), uncertainty, and cost-and-time 

requirements. The peri-urban Usserød Stream system was chosen to demonstrate 

DASH capabilities, as it is a data-rich catchment – with multiple online gauging 

stations tracking both water quantity (e.g. stream depth) and quality (e.g. dissolved 

oxygen) indicators – and with complex SES challenges relating to policy 

compliance, governance and society. Comparing data-scarce and data-rich 

scenarios, showed that information control, in the form of sluice operation reducing 

lake outflow to the stream, led to significant impacts on key water quality 

parameters, i.e. reducing DO concentrations. The operation of the lake sluice used 

for controlling flooding as well as various urban outflows were found to have 

significant potential for updated management to improve water quality when 

comparing scenario results to measured dissolved oxygen data.  Perspectives are 

given about specific features of DASH that can drive further innovation within 

IWRM.  
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Abstract 15 

Complex social-ecological systems (SES), such as those found in peri-urban catchments, 16 

continue to experience deteriorating water quality, hampering the successful 17 

implementation of sustainable integrated water resources management (IWRM) strategies. 18 

This trend continues to accelerate despite numerous polices and legislation in place aiming 19 

to ensure a sustainable anthropogenic presence within planetary boundaries. System 20 

dynamics (SD) simulation, especially when combined with agile stakeholder engagement 21 

practices, represents a promising approach for tackling SES challenges related to water 22 

resources, including additional complexities such as climate change and freshwater 23 

biodiversity loss. This paper introduces the Dynamic Aquatic Simulation Hub (DASH), an SD 24 

decision support system designed to begin filling gaps identified in IWRM analysis, 25 

envisioning a leaner approach to integrating state-of-the-art quantitative modelling with 26 

participatory processes. DASH thus aims to act as a boundary object around which disparate 27 

stakeholders can interact and find consensus, by providing a solution to existing challenges 28 

in terms of: data (availability and diversity), equity (stakeholders and engagement 29 

processes), uncertainty, and cost-and-time requirements. The peri-urban Usserød Stream 30 

system was chosen to demonstrate DASH capabilities, as it is a data-rich catchment – with 31 

multiple online gauging stations tracking both water quantity (e.g. stream depth) and 32 

quality (e.g. dissolved oxygen) indicators – and with complex SES challenges relating to 33 

policy compliance, governance and society. Comparing data-scarce and data-rich scenarios, 34 

showed that information control, in the form of sluice operation reducing lake outflow to 35 

the stream, led to significant impacts on key water quality parameters, i.e. reducing DO 36 

concentrations. The operation of the lake sluice used for controlling flooding as well as 37 

various urban outflows were found to have significant potential for updated management 38 

to improve water quality when comparing scenario results to measured dissolved oxygen 39 

data.  Perspectives are given about specific features of DASH that can drive further 40 

innovation within IWRM.  41 

  42 
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Introduction 43 

Land use change has become a force of global importance in recent decades, with conflicts 44 

arising between immediate anthropogenic needs and sustaining natural ecosystem capacity, 45 

especially in socio-ecological systems (SES) (Ostrom, 2009). Although significant progress 46 

has been made in understanding the impact of human actions on the environment, much 47 

work remains to be done in order to ensure equitable and sustainable development in the 48 

context of global environmental change (Reid et al., 2010). Tackling major sustainability 49 

challenges such as climate change and freshwater biodiversity loss will therefore require the 50 

development and application of improved methods and participatory processes that can 51 

facilitate changes in governance, technology and human behaviour (Schill et al., 2019). 52 

Specifically, there is a great need for disruptive technological solutions that can enable a 53 

holistic and inclusive decision-making process, and lead to an improved understanding of 54 

critical system feedbacks beyond that of traditional deductive approaches to data analysis 55 

(Ward et al., 2021).  56 

The EU Water Framework Directive (WFD), landmark legislation introduced in 2000, aims to 57 

protect and enhance Europe’s water resources. However, ca. 60% of surface water bodies 58 

have failed to meet the intended objectives more than two decades on (EEA, 2018; 59 

Voulvoulis et al., 2017). These failures have contributed to the advancement of a number of 60 

additional policy initiatives (e.g. EU Green Deal) that can lead to ambiguity and subsequent 61 

stakeholder conflicts in terms of how different regulatory interventions relate (Carnohan et 62 

al., subm.). Thus, as the EU Green Deal enables carbon neutral technology transitions across 63 

Europe, trade-offs in resource management practices must be addressed in order to avoid 64 

unintended consequences, and synergies must be found with existing legislation (Fuchs et 65 

al., 2020; Marttila et al., 2020). In other words, the multi-objective aims of the WFD should 66 

not be overlooked in a race to carbon neutrality.  67 

Such trade-offs become especially apparent within peri-urban catchments. These socio-68 

ecological systems are characterised by mixed land-uses, including industrial, urban 69 

developed, agriculture and natural areas (Becouze-Lareure et al., 2016).  The resulting 70 

heterogeneity creates challenges in identifying the origins and pathways of pollutants 71 

impacting surface waters (Lemaire et al., 2020; Sonne et al., 2017), as well as determining 72 

their combined effect on the structure and function of ecosystems (Lemaire et al., 2021b; 73 
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Sonne et al., 2018). Peri-urban settings are also characterized by competing stakeholder 74 

interests  (Voulvoulis et al., 2017) with an accompanying conflict potential and diverse 75 

informational backgrounds (Carnohan et al., 2021). 76 

Simulation modelling is often used to support insight development and inform decision 77 

making in complex SESs such as these (Birk et al., 2020; Pinto and Maheshwari, 2014). 78 

Specifically within integrated water resources management (IWRM), models are used in a 79 

wide variety of ways; these can be tools for scientific inquiry, prove synthesis to multiple 80 

(and novel) data sources, or harness improved computing techniques to better predict 81 

physical processes (Fatichi et al., 2016). However, such models may be narrow in their 82 

problem formulation or suffer from lack of interpretability (Maeda et al., 2021), and their 83 

applicability may not extend past a single publication (Größler, 2007).  84 

The usefulness of models begins to fragment, however, as they transition from the scientific 85 

research world into the realm of applied decision-making (Fu et al., 2020). This degradation 86 

occurs along the axes of usability and understandability. Models may lack usability if they 87 

have specific computing power or software accessibility needs that are challenging to 88 

satisfy/justify outside of a scientific research setting. They may have a complex and lengthy 89 

set-up and calibration process that requires extensive training to be used (McKnight and 90 

Finkel, 2013), and/or they may require specific data types which require expensive field 91 

campaigns or online monitoring (sensors) in order to produce any results (Guo et al., 2020). 92 

Moreover, in order for the models to be useful, their outputs must be understandable by a 93 

variety of end-users (Grainger et al., 2016).  94 

Despite the progress on uptake and implementation of model-based policies as well as 95 

management strategies, there is still room for improvement (Saltelli et al., 2020; Voinov et 96 

al., 2016).  This paper aims to identify existing gaps in IWRM analysis and use these as a lens 97 

through which an innovative decision support system is introduced – the Dynamic Aquatic 98 

Simulation Hub (DASH) – which has been designed to fill these. The specific objective is to 99 

demonstrate the expanded capabilities of this modelling hub, built using a system dynamics 100 

(SD) model platform, comparing data-scarce and data-driven modes in a data-rich peri-101 

urban catchment selected for this purpose. This is seen as a substantial step towards 102 

improving integration of IWRM modelling across multiple objective contexts, and 103 

incorporating stakeholder engagement more broadly. 104 
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Gaps in simulation modelling for IWRM analysis 105 

The successful uptake of modelling results by end users is often characterised as depending 106 

on three characteristics, credibility (quality of results), salience (relevance to perceived 107 

problems) and legitimacy (without bias) (Heink et al., 2015; White et al., 2010). Recognition 108 

of the need to emphasize the process of model application to fulfil these characteristics has 109 

been spearheaded by practitioners of participatory modelling, with the aim of better 110 

integrating societal and scientific knowledge for achieving a greater impact (Mcintosh et al., 111 

2011; Smetschka and Gaube, 2020). The adequacy of such an approach to IWRM often fails 112 

to live up to expectations (Voulvoulis et al., 2017).  Issues lie in a lack of equity in the 113 

process (i.e. interpretation of results and stakeholder composition), cost and time 114 

requirements, and stakeholders’ commitment to the process and outcomes (Van 115 

Cauwenbergh et al., 2018). We have identified four aspects that are challenges to 116 

simulation modelling within IWRM in general:  117 

With regards to IWRM modelling efforts, data availability (scale and quality) as well as 118 

diversity (qualitative and quantitative) may create challenges to IWRM modelling efforts. 119 

For example, data can set boundaries for certain models or prevent their application 120 

(Badham et al., 2019). Where data are plentiful, complex statistical models and machine-121 

learning based approaches may be useful in challenging existing preconceptions about how 122 

stream systems function (Ward et al., 2021), but are limited in their use to develop 123 

improved understanding of the complex cause-effect process interactions (Fu et al., 2020) 124 

responsible for e.g. undesirable water quality conditions. Here the need for more flexible 125 

approaches is apparent, integrating methods and semi-quantitative analysis (Carnohan et 126 

al., 2021; Nikolic and Simonovic, 2015; Ticehurst et al., 2007). Cause-and-effect modelling 127 

approaches, such as system dynamics (SD), present an opportunity to make sense of system 128 

behaviour when available data does not. Cause-and-effect approaches may also help reduce 129 

the challenge of over-parameterization that can lead to cascading uncertainty (Saltelli et al., 130 

2020). There is a need for models that can be easily adapted and transferred across 131 

catchments independent of data availability (Badham et al., 2019) – so that knowledge gaps 132 

can be better exposed and data collection strategies can be better informed by systemic 133 

modelling tools. Ease of transferability can also serve the needs for improved knowledge 134 
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sharing among disparate modelling approaches that serve to impede this communication 135 

(Fu et al., 2020). 136 

Given the diversity of knowledge communities connected to water quality issues (with 137 

different knowledge needed in specific contexts), model platforms must be flexible enough 138 

to go beyond basic parameter uncertainty and include social-technical aspects (Fu et al., 139 

2020; Hunt and Welter, 2010; Smetschka and Gaube, 2020). However, literature points to 140 

large gaps in such uncertainty analyses stemming from e.g. structural assumptions of coding 141 

errors (Jakeman et al., 2019). In order to better prioritize future uncertainty assessments, an 142 

emphasis should be placed on model components, their connections and feedbacks 143 

(Badham et al., 2019) and include qualitative sources of uncertainty (Badham et al., 2019) 144 

(e.g. van der Sluijs et al., 2005; Refsgaard et al. 2007).  145 

Hydrological modelling often assumes a natural system, but underrepresents  the 146 

consequences of anthropogenic (heavily modified/urban) changes on hydrological systems 147 

when predicting impacts to biodiversity (Rolls et al., 2018).  This subsequently compounds 148 

uncertainties when used to drive water quality modelling. It is critical to accurately address 149 

these anthropogenic impacts in order to achieve sustainable surface water ecosystems 150 

(Tickner et al., 2020).   151 

Typically, water resources modelling is carried out in either expert or facilitated modes 152 

(Franco and Montibeller, 2010). In the expert mode, an existing technical tool is adapted for 153 

an end-user problem with the modeller supplying solutions (DHI, SWAT, WASP) (e.g. 154 

Balbarini et al., 2020, 2017), while in a facilitated mode a new model is co-constructed with 155 

end-users to both explore the root-cause of problems and develop consensus solutions ( 156 

Carnohan et al., 2021; Gunda et al., 2018; Tidwell et al., 2004). In the latter mode, 157 

participatory modelling is increasingly used to promote knowledge co-creation processes 158 

involving diverse stakeholders with different backgrounds and local knowledge (Van 159 

Cauwenbergh et al., 2018; Voinov et al., 2016; Zomorodian et al., 2018). In these processes, 160 

models may act as boundary objects (Luna-Reyes et al., 2018). Boundary objects offer 161 

interpretative flexibility characterised by their structure and scale (Star, 2010), and thus can 162 

allow disparate stakeholders to work together on contentious problems (White et al., 2010). 163 

Despite improvements in understanding the role models play in such a setting (Rouwette et 164 

al., 2002; Scott et al., 2016), challenges to uptake remain (Basco-Carrera et al., 2017; Halbe 165 

et al., 2018; Van Cauwenbergh et al., 2018). Improved visualisation and a focus on end-user 166 
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experience is one pathway to increase the value and coherency of models within social-167 

ecological systems (Carnohan et al., 2021; Grainger et al., 2016; Zulkafli et al., 2017).  168 

The methods and results described in this paper are shaped directly from the challenges and 169 

potential solutions identified in these four points.  170 

The Dynamic Aquatic Simulation Hub – DASH  171 

3.1 Model purpose 172 
DASH is built using system dynamics (SD), a method that is distinguished by its focus on the 173 

relationship between structure and behaviour, as well as the inward-looking endogenous 174 

viewpoint.  SD was chosen under the hypothesis that it could fulfil the dual goals of: (1) 175 

being able to utilize various sources of data to improve its predictive performance, in 176 

keeping with wider water quality modelling approaches (Lemaire et al., 2021a), while 177 

simultaneously, (2) reducing reliance on data allowing for testing of structural assumptions. 178 

This second goal is the focus of DASH application in this paper.  179 

3.2 System Dynamics Modelling Approach for Integrated Water Quality and Quantity 180 

The identification of feedback loops, interlinking cause and effect processes, is also central 181 

to the SD approach (Sterman, 2000).  Feedback loops are categorized based upon their 182 

behaviour as either reinforcing or balancing. Reinforcing loops tend to drive growth, 183 

whereas balancing loops provide controls to limit this growth (Ford, 2010). Feedback loops 184 

can be used to break down complex systems and form hypotheses regarding what is driving 185 

(or controlling) problematic system behaviour. The model can then be used to test these 186 

hypotheses and evaluate the design of management solutions via parameter changes or 187 

modifications to model structure (Schoenberg et al., 2020).  188 

This structure-behaviour approach allows the model to be freed from intensive data 189 

requirements, emphasizing characterisation of the system and management rules that 190 

govern it in practice. It allows the boundaries of the model to be expanded as required by 191 

context and allows for the propagation of modelled results to be broken down by 192 

component or sub-module to further investigate the systemic feedbacks which characterise 193 

SES and peri-urban systems.   194 

From a mathematics perspective, the model is composed of coupled first-order integral 195 

equations, having the form:  196 
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         (Eq. 1) 197 

where x is an accumulation over time, t,  f is a nonlinear function, and p is a set of 198 

parameters and t is (Richardson, 2009).  199 

DASH is built using the SD software package Stella Architect® (www.iseesystems.com). To 200 

improve simulation efficiency, DASH can utilize the various integration routines provided 201 

(i.e. Euler or  Runge-Kutta options) with an adaptive step size to solve the differential 202 

equations. This software was specifically chosen as it provides built-in Monte-Carlo 203 

uncertainty analysis, multiple opportunities for model distribution (cloud-based), and 204 

advanced visualisation options allowing the creation of custom-designable dashboards for 205 

stakeholder engagement.  206 

Fundamentally, DASH is designed to represent average daily conditions for well-mixed 207 

water bodies (e.g. stream reach; lake), which can be interlinked to represent e.g. successive 208 

stream reaches as applied here and in Lemaire et al. (2021a). The adaptive step size, 209 

however, enables further time discretization, such as hourly time steps, which can be 210 

particularly useful for simulating e.g. diel dissolved oxygen (DO) fluctuations. Overall, the 211 

model aims to simulate key processes related to catchment hydrology and in-stream water 212 

quality, thus incorporating natural and anthropogenic hydrological processes that may 213 

influence water quality in streams.  214 

DASH is constructed as a modular plug-and-play tool (see Fig. 1), where the environmental 215 

processes related to distinct catchment features are developed as separate modules within 216 

the software interface (Lemaire et al., 2021a). These modules can be easily inserted, re-used 217 

and adapted to enable a quick development of the catchment configuration under 218 

investigation, thus allowing for spatial differences along a stream corridor to be addressed. 219 

An overview of the major processes and most of the supporting equations included in DASH 220 

can be found in Lemaire at al. (2021a), supplementing the details presented here. 221 
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 222 

Figure 1. DASH conceptual diagram displaying key data sources used in this iteration, key components of the current model 223 
build (model engine) and envisioned integration with local knowledge (stakeholder interaction using custom built 224 
dashboards as boundary objects to supplement engagement process). 225 

The boundaries of the model system are shown in Fig. 1 (model engine), including key 226 

system inputs (data) required for running the model. It is conceptualised as a hub that can 227 

integrate knowledge from data (existing and emerging) when available, enhance 228 

understanding through simulation modelling and integrate local knowledge through 229 

stakeholder interactions.  The hydrological model component is driven by precipitation, air 230 

temperature and extra-terrestrial radiation (based on latitude and including 231 

clouds/shading), emulating a lumped rainfall-runoff formulation using equations developed 232 

specifically for lowland stream systems, as detailed in Lemaire et al. (2021a).  233 

The water quality model component simulates dissolved oxygen (DO), stream temperature 234 

(temp), nitrate (NO3), ammonium/ammonia (NH4), soluble reactive phosphorus (PO4), as 235 

well as chlorophyll-a (chl-a) – a proxy for suspended algae and benthic plant biomass 236 

(macrophytes) (Figure 1; 2). The temperature-dependent processes connecting these 237 

parameters are: carbonaceous biochemical oxygen demand, reaeration, nitrification, 238 

sediment oxygen demand, photosynthesis/autotrophic respiration, nutrient assimilation, 239 

denitrification, settling, ammonium/ammonia partitioning (pH-dependent), and water-240 

atmosphere heat exchange.  241 

 242 
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A causal loop diagram (CLD) was developed to better visualize the complexity and 243 

interconnectedness of processes effecting outcomes of key variables, shown in Figure 2, as 244 

the water quality portion of DASH is the most feedback-rich. Most loops are balancing loops 245 

which act to control growth due to nutrient or oxygen limitations. DO features in many of 246 

the feedback loops, which is a structural verification of DASH, as it is well documented that 247 

DO concentration is a key regulator of biogeochemical processes in surface-water 248 

ecosystems (Stajkowski et al., 2020).  249 

 250 

Figure 2. Causal loop diagram of DASH gives an overview of the endogenous, cause-effect relationships captured within the 251 

water quality module for each reach. Connections between variables with a + indicate same effect (increase/increase or 252 

decrease/decrease) while connections with a – indicate opposite action (decrease/increase or increase/decrease). 253 

Reinforcing loops have either zero or an even number of negative connections within the loop, balancing loops have an odd 254 

number of negative connections. Water quantity (flow and depth) and temperature do not form feedbacks within this 255 
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coupled endogenous system, but contain their own density-dependent feedbacks for conservation of mass and equilibration 256 

of air temperature with water temperature.  257 

Simulations can be conducted in both data-driven (DR) and data-scarce (DS) modes. Figure 1 258 

gives an overview of the key time-series data required for all simulations. Simulation in DS 259 

mode uses only widely available data (e.g. may be found in global databases, Crossette et 260 

al., 2015) and parameter value ranges found in literature (SI Table S1)  or are estimated 261 

based on direct observations of the system (Sterman, 2000). The DS mode is intended to 262 

give more flexibility to explore structure-behaviour relationship created with SD’s cause-263 

effect modelling approach.  Simulation in DR mode uses all measured data available for the 264 

catchment as input as well as calibrated parameters based on measured data (SI Table S2). 265 

Both DS and DR utilize widely-available time-series data as shown in Figure 1.  266 

To enable ease of use in these modes, DASH contains switches which can be used to toggle 267 

all data on or off for both the water quantity and water quality portions.  These switches can 268 

be used independently or in combination allowing the interactions between water quality 269 

and quantity to be investigated. 270 

3.3 Lake Module for Structural Investigations 271 

A key difference between the DR and DS modes is the implementation of a lake module in 272 

the latter (Figure 3). This module represents an update to the model system applied in 273 

Lemaire et al. (2021a), which instead utilizes available data directly (i.e. as a forcing function 274 

for simulating lake inflow to the stream). We highlight it here, as it represents the largest 275 

structural difference between the DR and DS simulation modes currently found within 276 

DASH, and because of its functional importance to this system as discussed further below.  277 

The Usserød stream is regulated by an automatic sluice, which in 2016 was equipped with 278 

an automatic function allowing it to reduce lake inflow based upon a flood risk algorithm. 279 

Specific details of the flood risk algorithm are not publicly available; however, flood-risk 280 

depths for individual reaches could be found (Fredensborg Municipality, 2016a). Therefore, 281 

an informational feedback between the simulated depth at Reach 1 and lake inflow was 282 

implemented to better mimic the sluice behaviour when the model is used in DS mode. A 283 

switch within DASH (DS Sluice Operation, Figure 2) toggles on and off an informational 284 

feedback controlling the sluice. This allows anthropogenic impacts to be observed and 285 
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compared to DR and DS water quantity, as the DS mode without the sluice function is 286 

simulated to represent natural, un-regulated lake flow. 287 

 288 

 289 

 290 

Figure 3. The stock-and-flow structure of the lake module, used to simulate natural flow and implement the informational 291 

feedback for sluice gate control estimation where the x-axis is simulated depth at Reach 1 while the  y-axis is the percent 292 

reduction for the sluice based on the current simulated depth. 293 

This information feedback includes an estimation for the sluice control, in the form of a 294 

lookup curve, which is calculated from values for stream height above sea-level at which 295 

flooding risks are high, corresponding to a maximum depth at Reach 1 of 0.54 meters 296 

(Fredensborg Municipality, 2016a). It was further refined by stakeholder interviews, where 297 

it was learned that the algorithm for sluice control should additionally ensure a minimum 298 

flow of 50 L/s;, therefore, the curve never reaches zero on the y-axis.  299 

  300 
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The potential open water evaporation (Penman Evaporation, Figure 3) is calculated using a 301 

simplified version of the Penman evaporation equation proposed by Valiantzas (2006): 302 

 303 

𝐸𝑃𝐸𝑁 ≈ 0.047𝑅𝐴(0.5 + 0.25𝐿𝑝ℎ𝑜𝑡𝑜)√𝑇 + 9.5 − 2.4 (
𝑅𝐴(0.5 + 0.25𝐿𝑝ℎ𝑜𝑡𝑜)

𝑅𝐴
)

2

+ 0.09(𝑇 + 20) (1 −
𝑅𝐻

100
) 

(Eq. 2) 304 

where EPEN is potential open water evaporation (mm/d), RA is extraterrestrial solar radiation 305 

(MJ/m2/d), Lphoto is the photoperiod (-), T is mean air temperature for the time period (°C), 306 

and RH is the mean relative humidity for the time period (%). Data was available for all 307 

parameters excluding RH, for which a zeroth order approximation of 65% was chosen based 308 

on median values from Nguyen et al. (2014). 309 

The relationship between flow and depth is calculated in DR mode using available data  310 

(flow, depth) for estimation of a dynamic Manning coefficient (power law), and assuming a 311 

rectangular cross section and uniform stream width (de Doncker et al., 2011; Lemaire et al., 312 

2021a) for calculating hydraulic roughness. In DS mode, a lookup representing this non-313 

linear relationship between flow and depth was estimated. This lookup is highly sensitive, 314 

impacting simulated stream depth in DS mode (SI Figure S1). 315 

General water quality parameters, representing dissolved substance concentrations (e.g. 316 

dissolved oxygen, DO), are simulated in the stream module using fully-mixed mass balance 317 

equations with associated (temperature-dependent where relevant) source-sink terms, as 318 

described in Lemaire et al. (2021a). Briefly, substance loadings are calculated from 319 

estimated (data-scarce, DS, mode) or directly input (data-driven, DR, mode) flow 320 

components combined with estimated (DS) and/or measured (DR) concentration levels at 321 

the stream interface depending on the scenario (see Section 3.4.2).  322 

Similar to Lemaire et al. (2021a), Nash-Sutcliffe efficiency (NSE) and Percentage Bias (PBIAS) 323 

were calculated to allow for statistical comparison of variance and over/under estimation 324 

among the displayed results in relation to measured data (Barbosa et al., 2019; Moriasi et 325 

al., 2007).  326 
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3.4 Model Context: Usserød stream catchment 327 

The Usserød Stream catchment (ca. 120 km2) originates from Sjael Lake (2.94 km2), and 328 

winds 8 km through a peri-urbanized catchment in North Zealand, Denmark (Figure 4) 329 

before merging with the Nivå Stream and discharging into the Baltic Sea. The underlying 330 

geology is representative of the region, i.e. sequences of clay tills containing sand lenses, 331 

which lies on top of a Danien limestone aquifer currently used for drinking water 332 

abstraction with extraction points located close to the watercourse (Lemaire et al., 2021b). 333 

A densely populated zone has developed near the watercourse since the sixties 334 

(Fredensborg Kommune, 2016), which crosses three local municipalities.  335 

Climate change has increased the frequency and intensity of flooding within the catchment 336 

with impacts to local residents resulting in increasing calls for improvements. This led to the 337 

formation of a local steering committee, the Usserød Stream Cooperation, providing 338 

coordination among the three distinct municipalities and a water utility that serves the 339 

municipalities and industry with wastewater treatment plants (WWTP) that discharge into 340 

the stream at several points (Figure 4). There have also been a number of Danish and EU 341 

funded projects through which various stream restoration schemes have been designed and 342 

implemented over the last two decades (Fredensborg Municipality, 2016b), in addition to 343 

enhanced anthropogenic controls of the streamflow (e.g. in the form of low-head dams and 344 

sluice gates along the watercourse, as well as at the lake outlet) (Amt et al., 2002; 345 

Fredensborg Municipality, 2016b; Iversen et al., 2011). From a policy perspective, the 346 

Usserød watershed thus represents a priority catchment under the Danish implementation 347 

of the WFD, with needs comprising risk reduction associated to fluvial/pluvial flooding, as 348 

well as improving water quality to reach “good” ecological conditions. 349 

In total, there are four main water sources entering the stream system: inflow from 1) Sjael 350 

Lake, 2) tributaries and runoff from more natural sub-catchments, 3) outlets from WWTPs, 351 

and 4) combined sewer overflows (CSO) and separate sewer system outlets (SSSO). The 352 

three WWTPs and their combined sewer network serve both households and industry, as 353 

well as around half of the stormwater from impervious areas (Fryd and Jensen, 2018). The 354 

additional investment in SSSOs, as well as increased urban retention capacity has been 355 

undertaken to mitigate (pluvial) flooding impacts. These modifications have largely fulfilled 356 
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the goal of reducing flooding events, however water quality issues persist (Lemaire et al., 357 

2021b) 358 

 359 

  360 

Figure 4. Overview of the peri-urban Usserød Stream catchment showing the configuration of the catchment into 3 reaches 361 

(color-coded green, red and yellow, in ascending reach order), as simulated in DASH, and including measured data locations 362 

used for comparison to results (open/filled circles), and locations for the 3 WWTP effluent outlets (filled diamonds).    363 

In addition to its peri-urban character and regulatory significance, Usserød Stream was 364 

chosen due to its relatively high levels of instrumentation and thus access to existing data. 365 

For example, the outlet of the lake is dammed and controlled by a fully automatic sluice 366 

(open rectangle, Figure 4) built to prevent the threat of fluvial flooding and regulate the 367 

overall water depth in the stream. The flooding problems faced in the catchment have also 368 

led to a suite of hydrological sensors measuring sub-hourly flows and depth (locations 369 

indicated by open circles, Fig. 2). Due to it being a priority stream for achieving WFD goals, it 370 

also has a DO sensor in place to monitor compliance and progress (filled, blue circles, Fig. 2).  371 
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 372 

3.4 Model set-up: reach and scenario delineation within DASH 373 

The stream has been divided into three reaches such that reach outlets coincide with 374 

available monitoring stations in the catchment, thus enabling comparison of existing data to 375 

the simulation results (Figure 4). Various sub-catchment features relating to specific input 376 

discharges were added to enable exploration of their influence, i.e. contributions to model 377 

structure and subsequent behaviour. Specifically, Reach 1 contains sub-modules 378 

representing contributions from the lake, two WWTPs, additional urban features (CSO and 379 

SSSO), and natural water-balance. Reach 2 contains sub-modules for contributions from 380 

urban outlets, but does not include a WWTP module; Reach 3 contains the same modules as 381 

Reach 1, but without a lake sub-module and only one WWTP. Reach lengths range from 382 

1500 to 3500 m, long enough to theoretically ensure the assumption of fully mixed 383 

conditions is valid, while short enough to consider reach geometry as uniform.  384 

Table 1. Description of the simulated scenarios developed to provide investigation into coupled impacts. Scenarios A-C are 385 
combination DS-DR scenarios. Scenario D is fully driven by data scarce DS parameter assumptions including the structural 386 
sluice scenario E is the full DR mode .  387 

Scenario 
name 

Scenario overview Detailed description 

A DS Water Quantity, no 

Sluice 

Fully data-scarce simulation for water quantity: assumes 

no sluice control (natural water balance simulated), and 

utilizes a lake-module (Fig. 5) to drive flow from lake. 

B DS Water Quantity, 

with Sluice Lookup 

Variation for data-scarce mode, affecting only water 

quantity: additional information feedback included using 

lookup function to capture sluice function. 

C DS Water Quality 

Utilizes data-driven mode for water quantity: applying all 

existing data from water quantity modules; applies median 

literature values (Table S1) for all water quality variables. 

D DS Median Values 

Data-scarce model results for quality and quantity: utilizing 

literature values for all parameters, and only widely 

available data (Figure 1, data). 

E All Data, Data Rich 

mode 

Data-driven simulation results: utilising all time series data 

from all sources. Calibration of unknown parameters 

verified (Lemaire et al., 2021a).  

Results and Discussion 388 

In the following sections, DR results will be demonstrated for flow, depth and dissolved 389 

oxygen (DO). This will be compared to measured data and to the DS mode scenarios. DS 390 
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switches are enabled for water quality and quantity, both separately (scenarios A, B C) and 391 

together (scenario D). The advantages of the DS mode of model application, including fast 392 

implementation of structural changes and incorporation of stakeholder input will be 393 

demonstrated in relation to anthropogenic controls. Uncertainty analysis is also conducted 394 

to showcase the integrated DS model’s ability to investigate hypotheses relating to 395 

management of water quality impacts relating to urban components.  396 

4.1 Data-rich and data-scarce simulation comparisons 397 

4.1.1 Stream flow structure and behaviour analyses 398 

Simulation of stream flow can be used to demonstrate the utility of the SD method for 399 

investigating the system. The lake sub-module, in particular, allows simulations based on 400 

limited data thus giving the opportunity to explore scenarios representing both natural and 401 

regulated lake inflow.  Scenario A shows the result of the first-order simulated lake module 402 

from DASH (blue line, Figure 5). Since this scenario simulates expectations for the natural 403 

flow, there is no data for direct comparison. However, the peaks in inflow reinforce the 404 

challenges known to exist in the catchment i.e. fluvial flooding. This can be compared with 405 

Scenario E (red line, Figure 5), representing incorporation of the sluice gate data directly 406 

into DASH (i.e. DR mode). This comparison highlights the importance of including 407 

anthropogenic modifications to the water cycle within the DASH simulation environment, as 408 

the flow reduces almost to zero following periods where precipitation levels are consistently 409 

high. 410 
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 411 

 412 

Figure 5. Comparison of different simulation scenarios representing effective flow from the lake into Usserød Stream, 413 

including Scenario A (depicting natural flow estimation, blue line), as well as influence of the anthropogenic (sluice) control 414 

on the effective lake outflow for Scenario B (with sluice estimation via lookup curve, black line) and Scenario E (direct 415 

incorporation of sluice gate data, red line). Note that precipitation (gray line, top x-axis) units are given on the right y-axis.  416 

The results for Scenario B, i.e. streamflow simulated with the simple informational feedback 417 

(i.e. lookup curve), can be seen in Fig. 5a-c. There are disparities visible between the 418 

measured data from in-stream sensors (green dots, Figure 6), Scenario E (DR mode, Figure 419 

3Figure 6), the streamflow propagating along the three stream reaches (Figure 6abc), as 420 

well as for the lake outflow (Figure 5), and the results from the estimated sluice function 421 

(black lines, Figure 5Figure 6). Scenario D results capture many of the peaks and behavioural 422 

trends of the sluice gate measured data used in scenario E.  423 

 424 



21 
 

 425 

a 

b 

c 

d 



22 
 

 Figure 6. Scenario B simulation, depicting the stream flow with informational feedback (black lines), for all three reaches 426 

(a-c), as well as for water depth in reach 1 (d). These simulations can be compared with Scenario E (DR mode), as well as 427 

the measured flow data (green points) taken at the lake gauging station (compare Figure 4). Note the difference in scale 428 

along the y-axes. 429 

The fully-calibrated DR simulation (Scenario E) does perform better across most metrics, 430 

however, in the DS mode with Sluice (Scenario B) over/under estimation outperforms 431 

Scenario E in reaches 2 and 3 (see Table 2).  These results showcase the usefulness of the SD 432 

structure-behaviour, cause-effect modelling approach, which releases the modeller from a 433 

reliance on data (e.g. in catchments lacking access to such data) while establishing 434 

additional system understanding that also can go beyond the data. In this case, the impact 435 

of the sluice function which would otherwise be unavailable for experimentation.  436 

 437 
Table 2. NSE and PBIAS values for scenario results shown in Figure 5. Satisfactory values are NSE> 0.50 and PBIAS ± 25%  438 
(Moriasi et al., 2007). Scenario B shows better performance for reaches 2 and 3 better. NSE values are in general better for 439 
Scenario E. *NSE and PBIAS  not calculated for Reach 1 as measured data is used as input.  440 

 NSE PBIAS 

SCENARIO B E B E 

REACH 1 FLOW -0.16 *NA 46.27% *NA 

REACH 2 FLOW 0.38 0.54 5.95% 18.76% 

REACH 3 FLOW 0.33 0.57 -11.48% -19.14% 

 441 

 442 
Stream depth results 443 
 444 

Results for stream depth are shown for Reach 1, as this is the depth which informs the DS 445 

sluice function for Scenario B (Figure 6). The performance of Scenario B and E are given for 446 

comparison in Table 3, and reflect the same tendency as performance results for flow (Table 447 

2). Hydraulic roughness is an important parameter for the integration of water quality and 448 

quantity as stream depth impacts temperature, with reduced depth leading to faster 449 

equilibration with air temperatures.  This further impacts DO saturation with cascading 450 

effects to nitrification and respiration processes, as seen in Figure 2.  Both DR and DS 451 
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approaches to model hydraulic roughness represent a current limitation of the model. As 452 

plant biomass is found in the water quality structure it could be included to create improved 453 

structural accuracy in further iterations of DASH.  For both DR and DS modes, these 454 

assumptions are also influenced by reach delineation, which in this case was chosen to 455 

allow comparison to available data. However, delineation by hydro-physical parameters 456 

such as stream width could also be conducted.   457 

 458 

 459 

Table 3. Performance metrics for depth show similar tendency to flow, where Scenario E performs better generally but 460 
where Scenario B outperforms E with regards to PBIAS in Reaches 2 and 3.  461 

 NSE PBIAS 

SCENARIO B E B E 

REACH 1 DEPTH 0.30 0.50 2.37% 3.54% 

REACH 2 DEPTH 0.38 0.54 5.95% 18.76% 

REACH 3 DEPTH 0.33 0.57 -11.48% -19.14% 

 462 

4.1.3 Dissolved oxygen structure and behaviour analyses 463 

As opposed to water quantity, there is a dearth of information with regards to the water 464 

quality of Usserød Stream. This is not surprising given the broader picture available in 465 

Denmark (Jensen et al., 2020) and Europe (EEA, 2018). Nevertheless, two oxygen sensors 466 

are available in Reaches 1 and 3 that can be used to assess the validity of the structure and 467 

behaviour of this part of DASH. Aside from available time series data for comparison, DO is 468 

the key result shown here as it is a critical parameter for determining the state of the 469 

stream, both from hydrological and ecological perspectives (Stajkowski et al., 2020). 470 

 471 

 472 

 473 
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Table 4. Performance metrics for DO concentration scenario results as shown in Figures 7 & 8. 474 

 NSE PBIAS 

SCENARIO B C D E B C D E 

REACH 1 DO 0.07 -1.63 -2.87 0.15 13.07% 48.74% 62.30% 7.18% 

REACH 3 DO 0.05 -0.07 -0.04 0.05 -8.78% 30.67% 18.63% -13.23% 

 475 

 476 

Figure 7. Measured DO data compared to respective scenarios. Scenario E has best performance as expected when utilising 477 

available data for calibration. Scenario B highlights the importance of the lake on DO concentration. Scenarios C and D 478 

utilise water quality parameters are taken from the literature and underestimate DO concentration.  479 

The measured data (green dots, Figure 7) corresponds to sub-hourly DO sensor readings at 480 

the indicated locations (Figure 4); here it is evident that there are seasonal variations with 481 
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lower DO levels in summer and higher DO in winter. This is driven by temperature 482 

differences, but also differences in flow and flow contributions (Lemaire et al., 2021a).  483 

Figure 7 shows the results on DO of the scenarios detailed in Table 1. The overall seasonal 484 

trend seen in the measured data is captured well for all simulated scenarios in both reaches 485 

where measured data are available. Both Scenario E and Scenario B overestimate oxygen 486 

levels in the summer months. It is however clear, that the DS water quality scenarios 487 

(scenarios A, B &D, Figure 7) underestimate the measured DO, which is especially apparent 488 

in the winter periods. Interestingly, these scenarios appear to do a better job of capturing 489 

the overall decreasing DO trend visible in transition from spring to summertime. To better 490 

explain these discrepancies, we will revisit parameter assumptions considering the system 491 

structure, taking advantage of the ability to isolate quality and quantity parameters using 492 

DASH.  493 

4.2 Identifying key drivers in system behaviour  494 

While such results of the previous scenarios are useful for building confidence in the system 495 

structure-behaviour relationship, the underestimation requires further investigation of 496 

model assumptions. Using median literature values for these simulations (Scenario C, D, 497 

Figure 7) assumes that we have no knowledge to draw from in order to improve parameter 498 

estimations. However, in Denmark we know that a strong political focus on reduction of 499 

nutrients has incentivised utility companies to upgrade most WWTPs to advanced 500 

technologies. Therefore, we can assume that the median values for NH4 (46 mg/L) and NO3 501 

(85 mg/L) taken from literature probably do not reflect the actual concentrations discharged 502 

from the WWTPs in this catchment.  A value from the lower-end of our literature range for 503 

NH4 (2.5 mg/L) and NO3 (8 mg/L) are likely to be more representative of the actual system. 504 

In this same line of reasoning, we can also refine our assumptions regarding BOD 505 

concentrations for WWTP effluents from 160 mg/L, to a number representative for the 506 

lower end of that range (10 mg/L). Updating these assumptions delivers the results in Figure 507 

8, which shows that the N-species and BOD parameters are large contributors to the overall 508 

behaviour of water quality via comparison with the chosen key indicator, DO. These results 509 

showcase how DASH can be applied in an iterative fashion as modellers become better 510 

acquainted with the system in question – even when data is unavailable.   511 

 512 
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 513 

Figure 8. The results of the updated assumptions show that BOD and N-species from WWTP are important factors for 514 

protecting stream water quality.  515 

 516 

 517 

4.3 DASH application for sustainable water governance 518 

It was previously shown how refining assumptions can support improved analysis and 519 

system understanding. An additional advantage of the SD approach is built-in uncertainty 520 

analysis that makes use of the same efficient mathematical integrations that allow for years 521 

of simulation to take place in minutes. In the next section, MC sensitivity analysis is 522 

employed to look more critically at the various anthropogenic controls on the system – 523 

namely sluice operations and urban impacts of WWTP, CSOs and SSSOs. Note that all MC 524 
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analyses were conducted using all existing data (i.e. Scenario E, SI Table S2) for water 525 

quantity parameters, calibrated as described in Lemaire et al. (2021a).   526 

4.3.1 Lake and Sluice Operation 527 

Due to the strong influence of the lake and high-levels of anthropogenic control via the 528 

sluice operation, lake water quality input parameters were chosen for the MC analysis. 529 

Specifically, a uniform distribution across literature ranges documented (SI, Tables 1, 3) for 530 

BOD, Chl-a, DO Sat, NH4 and temperature was used for the analysis, and 50 realizations 531 

were performed following guidance by Heebner & Toran (2000) i.e. minimum 10x the 532 

number of varied parameters.  533 

  534 

Figure 9. Uncertainty analysis of DO concentration impacts to all three stream reaches based on uncertainty analysis of the 535 

lake input  conducted for water quality parameters BOD, Chl-a, DO Sat, NH4 and temperature. The mean of the simulated 536 

results is displayed as an orange line with percentiles (50-100%) shown in the shaded areas. Measured data for DO is 537 

plotted as green dots.  538 
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Figure 9 shows the impact of the lake water quality parameters across the stream reaches. 539 

Notably, the range of impact within the confidence bounds is reduced across the three 540 

reaches, providing evidence that the coupled water quality and quantity modules correctly 541 

represent the stream system as the total contribution from the lake is reduced downstream. 542 

Despite this reduction, the influence of the lake is still recognisable in reach 3 – lending 543 

support to the hypothesis that the sluice operation has significant potential for improving 544 

water quality in addition to supporting flood control – especially in summer months when 545 

flows are generally much lower. This finding shows the utility of DASH for investigating and 546 

suggesting management strategies to improve environmental flows, which is a priority 547 

action for freshwater ecosystems as indicated by Tickner et al. (2020).  548 

4.3.2 Urban flows as drivers of water quality 549 
To further investigate the impact of anthropogenic activities within the stream, uncertainty 550 

analysis regarding CSO event controls and discharge quality was carried out. Figure 10 551 

represents a MC analysis with 30 realizations with the following incremental variation: CSO 552 

threshold 5-40 mm/day precipitation (see Appendix A, Lemaire, Carnohan, et al., 2021),  553 

DO sat CSO 0-1.68 (based on literature range, see Table S1) for a DR water quantity 554 

scenario. The range of in-stream DO concentrations is seen to increase, however the spread 555 

is predominantly towards decreased oxygen levels. Moreover, the stream O2 exhibits a 556 

“peaky” behaviour with sharp drops in concentration clustered around the summer months, 557 

probably driven by an increased frequency of short duration CSO discharge. The temporal 558 

distribution of these anomalies is also consistent with overflow statistics for the catchment 559 

(Jul, Aug, and Sept top three months for number of CSO discharges (Hydroinform, 2020). 560 

Uncertainty increases in the more urban reach (2) and further away from the lake input 561 

(reach 3).  562 

Sensitivity analysis performed individually on each CSO parameter further revealed that the 563 

most significant driver for the drops in dissolved oxygen is the precipitation intensity CSO 564 

threshold (Figure 11). This parameter encompasses the wastewater treatment capacity, 565 

urban drainage system characteristics and decision-making criteria of the catchment. In 566 

reality, a CSO discharge is dependent on complex interactions between many natural and 567 

anthropogenic components, but the (human) criteria behind the release of such a discharge 568 

are opaque and most likely privy to only a few select managers; for the purpose of the 569 

current model, the threshold parameter was found to be a good proxy.  The impact of this 570 
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parameter on stream water quality highlights the outsized importance of untreated, 571 

transient inflows and is also consistent with contaminant loading studies (Sakson et al., 572 

2018). Moreover, evaluation of this parameter can yield further insights regarding the 573 

benefits of increased urban retention capacity and bring attention to often overlooked 574 

unregulated discharges. 575 

 576 

Figure 10. Uncertainty analysis showing the impact of CSO operations on water quality. Summer months are most 577 

susceptible to dips below regulated levels especially in stream segments which are more urban.  578 

Summer Peaks 
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 579 

 580 

Figure 11. Reach 3 is highlighted as it contains data for comparison and urban contributions are not masked by the 581 
substantial lake inflow. Sensitivity analysis shows that sharp drops in DO are only visible when evaluating the impact of 582 
variability in CSO threshold (Figure 10) and not for other parameters as shown in here.).  583 

A similar analysis was performed for SSSO discharges (Figure 12) by varying the water 584 

quality parameters and the delay control across the respective ranges described in the 585 

literature (see Table S1). An overall spread above and below the mean DO was observed 586 

except for in Reach 1. Sensitivity analysis revealed that nutrient concentrations in the SSSO 587 

had little impact on the stream water quality, whereas BOD concentrations had a small 588 

effect, DO levels had a large effect, and the delay control contributed to an increased 589 

“peaky” behaviour (Figure 13Error! Reference source not found.). No seasonal patterns are 590 

apparent in this scenario, but the variability in the modelled DO could help explain the 591 

elevated oxygen levels during the winter months. 592 
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 593 

Figure 12. SSSO effects on stream dissolved oxygen.  594 

Finally, variability in the degradation rate of BOD was evaluated specifically in the context of 595 

CSO discharges. A control variable was defined to be active only during discharge events for 596 

each reach which allowed for the Shishkin degradation rate to be modified by a factor of 597 

0.1-5; concomitantly, the CSO threshold was varied as described above. Similar to the 598 

previous CSO sensitivity analysis, a “peaky” behaviour with predominantly decreased DO 599 

concentrations were observed (Figure 13); however, these anomalies were more 600 

pronounced, more frequent and temporally broader when including the modified BOD 601 

degradation rate. Interestingly, variations in Reach 1 were more pronounced, whereas the 602 

range in the previous CSO analysis was on the order of ±1%. The same analysis was repeated 603 

for Reach 1 only: anomalies in stream DO did not propagate downstream, and dips in 604 

oxygen concentrations specific to the summer months were not observed. However, overall 605 

lower lows throughout all seasons were predicted. 606 
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 607 

Figure 13. Effects of BOD degradation rate and CSO threshold on stream DO.  608 

Perspectives 609 

5.1 New Participatory Potentials: Dashboards as Boundary Objects 610 

The choice of the SD method and specific software were deliberately taken to ensure future 611 

research potential for DASH within participatory modelling processes. The advantage of 612 

cause-and-effect modelling becomes more clear when the water quality processes are 613 

visualised using the CLD convention of SD (e.g. Figure 2). Tracing the origins and 614 

consequences (intended or unintended) of what may spur or spurn reinforcing behaviour 615 

becomes possible. Additionally, it can be used to test structural hypotheses about the role 616 

of different features, for example the role of macrophytes as a barrier to increased flow 617 

disturbances in highly regulated catchments. In our case, i.e. that of a natural stream 618 

system, uncontrolled growth of macrophytes may reasonably be described as disruptive and 619 

vicious – leading to eutrophic conditions, hampering ecological quality and biodiversity.  620 
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The visual representations that are standard elements of SD modelling and analysis allow 621 

for flexible interpretation with re-arrangement at defined scales, thus acting as boundary 622 

objects (Black, 2013; Luna-Reyes et al., 2018). Boundary objects are useful devices for 623 

supporting disparate groups to work together without consensus (Star, 2010) and processes 624 

that use SD as boundary objects have been shown to support alignment of thinking across 625 

groups (Scott et al., 2014) – generating consensus (Herrera et al., 2016) through structured 626 

processes (Andersen and Richardson, 1997; Scott et al., 2016). Such processes involve 627 

participants sharing subjective perspectives via their interpretations (and re-interpretations) 628 

of the boundary object in use, commonly these are CLDs (e.g. Figure 2) or stock-flow 629 

diagrams (e.g. Figure 3). DASH would enable the next step, i.e. the use of a simulation 630 

model, effectively enhancing a more equitable and sustainable decision-making process 631 

within IWRM. The process of WWTP parameter refinement is an example of where 632 

transparent cause-effect modelling can open a door to stakeholder engagement and 633 

encourage discussions about model assumptions, thus allowing values and knowledge from 634 

diverse sources to integrate into developing hypotheses. 635 

Most guidance exists focusing on the development of such models in a participatory fashion 636 

(Hovmand et al., 2011); however, ensuring model results are usable for end-users is still an 637 

emerging area of research (Grainger et al., 2016; Hewitt and Macleod, 2017; Zulkafli et al., 638 

2017).  Dashboards are one of the most widespread ways to share visualized data and 639 

simulation results (Carnohan et al., 2021; Sarikaya et al., 2019). However, in supplying such 640 

dashboards as decision-support systems emphasis placed on the tool instead of the 641 

stakeholders use of the tool under actual decision-making conditions (Basco-Carrera et al., 642 

2017; Refsgaard et al., 2005). DASHboards for water resources management are aimed 643 

towards collaboratively explore the application of model results within end-users’ own 644 

contexts. This taken in combination with advances in the use of visuals (Kerzner et al., 2019) 645 

and has been shown in to support participatory process in other studies and may help to 646 

overcome some of the barriers limiting end-user uptake (Jakku and Thorburn, 2010). With 647 

DASH as a platform and hub for discussion, scientific insights and data have the potential to 648 

be converted into tailored, actionable knowledge for decision-makers in an efficient 649 

manner. Figure 14 shows an example DASHboard, which can be quickly constructed (order 650 

of hours) and immediately published under the public domain. This allows decision-makers 651 
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fast access to results and the grants ability to generate and export simulations to fuel future 652 

discussions and provide feedback to fuel an agile design process that meets specific end-653 

user needs. Much in the same way as participatory construction of the model, complexity 654 

can be gradually added, or taken away, based on end-user requirements. 655 

 656 

 657 

Figure 14. Example for a DASH dashboard that can be customized and distributed to end-users, trialled, and updated. 658 

5.2 Advantages and current limitations of DASH 659 

The current version of DASH is based upon rigorous scientific investigation (Lemaire et al., 660 

2021a), however, it is not a black-box and remains open for stakeholder input and 661 

modification.  DASH is built in a platform offering dashboard visualization tools which can 662 

make the model accessible, lending agility to modelling participatory processes where 663 

stakeholders have limited time, or the project has limited resources. For example, the tools 664 

for distribution are built-in, so a software development team is not necessary for tailoring 665 

model outputs to multiple stakeholder needs. On-the-fly scenario simulation can be 666 

conducted directly by stakeholders who, through custom DASHboards can refine 667 

assumptions to investigate problem causes. Assumptions can be refined quickly both for 668 

parameters but also for model structure as demonstrated with the added sluice 669 

informational feedback. As SD modelling has a long tradition of stakeholder participation 670 

methods, there is an existing library of information regarding engagement strategies that 671 
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can be leveraged by practitioners and researchers alike when applying DASH in participatory 672 

fashion.  673 

While DASH is not entirely dependent on internet-based distribution, its intended use as a 674 

distributed hub for knowledge sharing does rely on access to technology, and is therefore 675 

not a solution for certain groups based on this criteria. As it can be hosted lack of internet or 676 

computer literacy can mitigated through facilitated interactions with participants (Van 677 

Cauwenbergh et al., 2018).  678 

The DR and DS modes of DASH allow the model to serve in exploratory analysis of the 679 

system structure and simulation intended for point-prediction. Setting-up the model in a 680 

new catchment does not by default require a lengthy parameterisation process. It is easily 681 

adaptable to other catchments via its plug-and-play architecture and low data dependency. 682 

With the basic data required for running its model engine widely available for most areas of 683 

the globe, DASH can quickly produce results and insights that can improve management 684 

outcomes. Furthermore, uncertainty analysis can be carried out to identify sensitive 685 

parameters and inform data-collection efforts. This ability can also compensate for areas 686 

where DASH is lacking process detail. 687 

Stella® is not an open-source software, which places some limitation on the wider use of 688 

DASH. However, there are advantages to choosing a software which is maintained and 689 

where new features are routinely added. For example, the loops that matter (LTM) feature 690 

is a new addition which supports automated analysis of the endogenous system (see Figure 691 

2). Currently this feature is only validated for smaller models (Schoenberg et al., 2020). As 692 

the DASH SD engine is quite complex and features many stocks and feedbacks, it may be 693 

useful to explore the LTM approach for this purpose, however such verification is outside 694 

the scope of this paper and will remain a topic for future study.  695 

Conclusion 696 

DASH is a SD modelling hub for simulating and predicting integrated water quality and 697 

quantity in peri-urban catchments while consolidating information from multiple data 698 

sources and promoting distribution of this knowledge to improve uptake. It can be 699 

calibrated to existing data to improve predictive performance or used as a tool to 700 

investigate potential key drivers of problematic behaviour. DASH has potential to be 701 
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adapted and applied to other lowland catchments, but parameter modifications and, 702 

potentially, structural modifications may be needed to address larger stream systems with 703 

different governing processes.  The model structure has no limitations on modifying or 704 

adding modules, making the implementation of new processes a quick and simple matter (it 705 

must be noted that experience with other water quality modelling software highlights the 706 

versatility of DASH, as even simple modifications in other software may prove impossible to 707 

implement). It also has flexibility to add additional numerical data as available.  708 

Built-in tools (i.e. sensitivity analysis) allows for quick evaluation of a range of DS 709 

parameters, providing insights even in an absence of measured values. This was 710 

demonstrated through scenario analysis which showed the importance of the sluice 711 

operation on flooding potential (water depth) as well as CSO/SSSO operation and impacts to 712 

a key water quality parameter (DO). The same goes for the DR mode of simulation by 713 

allowing for deeper investigation into the relationship between hydrology and water quality 714 

impacts.  The lake was found to have a large impact on water quality across all three 715 

modelled reaches. The uncertainty analysis conducted for CSO and SSSO operation revealed 716 

the importance of transparency regarding management strategies of urban components. 717 

Scenario results such as these show the promise of this approach to deepen understanding 718 

especially in peri-urban catchments. However, the strength of DASH is really in its capability 719 

to draw from multiple data sources making use of established participatory techniques (fx. 720 

Hosseinichimeh et al., 2017). In this way, DASH goes beyond the data and points to areas of 721 

uncertainty that lie within coupled social-ecological systems – of which, peri-urban stream 722 

systems are an excellent example. This is where the participatory potential of DASH is 723 

expected to play a key role in future applications, as future policies are developed, 724 

management strategies can be formulated and tested collaboratively within DASH both for 725 

current conditions and future scenarios. For example, stakeholders have indicated that the 726 

automatic sluice may also be managed with the objective of regulating lake outflow based 727 

on dissolved oxygen levels in the stream. Strategies for more dynamic management for 728 

urban component releases (CSOs, SSSOs) to lessen impacts could also be explored, for 729 

example by increasing WWTP throughput in advance of a predicted rain event to ease 730 

capacity constraints during events. Implementation of such a strategy would again benefit 731 

from enhanced stakeholder dialogue, including regulators.  732 
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The idea of DASHboards as boundary objects presents an exciting new avenue for 733 

participatory process design to allow for interaction with broader stakeholder communities. 734 

The SD framework provides a visual representation of the modelled system that not only 735 

allows for facilitated communication with stakeholders, but also streamlined training for 736 

new users. This creates potential to retain and update the model “engine” to reflect cutting-737 

edge scientific understanding with less effort, allowing for more emphasis to be placed on 738 

co-production of knowledge to support the participatory elements of the WFD, nascent 739 

policies and the SDG goals. Overall, a more accurate model (credible) need not be sacrificed 740 

in order to improve its relevance to the context (salience) or trustworthiness (legitimacy) 741 

(Czaika and Selin, 2017).    742 

Water quality and quantity models continue to fail to predict, in part because we fail to 743 

update our system structure to truly reflect the dynamics esp. in complex systems like 744 

streams, which integrate a variety of land uses and anthropogenic modifications to the 745 

water cycle. For this, we need tools to help us explore new mental models that may lead to 746 

better predictions and thus more equitable and sustainable IWRM in a changing climate. 747 

  748 
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Supplementary figures: 
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Supplementary tables: 
 
Table S1 shows the input parameters for DS mode 
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Table S2 catalogues the Monte Carlo simulations performed 
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TableS1. Input parameters for DS mode of simulation including water quality and quantity parameters. 

Module & Parameter Variable Range Reference 

Water Quantity    

 Natural Water Balance    

  Field capacity equivalent FC [mm] 50-200 (Bergström and 
Forsman, 1973) 

  Limit for soil moisture 
stock 

LP [mm] 40-160 (Bergström and 
Forsman, 1973) 

  Evapotranspiration 
reduction factor 

Bheta [-] 
3.4-8 

(Bergström and 
Forsman, 1973) 

  Upper interflow rate UIC [day-1] 0.2-0.4 (Bergström and 
Forsman, 1973) 

  Lower interflow rate LIC [day-1] 0.07-0.14 (Bergström and 
Forsman, 1973) 

  Percolation rate PR [day-1] 0.5-0.9 (Bergström and 
Forsman, 1973) 

  Baseflow rate DR [day-1] 0.0001-
0.05 Estimated 

  Stream discharge rate SDR [day-1] 0.04-0.5 Estimated 

  Initialization deep soil 
moisture stock 

SM [mm] -  

  Concentration time 
runoff 

TC [day-1] 0.04-0.5 Estimated 

 Urban component    

  WWTP effluent flow QWWTP 
[m3/day] Input Calculated 

  Fraction of impervious 
area fimp [-] Input Calculated 

  Combined system ratio 
of impervious drainage fcs [-] Input Calculated 

  Separated system 
fraction of the impervious area fss [-] Input Calculated 

  SSO stock time constant SSSOdelay [day] 0.04-0.5 Estimated 

  Precipitation threshold 
for CSO event 

CSOthreshold 
[mm/d] 5-50 Estimated 

  CSO stock time constant CSOdelay [day] 0.04-0.5 Estimated 

Water Quality    

 Temperature    

  Water density ρ [kg/m3] 1000  

  Specific heat capacity 
water 

Cp [J·℃-1·kg-1] 4184 (Bogan et al., 
2003) 
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  Heat transfer coefficient K [J·(m2·℃·kg
·day)-1] 1226-2452 (Bogan et al., 

2003) 

  Correlation 
Air/Equilibrium temperature Lookup [-]   

 Lake    

  Dissolved oxygen DO [%] 0-120% (Wetzel, 2001) 

  Ammonium nitrogen NH4-N [mg/L] 0.0003-
2.032 (Quirós, 2003) 

  Nitrate nitrogen NO3-N [mg/L] 0.0003-5.1 (Quirós, 2003) 

  Biological oxygen 
demand 

BOD [mg/L] 0.5-4.5 (Lee et al., 2016) 

  Dissolved reactive 
phosphorus 

ortho-P [mg/L] 0.0004-
0.0809* (Prepas, 1983) 

  Chlorophyll A Chla [mg/L] 0.002-0.15 (Prepas, 1983) 

  Temperature Temp [℃] 5-27 (Wetzel, 2001) 

 WWTP    

  Dissolved oxygen DO [%] 27-92% (Lee et al., 2009) 

  Ammonium nitrogen NH4-N [mg/L] 0.09-93 (Gücker et al., 
2006) 

  Nitrate nitrogen NO3-N [mg/L] 0.14-15.1 
/ 0.04-170 

(Gücker et al., 
2006) 

  Biological oxygen 
demand 

BOD [mg/L] 5-314 (Gücker et al., 
2006) 

  Dissolved reactive 
phosphorus 

ortho-P [mg/L] 0.05-8.7 (Lee et al., 2009) 

  Chlorophyll A Chla [mg/L]   

  Temperature Temp [℃] 6.1-33.6 (Lee et al., 2009) 

 SSSO    

  Dissolved oxygen DO [%] 8-207% (Verstraelen et al., 
1988) 

  Ammonium nitrogen NH4-N [mg/L]   

  Nitrate nitrogen NO3-N [mg/L] 1.5-3.6 (Burm et al., 1968) 

  Biological oxygen 
demand 

BOD [mg/L] 3-90 (DeFilippi and 
Shih, 1971) 

  Dissolved reactive 
phosphorus 

ortho-P [mg/L] 0.8-3.4* (Burm et al., 1968) 

  Chlorophyll A Chla [mg/L]   

  Temperature Temp [℃]   

 CSO    

  Dissolved oxygen DO [%] 0-164% (Verstraelen et al., 
1988) 

  Ammonium nitrogen NH4-N [mg/L]   

  Nitrate nitrogen NO3-N [mg/L] 0.5-2.8 (Burm et al., 1968) 
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  Biological oxygen 
demand 

BOD [mg/L] 10-685 (Burm et al., 1968) 

  Dissolved reactive 
phosphorus 

ortho-P [mg/L] 0.1-5* (Burm et al., 1968) 

  Chlorophyll A Chla [mg/L]   

  Temperature Temp [℃]   

 Hyporheic zone    

  Dissolved oxygen DO [%] 50-100% (Febria et al., 
2010) 

  Ammonium nitrogen NH4-N [mg/L]   

  Nitrate nitrogen NO3-N [mg/L] 0-0.23 (Febria et al., 
2010) 

  Biological oxygen 
demand 

BOD [mg/L]   

  Dissolved reactive 
phosphorus 

ortho-P [mg/L] 0-2.8* (Febria et al., 
2010) 

  Chlorophyll A Chla [mg/L]   

  Temperature Temp [℃]   

 Tributary    

  Dissolved oxygen DO [%] 13-92% (Vannucchi et al., 
2013) 

  Ammonium nitrogen NH4-N [mg/L] 0-4.3  

  Nitrate nitrogen NO3-N [mg/L] 0-1.77 (Altın et al., 2008) 

  Biological oxygen 
demand 

BOD [mg/L] 1.98-4.45 (Altın et al., 2008) 

  Dissolved reactive 
phosphorus 

ortho-P [mg/L] 0.1-1.09 (Altın et al., 2008) 

  Chlorophyll A Chla [mg/L]   

  Temperature Temp [℃] 5.9-25.9 (Vannucchi et al., 
2013) 

 Dissolved oxygen    

  Altitude  Alt [m] Input Calculated 

  Salinity Sal [ppt] Input Estimated 

  Reaeration rate kaera [day-1] 1.53-29.13 (Palumbo and 
Brown, 2014) 

 Biological oxygen demand    

  Carbonaceous BOD rate  kd20 [day-1] 0.1-5 (Chapra, 1997) 

  Biodegradable particle 
settling velocity Vs [m/day] 0.1-0.5 (Chapra, 1997) 

 Nitrification     

  Stoichiometric ratio  ron [mg/mgN] 4.33-4.57 
(Bowie et al., 

1985) 
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  Nitrification rate at 
reference temp. knitr20 [day-1] 0.03-15.8 (Bowie et al., 

1985) 

  Function for the effect 
of pH fph nit [-]   

  pH [-] Input  

 Ammonia partitioning     

  Acid dissociation 
constant  pKa [-] 8.95-10.08 (Bates and 

Pinching, 1949) 

 Sediment oxygen demand     

  Mean sediment oxygen 
demand  

SODO2 
[g/m2/day] 0.02-44 (Bowie et al., 

1985) 

  Half saturation value for 
O2 dependency ksod [mg/L] 1.4 (Bowie et al., 

1985) 

 Photosynthesis     

  Optimum biomass 
growth rate Gmax [day-1] 0.2-8 (Bowie et al., 

1985) 

  Biomass respiration rate 
at 20°C kres20 [day-1] 0.02-0.92 (Bowie et al., 

1985) 

  Phytoplankton settling 
velocity Vset [m/day] 0-30 (Bowie et al., 

1985) 

  Photoperiod Lphoto [-]   

  Light attenuation (non-
biomass)  λl bg [L/mg/m] 2.42-6.74 (Chapra, 1997) 

  Light attenuation 
(biomass) 

λl algae 
[L/mg/m] 0-69 (Chapra, 1997) 

  Optimal light radiation 
for plant growth Iopt [ly/day] 100-400 (Chapra, 1997) 

  Oxygen production rate 
per plant biomass roa [g/mg] 0.1-0.3 (Chapra, 1997) 

  Half saturation constant 
for P limitation 

kp biomass [mg-
P/L] 

0.0005-
0.08 

(Bowie et al., 
1985) 

  Half saturation constant 
for N limitation 

kn biomass [mg-
N/L] 0.01-0.4 

(Bowie et al., 
1985) 

  Placeholder    

  Placeholder    

  Placeholder    

  Placeholder    

  Placeholder    
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TableS2. Overview of the model input data for the Data Driven simulation mode including data type, time range and source 
for the baseline calculation. 

 
Parameter Unit Time variable (TV) 

/ Constant (CSTE) 
Value or time range 

General input    

 

Precipitation  Time serie 2017-2019, daily 

Air temperature  Time serie 2017-2019, daily 

Extraterrestrial radiation  Time serie Calculated 

Lake    

 

Flow 
 

Time serie 2017-2019, daily 

DO sat 
 

CSTE Calibrated 

NH3-N 
 

CSTE 0,23 

NO3-N 
 

CSTE 0,2 

BOD 
 

CSTE 4,5 

Chl-a 
 

CSTE 0,12 

PO4-P 
 

CSTE 0,03 

Temperature 
 

not available 
 

Outlet reach 1/Forcing reach 2    

 

Flow 
 

Time serie 2017-2019, daily 

DO sat 
 

Time serie Nov 18-Oct 19* 

NH3-N 
 

Time serie Nov 18-Oct 19* 

NO3-N 
 

Time serie Nov 18-Oct 19* 

BOD 
 

Time serie Nov 18-Oct 19* 

Chl-a 
 

Time serie Nov 18-Oct 19* 

PO4-P 
 

Time serie Nov 18-Oct 19* 

Temperature 
 

Time serie 2017-2019, daily 

pH  Time serie 2017-2019, daily 

Natural flow component    

 

Flow  Time serie Calculated 

DO sat 
 

CSTE Calibrated 

NH3-N 
 

CSTE 0,09 

NO3-N 
 

CSTE 1,7 

BOD 
 

CSTE 2,7 

Chl-a 
 

CSTE 0,004 

PO4-P 
 

CSTE 0,07 

Temperature 
 

Time serie Calculated 

Tributary    

 

Flow  Time serie Calculated 

DO sat 
 

CSTE Calibrated 

NH3-N 
 

CSTE 0,07 

NO3-N 
 

CSTE 1,5 

BOD 
 

CSTE 2,7 

Chl-a 
 

CSTE 0,004 

PO4-P 
 

CSTE 0,04 

Temperature 
 

Time serie Calculated 

Separated systems    

 Flow 
 

Time serie Calculated 
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DO sat 
 

CSTE Calibrated 

NH3-N 
 

CSTE 0,07 

NO3-N 
 

CSTE 1,5 

BOD 
 

CSTE 5 

Chl-a 
 

CSTE 0 

PO4-P 
 

CSTE 0,04 

Temperature 
 

Time serie Calculated 

Combined Sewer Overflow    

 

Flow 
 

Time serie Calculated 

DO sat 
 

CSTE Calibrated 

NH3-N 
 

CSTE 30 

NO3-N 
 

CSTE 1 

BOD 
 

CSTE 230 

Chla 
 

CSTE 0 

PO4-P 
 

CSTE 4 

Temperature 
 

Time serie Calculated 

WWTP (reach A)    

 

Flow 
 

Time serie Calculated 

DO sat 
 

Time serie 2017-2019** 

NH3-N 
 

Time serie 2017-2019** 

NO3-N 
 

Time serie 2017-2019** 

BOD 
 

Time serie 3.1 

Chl-a 
 

CSTE 0 

PO4-P 
 

Time serie Time serie 

WWTP (reach C)    

 

Flow 
 

Time serie 2017-2019, daily 

DO sat 
 

Time serie 2017-2019, daily 

NH3-N 
 

Time serie 2017-2019, daily 

NO3-N 
 

Time serie 2017-2019, daily 

BOD 
 

CSTE / 

Chl-a 
 

0 / 

PO4-P 
 

Time serie 2017-2019, daily 

Temperature 
 

Time serie 2017-2019, daily 
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Table S3. Monte Carlo Analysis Sensitivity analysis was performed individually for each parameter of the CSO and 

SSSO components, using a uniform distribution of the values in Table S1 and 30 runs. 

 

Component Parameters Range Distribution Runs 

CSO CSO threshold From table S1 Uniform 
30 

 DO From table S1 Incremental 

SSSO All parameters From table S1 Uniform 100 

BOD removal Shishkin degradation rate 0.1-5x Incremental 
30 

 CSO threshold From table S1 Uniform 

 
 
 
NSE and PBIAS analysis were also conducted. NSE was conducted using the online 
calculator:  
AgriMetSoft (2019). Online Calculators. Available on: 
https://agrimetsoft.com/calculators/Nash%20Sutcliffe%20model%20Efficiency%20coefficie
nt 
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Figure S1. Overview of model structure with estimated hydraulic roughness curve.  
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Abstract 18 

Holistic water quality models to support decision-making in catchments with competing 19 

stakeholder perspectives are still limited. To address this gap, this study aims to develop an 20 

integrated, variable-scale system dynamics model for water quantity and quality (including 21 

stream temperature; dissolved oxygen; macronutrients) and apply it in a data-rich catchment to 22 

uncover key insights into the dynamics governing water quality in a lowland peri-urban stream. 23 

Adaptable plug-n-play modules handle the complexity (sources; pathways) related to both urban 24 

and agricultural/natural land-use features. Simulation and sensitivity results could highlight the 25 

influence of stream temperature variations and enhanced heterotrophic respiration in summer, 26 

causing low dissolved oxygen levels. Uncertainty results combined with a rich dataset show high 27 

potential for ammonium uptake in the macrophyte-dominated reach and a possible 28 

remobilization of phosphorus from the sediment. These findings are especially important for the 29 

design of green transition solutions, where single-objective management strategies may 30 

negatively impact aquatic ecosystems. 31 

  32 
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Software availability 33 

Developers: Ursula S. McKnight, Gregory G. Lemaire, Stanislav Grand, Victor Mazel, Shane A. 34 

Carnohan 35 

Primary contact: Ursula S. McKnight 36 

Contact address: Department of Environmental Engineering, Technical University of Denmark, 37 

Bygningstorvet, Bldg. 115, 2800 Kgs. Lyngby, Denmark 38 

Email: urs.mcknight@gmail.com 39 

First available: 2021 40 

Hardware required: General-purpose computer 41 

Software required: Stella Professional® (iseesystems.com) 42 

Programming language: Stella Professional® (iseesystems.com) 43 

Availability and cost: Currently under development as a DTU spin-off company 44 

 45 

1 Introduction 46 

Surface water ecosystems worldwide are deteriorating at an alarming rate under ever-increasing 47 

human pressures and climate change (Dudgeon et al., 2006; Reid et al., 2018; Vörösmarty et al., 48 

2010), threatening biodiversity and ecosystem services that link to human water security and public 49 

health (Green et al., 2015; Heal et al., 2020; Tickner et al., 2020; von Schiller et al., 2017). Notably, 50 

increases in agricultural productivity, urbanization and their associated impacts have multiplied the 51 

number and severity of stressors to surface waters since the middle of the 20th century, with e.g. 52 

enhanced loads of nutrients, pollutants and flow alteration (Meyer et al., 2005; Pinto and 53 

Maheshwari, 2011; Van Meter et al., 2016). Bioeconomy-related pressures resulting from the drive 54 

towards green transition solutions in response to climate change threats may pose additional threats 55 

to stream water quality (e.g. Marttila et al., 2020). 56 

Peri-urban streams are a prime example of this, with great potential to be impacted by the 57 

heterogeneous sprawl of urban, industrial and agricultural activities coexisting with natural areas 58 

that may be found sporadically throughout a given catchment (Allen, 2003; Piorr and Ravetz, 2011; 59 

Lemaire et al., 2020). The combination of various hydrological pathways and related response times, 60 

with fast drainage from impervious urban areas compared to more natural ones, results in high 61 

spatial and temporal variability at different scales that may confound the identification of 62 

impairment sources (Aurélio et al., 2019; Guo et al., 2020; Lintern et al., 2018, Lemaire et al.,subm.). 63 

Moreover, measurements taken in these types of catchments are still generally insufficient to 64 

capture - spatially or temporally – the driving processes leading to these variations which are needed 65 
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to ensure effective mitigation strategies and sustainable decision-making (Braud et al., 2013; 66 

Kirchner, 2006; Yang et al., 2018). Management decisions regarding stream flow and quality within 67 

the peri-urban landscape are thus extremely challenging. Integrated water quality models, i.e. 68 

considering the mutual interaction of flow and quality with potential for integration with the 69 

broader socio-economical-ecological system, are therefore essential tools to support water 70 

resources management and facilitate decision-making (Birk et al., 2020; Fu et al., 2019; Pinto and 71 

Maheshwari, 2014). 72 

Many hydrological and water quality models have been developed over the years. These models can 73 

be classified by increasing degree of complexity from statistical (e.g. regression-based) to more 74 

mechanistic models (physical description of processes), and spatially from lumped to physically 75 

distributed, chosen depending on the application purpose (Hesse et al., 2008). Widely applied water 76 

quality models (based on number of published studies over the last 20 years, e.g. Burigato Costa et 77 

al. (2019)), include the Soil and Water Assessment Tool (SWAT) (Neitsch et al., 2011), WASP (Di Toro 78 

et al., 1983), QUAL2E/K (Chapra et al., 2012), AQUATOX (Park et al., 2008), and the MIKE series (DHI, 79 

2017). However, their use to simultaneously address the hydrology and water quality of streams 80 

within peri-urban contexts is relatively limited. Reasons for this may lie in the reliance on a 81 

hydrodynamic model not yet fully adapted to the peri-urban context (Braud et al., 2013), the large 82 

data requirement and parametrization level necessary when using spatially distributed models also 83 

resulting in long calculation times (Thuy et al., 2018; Wittmer et al., 2016), and/or the difficulty to 84 

account for the inherent uncertainty and high variability of input data (Fu et al., 2020).  85 

Consequently, specific research-based models have been developed for investigating peri-urban 86 

streams. However, these models tend to be fragmented in sub-disciplines, e.g. hydrology 87 

(Jankowfsky et al., 2014), physico-chemical properties (Hutchins et al., 2010); or target a specific 88 

water quality aspect, e.g. pesticide pollution (Wittmer et al., 2016). While they certainly have the 89 

capability to perform integrated simulations, or to be further developed by being coupled together, 90 

their interfacing (data format, calculation time step) may not be straightforward. Machine learning 91 

techniques have become extremely popular for water quality (e.g. Najah Ahmed et al.; 2019), 92 

possibly coupled to other models (e.g. Noori et al.; 2020) and could therefore be applied in peri-93 

urban settings. Nevertheless, these models also rely heavily on data and may be limited in terms of 94 

direct (cause-effect) links to process understanding and thus decision-support capabilities (Rudin, 95 

2019; Schmidt et al., 2020). Finally and to this day, very few models offer the possibility and 96 

flexibility for stakeholder engagement, inclusion of local knowledge, and integration capabilities at a 97 

higher level for socio-economical-ecological consideration, which is deemed necessary for better 98 
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and more acceptable stream water management (Badham et al., 2019; Fu et al., 2020; Weigelhofer 99 

et al., 2021).  100 

A promising solution that can fill the gap in terms of watershed modelling approaches capable of 101 

offering users a holistic and reliable understanding of the systems involved, including uncertainties 102 

related to both linear and nonlinear dependencies within and across sub-systems, is system 103 

dynamics (SD) simulation. The approach is based on the implementation of an interconnected 104 

system of flows and stocks, whose structure gives rise to the dynamic behaviour (Khan et al., 2009; 105 

Simonovic, 2012). SD introduces a flexibility lacking in many other methods, including speed of 106 

model development and simulation time, ability to simulate interactions and thus interdependencies 107 

between model sub-systems, and improved transparency for conceptural understanding of the 108 

system and thus communication of model results (Liu et al., 2015; McKnight and Finkel, 2013) . 109 

Moreover, the benefits of SD for water resources modeling are numerous, e.g. multidisciplinary 110 

aspects, causality analysis, stakeholder participation, as documented in Winz et al. (2008) and 111 

Zomorodian et al. (2018), and it has been broadly applied to numerous environmental and water 112 

resource management issues (Beall et al., 2011; Carnohan et al., 2020; Simonovic, 2002; Tian et al., 113 

2020).  114 

Although SD simulation continues to gain traction as a useful tool, there is still a gap with respect to 115 

studies utilizing this approach to provide holistic, integrated model insights within the field of water 116 

resources modelling and planning (Zomorodian et al., 2018), and more specifically within water 117 

quality modeling (see also section 2.1). This study aims to fill this gap, presenting an integrated SD 118 

model for (1) water quantity and (2) water quality (i.e. physico-chemical conditions), which is used to 119 

(3) enhance our understanding of the highly dynamic processes governing water quality in a peri-120 

urban catchment context. Modules have been developed, which can be implemented in a plug-and-121 

play fashion, to handle the complexity related to both urban and agricultural/natural land-use 122 

features that may be present within a given stream reach, in terms of sources and pathways which 123 

may impact water quality. The model has been applied in a data-rich catchment to demonstrate its 124 

applicability. In this catchment, degraded water and ecological quality have been routinely observed. 125 

More specifically, important temporal variations, in terms of dissolved oxygen, temperature, flow 126 

and nutrient discharge from both urban and agricultural areas, are possible drivers of the ecological 127 

degradation, although other stressors co-exist (Lemaire et al., subm.). Comparison of simulation 128 

results with both available sensor and grab sampled data provide valuable insights into the 129 

processes affecting peri-urban stream quality and the importance of  integrating water quantity and 130 

quality modelling to improve system understanding.  131 
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2 Methodology 132 

2.1 System dynamics approach 133 

The SD model has been developed using the visual object-oriented software Stella Architect (ISEE, 134 

2020). SD models have been developed to address both water quantity and quality challenges, 135 

though typically separately. This includes models that simulate local hydrological processes (Khan et 136 

al., 2009) or capture the general water balance at catchment or regional scales (e.g. Ghashghaei et 137 

al. (2013); Sehlke and Jacobson (2005)). Specific applications for water quality include nutrient 138 

release from agriculture and urban areas with stakeholder participation (Brown Gaddis et al., 2007; 139 

Gallagher et al., 2020; Rivers et al., 2013; Teegavarapu et al., 2005), pollutant point discharge from 140 

raw sewage or bypass effluents (Elshorbagy, 2002), salinity issues (Venkatesan et al., 2011), 141 

contaminant spills (Zhang et al., 2011) and contaminated groundwater transport (McKnight and 142 

Finkel, 2013) including with discharge to a receiving stream (McKnight et al., 2010). To the authors’ 143 

knowledge, the SD model presented here is the first to integrate water quantity and quality with the 144 

objective of simulating the major features present within a mixed land-use catchment context.  145 

2.2 Model description 146 

The SD model is comprised of a scalable, combined hydrologic and in-stream water quality model. 147 

Overall, the model aims to simulate the water flow and associated stream depth, incorporating key 148 

natural and urban-related hydrological processes as described further below. Fundamentally, it is 149 

based on a representation of fully mixed connected reaches, through which different estimated 150 

hydrological flow components (groundwater; urban-related flows; tributaries) are aggregated and 151 

routed along (Fig. 1). The geometry of the stream reach is simplified to an ideal rectangular cross-152 

section, which is deemed sufficient considering the bathymetric data available. The natural and 153 

anthropogenic features of the hydrological cycle will combine to influence the various in-stream 154 

physico-chemical parameters. Currently, dissolved oxygen (DO), stream temperature (temp), nitrate 155 

(NO3), ammonium/ammonia (NH4), soluble reactive phosphorus (PO4), as well as chlorophyll-a (chl-a) 156 

– used as a proxy for suspended algae and benthic plant biomass (macrophytes and benthic algae), 157 

are simulated in terms of water quality parameters. 158 

All processes and associated sub-processes were developed as separate modules within the 159 

provided software interface, enabling the plug-n-play environment. A catchment model can thus be 160 

quickly assembled by first creating the required number of reaches and connecting all relevant input 161 

and output variables between modules of interest within a reach, and then between the reaches, 162 

providing a flexible environment for a fast and transparent model development (Supplementary 163 
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Information (SI), Fig. S1). A condensed description of the model and simulated processes is provided 164 

in more detail below and in Appendix A.  165 

  166 

Figure 1. Model conceptual structure for a single reach encompassing the key hydrological (upper) and in-stream water 167 

quality (lower) processes. Key interconnecting processes for water quality given as numbers, include: (1) carbonaceous 168 

biochemical oxygen demand, (2) reaeration, (3) nitrification, (4) sediment oxygen demand, (5) photosynthesis/autotrophic 169 

respiration, (6) nutrient assimilation, (7) denitrification, (8) settling, (9) ammonium/ammonia partitioning (pH-dependent), 170 

and (10) water-atmosphere heat exchange. All processes are temperature-dependent. Abbreviations are defined in the 171 

related sections 2.2.1 and 2.2.2. 172 

2.2.1 Hydrological model 173 

The hydrological cycle found in peri-urban streams is comprised of both a natural component, as 174 

well as regulated (e.g. wastewater effluent outlets) and unregulated (e.g. separate system outlets) 175 
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components representing the anthropogenic modification of the water cycle. The hydrological 176 

model is driven by precipitation, air temperature and extraterrestrial radiation, equivalent to a 177 

lumped rainfall-runoff (RR) formulation. When applied as several modules in series as presented 178 

here, however, it can be seen as a semi-distributed model (or series of lumped models), capable of 179 

representing key features specific to smaller sub-catchments which may have different governing 180 

parameters. To account for the urban component, precipitation can then be partitioned between 181 

the natural/agricultural (or pervious) and urban (or impervious) components estimated within the 182 

catchment, which is allocated using an aggregated coefficient of imperviousness (fimp) (eq. A.2; A.17) 183 

varying between 0 (natural sub-catchment) and 1 (fully impervious/urban catchment). The general 184 

water balance for a given reach is: 185 

𝑄𝑜𝑢𝑡 =  𝑄𝑖𝑛,𝑟𝑜𝑢𝑡𝑒𝑑 + 𝑅𝑅𝑠𝑡𝑟𝑒𝑎𝑚𝑓𝑙𝑜𝑤  − ∑ 𝑜𝑢𝑡𝑓𝑙𝑜𝑤𝑠

𝑗

 (Eq. 1) 

where Qout is the flow at the outlet of a reach; Qin,routed is the routed outflow from the previous reach 186 

and routed flow components (tributaries discharging within the reach, urban water flows); 187 

𝑅𝑅𝑠𝑡𝑟𝑒𝑎𝑚𝑓𝑙𝑜𝑤  represents the flow component generated by the precipitation falling over pervious 188 

areas and handled by the RR model; and finally outflows, j, represents the sum of any water 189 

withdrawals (e.g. direct water abstraction; losing reach section).  190 

More specifically, the RR model is inspired by the HBV model (Bergström, 1992) and work by Brauer 191 

et al. (2014), accounting for both soil moisture, groundwater storage and an extra runoff stock 192 

(Fig.1; eq. A.1, A.4, A.13). The contribution resulting from the impervious surfaces, corresponding to 193 

the urban-related outflows (i.e. separate systems and combined sewer overflows) are estimated 194 

using an equivalent drainage area estimated from spatially aggregated data of imperviousness, 195 

network extent in the sub-catchment, and dedicated reservoirs (eq. A.17-19). Combined sewer 196 

overflows are specifically modelled as a simple reservoir but with a nonlinear outflow that becomes 197 

active above a certain volume threshold; this is incorporated in the reach as a point inflow (other, 198 

Fig. 1; A.23). Wastewater treatment plants (WWTP) effluents, constituting point discharges to the 199 

stream, are currently introduced as a time series. All the urban inflows are aggregated at the inlet of 200 

the reach, and routed using a 3rd-order delay function (equivalent to a 3rd-order Nash-cascade 201 

model) before being merged with the RR model output. This enables hydrograph shape prediction, 202 

when the inflows and channel characteristics are known. Finally, a leaking term is introduced for 203 

each reach, to account for a possible losing stream section (flow transfer from the stream to the 204 

groundwater; eq. A.24).  205 

Water depth is inferred from the calculated water flow using Manning’s equation with a shallow 206 

depth approximation and a variable Manning’s coefficient, n, estimate (Chow et al., 1988; eq. A.25). 207 
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The latter is dynamically updated on a daily basis in the model using a power regression law, with 208 

the estimated streamflow as the independent variable (eq. A.27). This approach is deemed 209 

reasonable in small streams for which Manning’s coefficient (and consequently depth) are strongly 210 

affected by the influential seasonal macrophyte coverage occurring at low flow in the summer, but 211 

less at high discharge (de Doncker et al., 2011; SI Fig. S5). 212 

2.2.2 Physico-chemical conditions and water quality 213 

All dissolved substance concentrations, 𝐶, in the stream model are simulated using fully-mixed mass 214 

balance equations with relevant source and sink terms, 𝑆, that are often temperature-dependent (all 215 

terms expressed in [𝑚𝑎𝑠𝑠/𝑡𝑖𝑚𝑒]):  216 

𝑑(𝑉. 𝐶)

𝑑𝑡
= 𝑄𝑖𝑛𝐶𝑖𝑛 − 𝑄𝑜𝑢𝑡𝐶 + 𝑆(𝐶, 𝑝) 

(Eq. 2) 

    217 

where 𝑉 represents the volume of water in a given reach, 𝑄𝑖𝑛𝐶𝑖𝑛 are the substance loading terms, 𝐶 218 

is the fully-mixed concentration of the substance in the reach, and 𝑄𝑖𝑛 and 𝑄𝑜𝑢𝑡 represent 219 

respectively the inflow and outflow in the reach. The substance loadings are calculated from 220 

estimated/input flow components combined with measured or representative concentration levels 221 

at the stream interface, i.e. the source-pathway and possible attenuation is not explicitly modelled. 222 

The stream water temperature model is based on an instantaneous mixing model using temperature 223 

loading in the investigated reach, the temperature loading estimated from the previous reach, and 224 

the equilibrium temperature concept for the heat exchange at the stream/air interface following 225 

Caissie et al. (2005): 226 

𝜌𝐶𝑝

𝜕(𝑉. 𝑇𝑤)

𝜕𝑡
= 𝐴𝐻 + 𝜌𝐶𝑝(∑ 𝑇𝑖𝑄𝑖 − 𝑇𝑤𝑄𝑜𝑢𝑡) 

(Eq. 3) 

where 𝜌 is the water density, 𝐶𝑝 is the water specific heat capacity [𝑀𝐽. 𝑘𝑔−1. °𝐶−1], 𝐴 is the area of 227 

river/atmosphere interface [𝑚2], 𝐻 is the net atmospheric flux [𝑀𝐽. 𝑚2. 𝑑𝑎𝑦−1], 𝑇𝑖, 𝑄𝑖 are the water 228 

temperature and inflows to the reach respectively, and  𝑄𝑜𝑢𝑡 is the outflow of the reach. 229 

Temperature loadings, 𝑇𝑖𝑄𝑖 , are assessed from the different calculated or input flow component 230 

combined to temperature estimate provided as time series or assessed using a regression model 231 

based on air-temperature (Toffolon and Piccolroaz, 2015; SI Fig. S6). 232 

DO  in the stream is depleted by carbonaceous biological oxygen demand (cBOD; eq. A.37), 233 

nitrification (NBOD; eq. A.43), a constant “background” sediment oxygen demand (SOD; eq. A.54) 234 

and an additional dynamic heterotrophic respiration term( eq. A.72) to possibly account for the 235 

enhanced settling of fine organic sediment or plant exudation and resulting heterotrophic activity 236 
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(Alnoee et al., 2021; Blaszczak et al., 2019). DO is also affected by photosynthesis/autotrophic plant 237 

respiration (eq. A68-72) and balanced by a reaeration process. To prevent negative DO 238 

concentrations from occurring, we implemented a simple feedback control mechanism by linking the 239 

DO to the oxidation rate for organic matter (modelled as cBOD) following Gotovtsev (2010) (eq. 240 

A.40). The potential DO diurnal variation stemming from plant biomass photosynthesis and 241 

autotropic respiration is simulated on an hourly basis and determined by the photoperiod, estimated 242 

max. photosynthesis rate on a daily basis and idealized diurnal cycles (Simonsen and Harremoës, 243 

1978; eq. A.70). Finally, DO saturation is computed from temperature, salinity and altitude (APHA, 244 

1992; eq. A.36-38) and reaeration is driven by the Owens-Gibbs formulation (Owens et al., 1964; eq. 245 

A.35).  246 

The model simulates dissolved orthophosphate and inorganic nitrogen (in nitrate and ammonium 247 

forms) as nutrients received in the stream water. The nitrification process is simplified to a one step 248 

process in which the first oxidation to nitrite is omitted due to its fast reaction rate (Chapra, 1997; 249 

eq. A.46), while on the other hand nitrate is potentially removed by denitrification (eq. A.51). 250 

Ammonium/ammonia partitioning is evaluated using equilibrium reaction based on pH data 251 

(Nazaroff and Alvarez-Cohen, 2001; eq. A.48). pH is currently incorporated directly, as input data to 252 

the model, and is not calculated. The nutrient N,P pool is potentially depleted via assimilation by the 253 

plant biomass based on mass stoichiometric ratios (Bott, 2007; Redfield, 1934) or simply transported 254 

further downstream. Nutrient fluxes from the sediment are currently not accounted for in this 255 

model version. 256 

The plant biomass in the stream water contributing to photosynthesis and respiration is split into 257 

two different stocks, corresponding to two separate autotroph groups according to their mobility: 258 

phytoplankton, which is transported in the water column, and fixed aquatic plant communities (e.g. 259 

macrophytes; benthic algae), which are pooled together. For both stocks, the plant biomass is 260 

reduced by a combined respiration/excretion and non-predatory mortality term (eq. A.55-56). 261 

Phytoplankton, additionally, can settle (eq. 57). The respiration/excretion and mortality terms are 262 

only temperature-dependent (Bowie et al., 1985; eq. A.58), whereas gross growth is controlled and 263 

limited by environmental conditions including temperature (Bowie et al., 1985; eq. A.59), nutrient 264 

availability (minimum of N,P pool following a Michaelis-Menten formulation; eq. A.61), and light 265 

(beer-lambert light attenuation integrated over time and depth (Chapra, 1997; Steele, 1965); eq. 266 

A.62). The light attenuation coefficient is dynamically estimated and linearly dependent on both 267 

suspended particles (non-algal suspended solids as background attenuation) and the phytoplankton 268 

concentration, and non-linearly related to macrophyte biomass (Chapra, 1997; Krause-Jensen and 269 

Sand-Jensen, 1998; eq. A.65). 270 
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The daily photosynthetic rate is a linear function of the gross growth rate for the different aquatic 271 

plant stocks, identical for all stocks (Chapra, 1997; eq. A.68), and the corresponding autotrophic 272 

respiration is estimated as a fraction of this daily photosynthetic rate (Hall and Beaulieu, 2013; eq. 273 

A.69). 274 

It is worth noting that the decaying of plant materials after death is so far not included. Hence, the 275 

resulting nutrient flux from this decomposition, and the nutrient fluxes from the streambed in 276 

general, are not accounted for. However, the oxygen required for the decomposition of the plant 277 

matter is essentially accounted for in the SOD calculations in the current version of this model.  278 

2.3 Model uncertainty 279 

Stream water quality is characterized by a very high spatio-temporal variability, and associated 280 

models are often functioning in data-scarce environments (Fu et al., 2020). These variations stem, 281 

for example, from variations in landscape characteristics and catchment topography in the spatial 282 

dimension (Litern et al., 2018), whereas changes in environmental conditions coupled to variations 283 

in the source, active pathways and related process will influence the temporal variability at hourly, 284 

daily and seasonal scales (Guo et al., 2020). Notably, considering these variations and related 285 

uncertainty in any model output may ultimately become crucial, especially if the model results are 286 

used in any kind of decision-making process (Uusitalo et al., 2015). 287 

Due to the limited availability of associated data, the uncertainty and potential spatio-temporal 288 

variations of the physico-chemical conditions is addressed using the Monte-Carlo (MC) simulation 289 

capabilities offered in the STELLA software. Specifically, Latin Hypercube Sampling technique (McKay 290 

et al., 2000) was used to ensure a proper spread of possible parameter values, including the 291 

extremes, are sampled within the defined parameter space. For each of the tracked physico-292 

chemical conditions, we carried out 200 realizations , i.e. > 10 times the number of uncertain 293 

parameters (SI, Table S4-5) following the recommendations by Heebner and Toran (2000) for this 294 

sampling technique. The uncertainty arising from the model structure itself is not evaluated here, 295 

considering the structure presented in this study was developed based on well-accepted processes. 296 

However, possible omitted processes will be discussed in section 5. 297 

3 Model application  298 

3.1  The Usserød peri-urban catchment 299 

The model was applied to a small low-land catchment (ca. 120 km2, mean elevation 30.8 m.a.s.l 300 

(DVR.90) located on Sjaelland, 25 km north of Copenhagen, Denmark (Fig 2). This catchment is 301 

drained by Usserød Stream, flowing from its origin at Sjael Lake (via automatic sluice control) before 302 
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merging with the Nivå Tributary and discharging in the Baltic sea ca. 8000 m to the north. The 303 

stream is considered as a small-to-medium stream at the national level, with width ranging from ca. 304 

2 to 13 m, and depth from 0.2 to 1.0 m. The median flow is ca. 348 L/s-1 for the period 2017-2019 305 

(St.50.05; Danmark Miljøportal, 2020). The geology in the catchment consists of clay tills with 306 

embedded sand lenses/layers, which is typical for this part of Denmark. Groundwater is abstracted 307 

from the underlying Danien limestone aquifer (SI Fig. S2). A detailed description of the catchment 308 

can be found in a related paper (Lemaire et al., subm.). 309 

This catchment is a typical peri-urban area, with a complex mixture of land-use activities spreading 310 

along the stream corridor. Urban (dwelling and industrial), agricultural and natural-like areas (mostly 311 

secondary forest and surface water) cover 22, 57 and 21% of the catchment, respectively. The 312 

Usserød Stream receives additional flow from the Donse Tributary, draining mostly natural areas and 313 

agriculture lands, before running through more agricultural lands in the north direction further 314 

downstream. Urban areas are predominant in the upstream part of the catchment, where 2 sluices 315 

with overflow and one low head dam with a side derivation ensure a possible flow regulation. These 316 

urban areas are drained by both combined sewer overflow systems (CSO) and separate storm 317 

(rainwater) overflow systems (SSO), the latter discharging stormwater directly into the stream (SI 318 

Fig. S2). Approximately 11 CSO structures are found along the Usserød stream for a direct discharge 319 

of excess sewage water in case of overload of the combined system network (SI Fig. S3). Wastewater 320 

in the catchment is treated by 3 wastewater treatment plants releasing effluent into the stream.  321 

Former monitoring activities in the catchment revealed that some physico-chemical and water 322 

quality parameters (e.g. dissolved oxygen, temperature) were below the local guideline values, with 323 

potential impairment of the ecological status of the stream (Gørtz and Schultz, 2020; Krüger, 2011). 324 

 325 

 326 
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 327 

Figure 2. Overview of the Usserød catchment with stream and tributary (a) general land use (DSFE, 2020) and 328 

abstraction well location along the stream, (b) key urban features (WWTP) and available monitoring network. 329 

The reach boundaries are also displayed and set by the monitoring stations for verification purposes (Rudersdal 330 

et al., 2020). Each reach is named after the corresponding downstream monitoring station in this study .  331 

3.2 Available input and monitoring data 332 

A network of continuous monitoring stations deployed in the catchment provided hourly to daily 333 

time series for several of the stream hydrological and physical-chemical properties used for 334 

calibration and verification (Table 1; Fig. 2). Furthermore, the dual measurement flow and water 335 

level/depth by individual sensors enabled the estimation of an equivalent Manning’s coefficient and 336 

the regression parameters employed to characterize its dynamic variations in our model (SI Fig. S5).  337 

  338 
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Table 1. Summary of available input and monitoring data for the simulated peri-urban catchment. Detailed description and 339 

quantitative values can be found in SI (Fig. S2.4, and Table S3). By default, the 6 locations in this table refer to the 6 340 

flow/depth monitoring stations (Sjaelsø, Grønnegade, Ådalsvej, Parallelvej, Nivemølle, Fredtoften, Brønsholmdalsvej ; Fig. 341 

2). (*): Grønnegade, Ådalsvej, Nivemølle station only. The location for pH, temperature and dissolved oxygen monitoring 342 

are shown in Fig. 2.  343 

Parameter Sampling frequency Location description 

(Fig 2, S2) 

Source/References 

Catchment spatial properties 

Land use, elevation / Catchment DSFE (2020) 

Sewer network type 

(extent, imperviousness) 

/ 
Catchment NOVAFOS (2020) 

Environmental conditions 

Air Temperature Daily Catchment DMI (2020a) 

Precipitation Hourly Catchment DMI (2020b) 

Cloud cover Daily Outside catchment DMI (2020a) 

Extraterrestrial Radiation Daily Catchment Bojanowski (2013) 

Stream hydrology 

Flow Hourly 6 locations  

Rudersdal et al. (2020) 

 

Water depth Hourly 6 locations 

Water abstraction Daily 3 main areas 

Stream physico-chemical conditions 

Water temperature Hourly / 1 location Rudersdal et al. (2020) 

 Bi-monthly 3 locations * Lemaire et al. (subm.) 

pH Hourly / 1 location Rudersdal et al. (2020) 

 Bi-monthly 3 locations * Lemaire et al. (subm.) 

Oxygen Hourly 2 locations Rudersdal et al. (2020) 

 Bi-monthly 3 locations * Lemaire et al. (subm.) 

Nutrient  

(NH4+,NO3-,PO¤3-) 

Bi-monthly 3 locations * Lemaire et al. (subm.) 

Chl-a Bi-monthly 3 locations * Lemaire et al. (subm.) 

Urban discharge 

CSO flow Event Ådalsevej  

(multiple in reach) 
Hørsholm Kommune (2020) 

Effluent flow Daily 3 WWTPs (NOVAFOS, 2020) 

Effluent physico-chemical properties 

(temperature, DO sat, Nutrient) 

Variable 

(daily-monthly) 

3 WWTPs (NOVAFOS, 2020) 

 344 
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The different sub-catchments and associated reach characteristics (i.e. elevation, land cover, reach 345 

length) were retrieved from DSFE (2020) for delineation and zonal statistics operations were 346 

performed in QGIS (v2.18.28, TauDEM package). Meteorological data (air temperature and 347 

precipitation time series) were collected from a weather station located in the catchment (St.5622; 348 

DMI, 2020a,b), while cloud cover was collected from the closest station with available data (Station 349 

06188, ca. 12 km from the catchment; DMI, 2020a). 350 

Details and technical information about the drainage of urban areas were gathered from the local 351 

drinking water and wastewater company with GIS shape files displaying the average degree of 352 

imperviousness and sewer network type at a spatial resolution close to cadastral units (SI Fig. S2, S3, 353 

S4). Groundwater extraction data were received as time series on a daily basis and aggregated per 354 

reach. The different WWTP influent and effluent flows, as well as some associated physico-chemical 355 

conditions (e.g. temperature, oxygen saturation, nutrient concentrations) were provided as daily 356 

time series for the largest WWTP and at lower and variable frequency for the two smallest ones (SI, 357 

Table S1). Almost all CSOs in this catchment are located in the reach Grønnegade-Ådalsvej (except 358 

one in the upstream reach Sjaelsø-Grønnegade) and their overflow volume is closely monitored by 359 

the local municipality (Hørsholm Kommune, 2020). Other data specifically focusing on water quality 360 

(nutrients, chl-a) were available from temporal monitoring (point measurements)  at 11 different 361 

sampling stations by Lemaire et al. (subm.) during 2018 and 2019. Remaining data were extracted 362 

from literature sources: nutrient concentrations in some specific compartment, BOD, and DO 363 

saturation for urban drainage compartment (SSOs and CSOs), as well as most data related to stream 364 

aquatic plant biomass. All input data and model parameters are provided in SI Tables S1 and S2.  365 

  366 
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3.3 Model set up and calibration 367 

3.3.1 General set up of modelled system 368 

The Userød Stream was discretized into three reaches in this catchment, so that the reach outlets 369 

coincided with the available monitoring stations and judiciously include the various different 370 

features and input discharges. The reach lengths range from 1500 to 3500 m and are designated 371 

(named) according to their outlet points through the rest of this paper (i.e. Grønnegade, Ådalsvej, 372 

Parallelvej, Nivemølle, Fig. 2b). The length range theoretically ensures fully mixed conditions of any 373 

substances discharging at the up-gradient boundary and are short enough to consider the reach 374 

geometry as uniform. It is worth noting that an additional reach was calculated, i.e. the sub-reach 375 

Parallelvej (Fig. 2b), to facilitate verification of the DO model result with the only available DO 376 

concentration measurement (sensor) in the catchment. The Donse Tributary contribution to the 377 

streamflow at Brønsholmsdalsvej was estimated using the developed RR module. Reach 378 

characteristics can be found in SI Table S3. 379 

We used three consecutive years of monitoring station data (2017-2019, Table 1) for calibration and 380 

verification: year 2017 and 2018 for the hydrological calibration (these years were respectively wet 381 

and dry, with annual precipitation of 777 and 512 mm, average cumulated = 712 mm) and year 2019 382 

for the verification (cumulated precipitation = 791 mm). The results from a field investigation by 383 

Lemaire et al. (subm.) provided a dataset to assess the model’s ability to simulate the dynamic 384 

variations of the physico-chemical conditions. The pH monitored at the most upstream part of the 385 

catchment was used as input and assumed uniform throughout all reaches. Such an assumption 386 

allows a simulation of extreme cases as we can suspect the highest variations of pH stemming from 387 

the eutrophic conditions at the source of the catchment, and more subtle variation downstream due 388 

to the more controlled variation imposed by the WWTP operations. The model is run using a daily 389 

time-step. 390 

3.3.2 Model calibration procedure and application 391 

The RR model and the CSO sub-module model were automatically calibrated using the dedicated 392 

STELLA module based on a differential evolution algorithm and least squares method for error 393 

minimization (ISEE, 2020; Price et al., 2005). The calibration was first run on the tributary and its 394 

associated sub-catchment (Fredtoften, Fig. 2b), i.e. the most pervious part of the catchment and 395 

relatively free from any urban disturbance and for which the least data were available. In a second 396 

step, this simulation was run for the entire tributary sub-catchment (Brønsholmsdalsvej, Fig. 2b) 397 

with inclusion of the urban areas to verify its satisfactory performance in peri-urban settings. The 398 

calibrated parameter values were used as default parameter values in the RR model for the Usserød 399 
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stream reaches, assuming relatively uniform geohydrological conditions over such a small catchment 400 

size. The groundwater storage time constant required an extra calibration operation (carried out on 401 

the most upstream reach and assumed equal in the other reaches) due to its strong influence on the 402 

hydrological response (SI, Fig. 14). The corresponding initial stock value was here manually adjusted 403 

to fit the start of the simulation period. All other stock initial values were simply initialized to non-404 

null values, as their influences were negligible beyond the first few days of simulation. Finally, a non-405 

null leaking term was introduced and calibrated in the most downstream reach to account for a 406 

losing section (flow from the stream towards groundwater) in periods of low flow. The CSO module 407 

calibration was carried out using the aggregated time series of all CSOs events (arithmetic 408 

summation) in this reach, considering the lump character of our model. The single CSO structure 409 

present in the Grønnegade reach was neglected at this stage. Calibrated values can be found in SI 410 

Table S3. 411 

The automatic calibration for all physico-chemical parameters of interest (i.e. DO, temp, NH3, NO3, 412 

PO4, chl-a) is hindered by the absence of a multi-objective calibration procedure, complex feedback 413 

mechanisms and limited measurement data. Instead, we used a multiple steps calibration to get a 414 

deterministic solution for the DO concentration, based on the identified most sensitive parameters 415 

(SI, Fig.S18): DO saturation of the different flow components, heterotrophic respiration, followed by 416 

BOD degradation rate and nitrification. The oxygen yield parameter for the plant biomass was set to 417 

realistic values based on the literature in order to get a DO estimate at a sub-daily time step (Krause-418 

Jensen and Sand-Jensen, 1998). Uncertainty and time variation of parameters and inputs were then 419 

addressed by Monte Carlo Simulation. No specific calibration was used for the temperature 420 

simulation that is mostly relying on the input regression model (SI Fig. S6). Finally, the ability of the 421 

model to handle nutrient and chl-a concentrations were carried out via a forcing input function at 422 

Grønnegade station, based on simulated flow, concentration data from Lemaire et al. (subm), and 423 

MC simulation to address the parameter uncertainty and the current capabilities of the model. 424 

3.3.3 Statistic indicators used for comparison between model results and data 425 

The model’s ability to capture stream water quantity and quality trends was evaluated using the 426 

comparison of plotted time series combined with standard statistical indicators: 𝑅𝑀𝑆𝐸 values and 427 

coefficient of determination 𝑅2 were computed for all quantities and specifically only when discrete 428 

measurement data were available. Nash-Sutcliffe Efficiency (𝑁𝑆𝐸), Percent BIAS (𝑃𝐵𝐼𝐴𝑆) and RMSE-429 

observations standard deviation ratio (𝑅𝑆𝑅) for hydrological quantities monitored continuously 430 

(Moriasi et al., 2007; Nash and Sutcliffe, 1970):  431 
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𝑁𝑆𝐸 = 1 −
∑ (𝑌𝑠𝑖𝑚,𝑡 − 𝑌𝑚𝑒𝑎𝑠,𝑡)2𝑛

𝑡=1

∑ (𝑌𝑠𝑖𝑚,𝑡 − 𝑌𝑚𝑒𝑎𝑠)
2𝑛

𝑡=1

 432 

𝑃𝐵𝐼𝐴𝑆 = 100 ×
∑ (𝑌𝑚𝑒𝑎𝑠,𝑡 − 𝑌𝑠𝑖𝑚,𝑡)𝑛

𝑡=1

∑ 𝑌𝑚𝑒𝑎𝑠,𝑡
𝑛
𝑡=1

 433 

𝑅𝑀𝑆𝐸 = √
∑ (𝑌𝑚𝑒𝑎𝑠,𝑡 − 𝑌𝑠𝑖𝑚,𝑡)2𝑛

𝑡=1

𝑛
 434 

𝑅𝑆𝑅 =
𝑅𝑀𝑆𝐸

𝑆𝑇𝐷𝐸𝑉𝑜𝑏𝑠
= √

∑ (𝑌𝑚𝑒𝑎𝑠,𝑡 − 𝑌𝑠𝑖𝑚,𝑡)2𝑛
𝑡=1

∑ (𝑌𝑚𝑒𝑎𝑠,𝑡 − 𝑌𝑚𝑒𝑎𝑠,𝑡)
2𝑛

𝑡=1

 435 

𝑅2 = 1 −
∑ (𝑌𝑚𝑒𝑎𝑠,𝑡 − �̂�,𝑡)2𝑛

𝑡=1

∑ (𝑌𝑚𝑒𝑎𝑠,𝑡 − 𝑌𝑚𝑒𝑎𝑠)2𝑛
𝑡=1

 436 

where 𝑌𝑚𝑒𝑎𝑠/𝑠𝑖𝑚 represents a measured/simulated target variable (e.g flow or depth). Consensus 437 

performance ratings for some of these indicators were used to evaluate our results according to 438 

Barbosa et al. (2019) and can be found in SI, Table S2. 439 

Finally, we used a flashiness index to characterize the impact of the urban compartment on the peri-440 

urban stream flow, 𝑄, and alteration of the flow regime (Baker et al., 2004). 441 

𝑅𝐵 =
∑ |𝑄𝑖 − 𝑄𝑖−1|𝑛

𝑡=1

∑ 𝑄𝑖
𝑛
𝑡=1

 442 

 443 

  444 
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4 Results 445 

To demonstrate the model applicability, results for both the calibration and verification period are 446 

shown for various water quantity and quality indicators in the following sections. Taking advantage 447 

of the numerous stream gauging stations in the catchment, results could be shown for four locations 448 

along the Usserød stream (Grønnegade; Ådalsvej; Parallelvej; Nivemølle) and two locations along the 449 

Donse Tributary (Fredtoften; Brøholmsdalsvej), listed here in order from up- to downstream flow 450 

locations along each water course (Fig. 2). Results have been selected to show the versatility and 451 

transferability within the catchment, as well as the model performance. In terms of water quality, 452 

Parallelvej (Usserød Stream) is shown for DO, the location of the sensor; else results are shown 453 

according to the outlets for the three reaches comprising the Usserød catchment (Grønnegade; 454 

Ådalsvej; Nivemølle). 455 

4.1 Streamflow and water depth 456 

The model performs quite well in terms of flow simulation for Usserød Stream (Fig. 3a, b; SI Fig. S7), 457 

with the performance indicators categorized as good or very good for all reaches in terms of flow 458 

(NSE, RSR, PBIAS) for both the calibration and verification periods (Table 2). In terms of the stream 459 

water level (depth), the model was also found to simulate the dynamics well, both on a daily and 460 

seasonal basis, with most indicators in the satisfactory to good range (except at Grønnegade), and 461 

with RMSE values below 0.08 m for both calibration and verification periods (Table 2; Fig. 3a; SI Fig. 462 

S8), indicative for the suitability of the model in capturing seasonal variations of stream roughness. 463 

Notably, during the entire simulation period, 2017-2019, 49 CSOs events were recorded in the 464 

Ådalsgade reach (15 below 10m3/day), of which 11 were dynamically captured by our model without 465 

prior specific knowledge of the network structure (actual number of outlets) nor actual active 466 

control measures (related to CSO release requirements). Deviation of estimated and measured 467 

overflows were, however, relatively high (59% relative deviation for the events simulated) (SI Fig S9). 468 

Importantly, the simulation underlines the variable contribution and dynamics of the different flow 469 

components. In winter, an important part of the flow originates from the lake outflow (input) and 470 

the pervious areas. In summer, the tributary at Brønsholmdalsvej becomes negligible, while the 471 

WWTP effluents contribute significantly to the overall stream flow. Stormwater becomes an 472 

important contributor during rain events via the numerous separate system outlets to the stream. 473 

CSOs are sporadically active, but their respective short and intense discharges contribute relatively 474 

little to the flow, when aggregated on a daily basis (Fig. 8d). 475 

 476 
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 477 

Figure 3. Selected results of flow and depth simulations for Usserød stream (a,b) and the Donse tributary (c) compared to 478 

available measured data. Other simulation results can be found in SI Fig. S7 (Usserød flow), S8 (Usserød water depth), S9 479 

(Donse tributary flow).  480 

The RR model application comprising the full sub-catchment area (all feature types) of the Donse 481 

Tributary (Brøholmdalsvej) is shown in Fig. 3c for both the calibration and verification period. 482 

Satisfactory agreement between simulated and measured data could be documented for the 483 

calibration period, based on the NSE and RSR criteria, while PBIAS is 30% (Table 2). These all 484 

improved to very good for the verification period, where the effect of the urban drainage system on 485 

the flow is particularly visible: even on a daily time-step, sharp peaks and an increase in the 486 

flashiness index (RB) at Brøholmdalsvej are representative for the fast drainage of impervious areas 487 
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via separate systems in this part of the sub-catchment (RB=0.13 and 0.15 at Fredtoften and 488 

Brøholmdalsvej, respectively). In comparison, for the upstream most pervious (agricultural/natural) 489 

part of this sub-catchment (Fredtoften), the flow dynamics could be classified as good or very good 490 

(RSR; NSE) for the calibration period, and good (NSE; RSR) for the verification period (Table 2; SI Fig. 491 

S10).  492 

Table 2. Performance indicators for flow and depth simulations, including the Nash-Sutcliffe Efficiency (𝑁𝑆𝐸), Percent BIAS 493 

(𝑃𝐵𝐼𝐴𝑆), RMSE-observations standard deviation ratio (𝑅𝑆𝑅), and Flashiness index (RB, flow only) for all reaches, for both 494 

the calibration and verification period. Performance rating values for all indicators, except RB are indicated as follows 495 

(Barbosa et al., 2019): very good; good; satisfactory; unsatisfactory (x). Additional simulation results can be found in SI Fig. 496 

S7, S8, S9. 497 

Output 
Indicator 

 

Calibration Verification 
[2017 – nov 2018] [nov 2018- 10 oct 2019*/31 Dec 2019] 
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Usserød stream Donse trib Usserød stream Donse trib 

Flow           
 NSE 0.76 0.73 0.76 0.80 0.57 0.90 0.76 0.87 0.66 0.87 
 RSR 0.48 0.51 0.49 0.45 0.65 0.32 0.48 0.35 0.58 0.35 
 PBIAS 3.3 -9.3 0.01 3.3 30x 10.9 16.4 8.3 -42.7x -1.3 
 RB 0.19 0.17 0.20 0.14 0.15 0.18 0.18 0.20 0.13 0.15 
Water depth           
 NSE 0.45* 0.59 0.67   0.61 0.70 0.60   
 RSR 0.74* 0.64 0.57   0.62 0.55 0.63   
 PBIAS 7.5 -6.1 -7.8   4.4 -4.8 -8.3   
 RMSE 0.07 0.05 0.07   0.08 0.05 0.08   

*: indicator given for the period [nov 2018- 10 oct 2019, see section 5] 498 

The PBIAS indicator, however, highlights specific periods of flow overestimation and 499 

underestimation. For example, the flow at Fredtoften station is overestimated at the end of the 500 

summer-fall season in 2018 and 2019 of the verification period (SI Fig. S10). Such a discrepancy is 501 

likely stemming from the source of the tributary, consisting of an overflow from a water 502 

impoundment not accounted for in the model, which becomes insignificant in the late summer time. 503 

Conversely, PBIAS indicates a flow underestimation during the calibration period at 504 

Brømsholmdalsvej. This deviation could potentially be caused by an extension of the separate 505 

systems network, not aligned with the natural delineation of the sub-catchment, and therefore 506 

collecting and adding stormwater from an adjacent sub-catchment. Nevertheless, we believe these 507 
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results confirm the implemented approach is suitable for capturing the flow dynamics from urban 508 

and agricultural/natural catchment features. 509 

4.2 Physico chemical and water quality parameters 510 

4.2.1 Stream Temperature 511 

The simulation of daily stream water temperature compares very well with the measurements for 512 

both the calibration and verification period at Parallelvej (Fig. 4; 𝑅2=0.90, 𝑅𝑀𝑆𝐸=1.6 °C). Moreover, 513 

the narrow percentile spread for the MC simulation results suggests that the uncertainty related to 514 

the relevant model parameters for simulating stream temperature is not critical (i.e. low sensitivity 515 

parameters), and that the daily stream temperature variations are mostly driven by the daily 516 

variation in air temperature (see results at Nivemølle station; Fig. 7a). Similar observations were 517 

made in a study by Toffolon and Piccolroaz (2015), where the small stream size and relatively 518 

shallow depth resulted in a low water thermal inertia and fast equilibrium of water temperature, 519 

leading in turn to important seasonal water temperature variations in the investigated stream.  520 

 521 

Figure 4. Simulation results for the stream temperature compared to grab sample measurements at Parallelvej (red marked 522 

circle in map). The grey ribbon indicates the calibration period for the RR model, rest of the time serie being the verification.  523 

4.2.2 Dissolved oxygen concentration 524 

Dissolved oxygen concentrations in the stream are relatively well captured by the model with a 525 

coefficient of determination for the daily average concentration ranging from 0.58 to 0.65 for the 526 

calibration and verification period, respectively, compared to the sensor data at Parallelvej (Fig. 5a 527 

and b). The computation at a sub-daily time-step also compares relatively well with observations in 528 

terms of the overall dynamic trend (Fig 5c), albeit with some short-term deviations. The observed 529 

discrepancies in amplitude at such a time discretization is likely related to the daily input data (not 530 

available at higher frequency), shadow effects not properly captured (either riparian or in-stream) 531 

and the uncertainty arising from the aggregation of aquatic plant biomass into two groups, as 532 

corroborated by the MC simulation results (most of the variations and the grab samples at 533 
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Parallelvej and Nivemølle lie within the estimated percentiles; Fig. 6 and 7b). In terms of time 534 

variation, the diel oscillation and max. DO concentration resulting from photosynthetic activity occur 535 

relatively late compared to the simulation for point C (Fig. 5c) and may possibly stem from an 536 

unknown sensor timestamp shift, local variability in environmental conditions, or high macrophyte 537 

density in the most upstream part of the catchment combined with a much lower reaeration rate 538 

than estimated (results not shown). This point will be further discussed in the next section. 539 

 540 

Figure 5. DO concentration simulation (blue line) compared to an online sensor measurement (red line) at Parallelvej, with 541 

(a) simulated and measured daily average DO concentration for the calibration and verification period. The grey ribbon 542 

indicates the calibration period. The pale blue and red shadings correspond to the amplitude of simulated and measured 543 

daily extremes respectively. (b) 1:1 scatter plot of simulated and measured daily average DO concentration (black cross-544 

marker corresponds to the verification period, grey dot marker to the calibration period); and (c) simulated and measured 545 

hourly DO for a selected summer period showing the diurnal variation induced by plant photosynthesis/respiration. 546 

Overall, the model satisfactorily captures the seasonal trend for dissolved oxygen and highlights a 547 

potential critical state in summer (NSE=0.52 and 0. 59 for calibration and verification period 548 

respectively). Low average DO concentrations corresponding to low saturation levels are indeed 549 

observed and simulated in the period July-September, and possibly driven by sustained 550 

heterotrophic respiration (Fig. 5a and SI Fig. S11). Interestingly, the model underestimated the daily 551 

concentrations observed for the verification period from March to May 2019, and inversely 552 

overestimated the low daily concentrations between May and July 2019. Such a dynamic trend does 553 

not seem to be related to data uncertainty, as the MC simulation did not capture these events either 554 

(Fig. 5a and 6). The aforementioned underestimation is possibly connected to a benthic or epiphytic 555 
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community bloom stimulated by favorable spring light conditions that particular year, and would 556 

require an additional dedicated biomass stock in the model. Such ecological events have been 557 

commonly observed in small streams with high nutrient levels (Kaenel et al., 2000; Sand-Jensen et 558 

al., 1989b), and were also observed at the stream’s source Sjæl Lake in August 2019 (visual 559 

inspection). The overestimation of DO concentration from May to July could be related to an 560 

important heterotrophic respiration event, stemming from 1) scouring, settling and decomposition 561 

of the possible algae bloom in the previous months, or 2) a high dissolved organic matter load during 562 

high flow prior to a sustained low flow period in spring (Fig. 3), as also recently reported  by Hutchins 563 

et al. (2020) for instance.564 

 565 

Figure 6. MC simulation results at Parallelvej for the DO concentration (gray and black shading/lines) compared to the 566 

online sensor (red line; located under a bridge in the shade) and grab sample measurements (red circles, measured in the 567 

afternoon) j. Note that results are shown for the verification period only. The dashed grey lines show the [10-90] percentiles 568 

of maximum daily amplitude resulting from photosynthesis/respiration. Input parameter distributions can be found in SI 569 

Table S4. 570 

4.2.3 Nutrient species and chlorophyll-a 571 

In terms of inorganic nitrogen, the estimated nitrate concentrations are relatively well captured, 572 

with most of the grab sample concentrations falling within the 10-90 percentile of the MC simulation 573 

results (Fig. 7c, SI Fig. S12). The ammonium concentrations seem to be well estimated in winter, but 574 

overestimated in summer (Fig. 7d). This overestimation seems to affect only the last simulated reach 575 

of the stream (SI Fig. S13), where an important coverage of macrophytes and emergent plants is 576 

observed (data not shown). The relatively good simulation results for the NO3-N concentrations rule 577 

out a possible underestimation of the nitrification process, suggesting instead an assimilation 578 
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preference for NH4-N (rather than NO3-N) by the aquatic plant biomass, as already documented by 579 

Cohen and Fong (2004) and Riis et al. (2020). 580 

Orthophosphate concentrations exhibit the opposite trend with a significant underestimation of 581 

concentrations during an important part of the summer at the beginning of autumn, specifically in 582 

the last simulated reach (June-October, Fig. 7e and SI Fig. S14). This result highlights a possible 583 

omission of an important source-pathway (e.g. wash-off from agricultural lands, septic tank 584 

drainage). Alternatively, and considering the continuous overestimation in the summer period for all 585 

associated sampling periods, a diffuse release from phosphorous stored in the streambed sediments 586 

in the summertime cannot be excluded. Such processes have been observed and described in lentic 587 

environments (Søndergaard et al., 2003), but also in streams where phosphorous becomes available 588 

by desorption and fueled by enhanced decomposition of organic matter and lower oxygen levels at 589 

higher temperatures (Alnoee et al., 2021; Jarvie et al., 2005; Lannergård et al., 2020; Svendsen et al., 590 

1995). P-release from the sediment in the urban stream environment has also been documented 591 

when coupled with low DO concentrations, although often also combined with low NO3 592 

concentrations (Blaszczak et al., 2019). 593 

Finally, the model simulation for suspended chl-a compares relatively well with the few available 594 

observations, and despite the lack of data and characterization of the suspended algae species 595 

assemblage in the stream (Fig. 7f). The simulations in the different reaches show that an important 596 

part of the suspended chl-a actually originates from the most upstream reach, likely as an output 597 

from the eutrophic lake (SI Fig. S15). At the most downstream station, Nivemølle, the percentile 598 

range for the simulations clearly shows an underestimation of the suspended chl-a in spring (Mar-599 

May), coinciding with the aforementioned underestimation of DO concentrations by our model (Fig. 600 

5a and 6). These remarks combined with the high density of emergent aquatic plants observed in 601 

this reach support the assumption of an epiphyte or benthic algae community development at that 602 

time, possibly washed away by the stream water flow (Sand-Jensen, 1998; Sand-Jensen et al., 603 

1989a).  604 

 605 
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   606 

Figure 7. MC simulation results at Nivemølle. (a) temp; (b) DO; (c) NO3-N; (d) NH4-N; (e) PO4-P and (f) susp. chla compared 607 

to available grab sampled measurements (red circles). The dashed grey lines for the DO concentration (b) highlight the 10-608 

90 percentile for the sub-daily DO variations. Results are displayed for the verification period only, with grab samples for 609 

nutrients and chla combined with simulated flow used as forcing input at the most upstream station Grønnegade and at 610 

Donse tributary (SI Fig.S16). Parameter distributions for the MC simulation are given in SI Table S5. 611 

5 Discussion  612 

This SD model and lumped module formulation, implemented as a semi-distributed model structure 613 

to capture key spatial variability, enabled the computationally quick and effective simulation of 614 

hydrology and water quality variations in a small peri-urban stream. Notably, one of the great 615 
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advantages of the lumped formulation is a fast simulation time, providing a good opportunity to 616 

account for data uncertainty and their inherent variability (i.e. through MC simulation).  617 

In terms of the hydrological module, the model and the implemented structure captured well the 618 

very dynamic contribution of flows stemming from urban and more pervious areas that will 619 

influence water quality (with performance indicators ranging from satisfactory to very good). The 620 

good results in terms of water depth (RMSE< 0.1 m) highlight the importance of a dynamic and 621 

variable Manning’s coefficient, especially for small stream systems like the one modelled here, 622 

where shallow water depths combined with underwater vegetation have a strong influence. On the 623 

water quality side, the representation of in-stream processes and simulation results for stream 624 

temperature, oxygen and macronutrients (NH4-N, NO3-N, PO4-P) were deemed acceptable 625 

compared to the available measured data (based on RMSE and coefficient of determination).  626 

Importantly, the observed discrepancies allowed us to identify key processes affecting the hydrology 627 

or water quality in a mixed land-use environment, due in part to the transparency of the model 628 

structure allowing the direct inspection of cause-effect system feedbacks (built using an SD 629 

approach), as well as potential model improvements and limitations (both discussed further below). 630 

This could facilitate a more in-depth analysis of the investigated stream system, which can 631 

sometimes be challenging with more complex model structures (Clark et al., 2017).  632 

5.1 Process understanding and model application 633 

The combined simulation supported by a rich dataset for our application gives some insightful 634 

information on the dynamics processes at stake in peri-urban catchments with strong implication on 635 

the general stream water quality.  636 

Measurement of nutrient fluxes on a seasonal basis by Lemaire et al (subm.) in this catchment 637 

showed very dynamic contributions (e.g. nutrients discharge) in the different reaches, confounding 638 

the identification of detrimental impacts from sources and land-use. The simulations highlight this 639 

important dynamic contribution of the different flow components (Fig. 8), and consequently the 640 

challenges with respect to maintaining good water quality in peri-urban stream systems. There is not 641 

one single dominant component and the effects from the different contributions and associated 642 

loadings are naturally very dependent on the local catchment attributes (e.g, degree of urbanization; 643 

land-use; type and extent of drainage system). These local differences need to be accounted for 644 

when designing restoration strategies which target also stream water quality in peri-urban systems 645 

(Booth et al., 2016). In our case, the stream reaches could be further divided, to check that the 646 

current model setup appropriately captures the key attributes governing the conditions in the 647 

stream system. 648 
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 649 

Figure 8. Simulations of contribution of the different flow components at Nivemølle. a) Measured precipitation in model 650 

area; (b) Simulated flow in Usserød Stream, and (c) Ssimulated flow contribution (c)for the key features captured by the 651 

model). The contribution is based on the sum of all inflows (lake (blue); flow from pervious areas (dark green); tributaries 652 

(light green); various urban features (WWTP: dark grey; SS: light gray)) and does not account for possible loss along the 653 

reaches. (d) Selected time period showing the contribution of a CSO event (purple shading). 654 

In terms of CSO contribution, it is worth mentioning that the simulation on a daily basis shows that a 655 

single CSO event has a quite limited effect in terms of flow due to its relatively short and transient 656 

properties (Fig. 8b). Nevertheless, the impairment related to particle load (and related degradation), 657 

and pollutant (dissolved and particle-bounded) is non-negligible for these structures and underlined 658 

as a possible reason for ecological degradation in this catchment (Becouze-Lareure et al., 2016; 659 

Lemaire et al., subm.), but out of the scope of the model at this time. 660 

The results from the stream water quality simulation highlight important seasonal variations of 661 

stream water temperature that may be amplified in peri-urban settings. Notably here, temperature 662 

above 21 degrees (local threshold value) are estimated during the summer season, with potential 663 

adverse effect in terms of DO concentration (due to decrease in DO saturation) and on the stream 664 

biota (Coutant, 1977; Eaton and Scheller, 1996). The model indicates a limited stream thermal 665 

inertia (driven by shallow depth and fast equilibrium rate with the atmosphere; not shown) resulting 666 

in the stream water temperature to be strongly correlated to the air temperature as a main 667 

explanation. Furthermore the extent of urban and impervious areas and relative contributions to 668 

peri-urban stream system can exacerbate this problem. Generally, air temperature in the urban 669 
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areas are higher (known as the heat island effect; Briciu et al.,2020), and runoff on heated 670 

impervious areas drained via separated system can contribute as well (Wenger et al., 2009).  671 

The simulation of DO concentrations shows high heterotrophic respiration events during the 672 

summer and beginning of autumn (May-October) that appear as the cause of sustained periods at 673 

relatively low daily DO levels witnessed in this catchment. This observation is in agreement with 674 

freshwater ecosystem metabolism being generally heterotrophic (Hall and Beaulieu, 2013; 675 

Marcarelli et al., 2011). However, this heterotrophic state seems highly dynamic in time and space 676 

and do not always result in significant DO depletion (see e.g. the difference in measured DO 677 

saturation levels between two consecutive years 2018 and 2019 in SI, Fig. S11). Hutchins et al. (2020) 678 

highlighted a similar phenomenon, with enhanced heterotrophic respiration following a flood event 679 

and a loading of dissolved organic carbon in the much bigger river system Thames (UK). Urbanisation 680 

also leads to increased loads of more labile dissolved organic matter fraction and enhanced 681 

heterotrophic respiration (Hosen et al., 2014; Khamis et al., 2020; Xenopoulos et al., 2021)  which 682 

will constitute a challenge in peri-urban settings considering the myriad of delivery pathways. 683 

Another possible driving mechanism could be algae blooms phenomena followed by settling and 684 

decomposition (as discussed in section 4.2.2) or aquatic plant biomass, with macrophytes affecting 685 

strongly the local flow conditions, resulting in  flow velocity reduction, fine sediment accumulation 686 

and ultimately enhanced metabolism in lowland streams, also shown in other studies for shallow 687 

streams (Alnoee et al., 2016; Preiner et al., 2020; Riis et al., 2020). To this day, the modelling of this 688 

type of interaction and understanding of heterotrophic respiration is still limited (but see Segatto et 689 

al., 2020) and constitute an important source of uncertainty for any DO simulation in water quality 690 

models (Hutchins et al., 2020). 691 

Finally, the sustained period of low dissolved oxygen previously described may also create favorable 692 

conditions for the enhanced release of nutrients. The simulations revealed, for example, an 693 

underestimation of phosphorus concentrations compared to the observed data. While unknown 694 

sources such as agricultural drainage or septic tank cannot be excluded in peri-urban catchments 695 

and should be investigated further, several studies pointed out an enhanced release of reactive and 696 

legacy phosphorus in summer periods under low DO conditions for both mixed and single land-use 697 

streams (Alnoee et al., 2021; Blaszczak et al., 2019; Jarvie et al., 2020). Such a process can become 698 

an important feedback mechanism: the released nutrients sustain aquatic plant biomass and favor 699 

increased organic matter settling and decomposition and thus oxygen depletion as previously 700 

mentioned, especially if P is a limiting factor or other sources of reactive phosphorus (e.g. urban 701 

effluents) are removed or controlled (Jarvie et al., 2005). Notably in the investigated catchment, the 702 

push towards green transition solutions for more resource and energy-efficient water treatment 703 
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systems may result in centralized systems, with the rerouting of urban effluent outlets further 704 

downstream or directly to the Baltic Sea (Danish Water Forum, 2016). While the benefit of such a 705 

solution cannot be denied in terms of overall environmental impact (e.g. carbon reduction and 706 

energy savings), it may come with trade-offs for the receiving waters (impacting biodiversity) that 707 

should be considered holistically, e.g. enhanced residence time due to flow reduction, lower depth, 708 

reduced thermal inertia, and more particle settling triggering some of the impairment mechanisms 709 

previously described. 710 

5.2 Future model development and data needs 711 

The results from the hydrological model were generally simulated well; however, some of the 712 

deviations observed in the period of extreme flows could not be entirely captured. The verification 713 

period for the three reaches comprising Usserød Stream finished October 10th, 2019 (vertical dashed 714 

line in Fig. 4) when the simulation starts significantly deviating from the observations. Floodplain 715 

inundation (flooding likely associated with a reduced channel capacity and high flows) strongly 716 

altered the flow regime and could not be handled with the current model structure (1-D system). 717 

Secondly, the introduction of a leaking term in the most downstream reach (see 3.3), based on local 718 

water abstraction data, was deemed necessary to improve the results during the period of low flows 719 

in summer. Although a local change in geology has not been considered (we assume the calibrated 720 

parameters were similar between all reaches), this correction highlights the dynamic interaction 721 

between both groundwater and surface water especially important in small stream systems (Lemaire 722 

et al., 2020; Sophocleous, 2002). This interaction is challenging to handle in hydrological modelling, 723 

though critical in lowland catchments and should be addressed to better understand the flow 724 

dynamics in low flow periods (see e.g. the work by Brauer et al.; 2014). Finally, the period of 725 

overestimation for the flow at the beginning of the autumn period in the Donse Tributary (in 726 

connection with a possible water impoundment), the deviation between simulated and measured 727 

CSOs or the use of some time series (e.g. WWTP effluent; lake sluice data at most upstream point) 728 

underline the importance of anthropogenic features affecting the hydrology and the required 729 

knowledge of their active control and stakeholder engagement for improved modelling, as also 730 

underlined by Fu et al. (2020).  731 

The simulations for water quality in the stream are currently limited to the in-stream process. 732 

Therefore, a recommended next step would be to address the land source dynamics (e.g. fertilizer 733 

and nutrient applications, dissolved organic matter source) and the multiple flow contributions. The 734 

simulation of DO concentrations at the sub-daily time step highlights the need for improved 735 

characterization of the influence of the aquatic plant biomass, both in terms of spatial coverage but 736 

also in terms of autotroph group dynamics, to fully capture the overall dynamics of DO in small peri-737 
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urban streams. This task, however may need to rely on more spatially detailed and high frequency 738 

data very often not available (Bowes et al., 2016).  739 

Furthermore, the observed time shift for the diel oscillation cycle points towards potential 740 

uncertainty in the reaeration formulation. This uncertainty is especially high for shallow streams 741 

(Aristegi et al., 2009), but is inherent to any water quality model (Fu et al., 2020; Palumbo and 742 

Brown, 2014). Reaeration could also be affected by the presence of macrophytes, which will 743 

challenge the assumption of fully mixed conditions in general, and have indirect effects in terms of 744 

temperature and water level (Wilcock et al., 1999). The aquatic plant biomass will also influence the 745 

hydrological model and should ideally have a feedback effect on the hydraulic roughness 746 

relationship currently implemented, in addition to their potential to force the settling of suspended 747 

sediments. Finally, the deviation in terms of orthophosphate concentration in summer time 748 

highlights the potential need for more detailed process description of the streambed compartment 749 

in terms of nutrient cycling and role as a pollutant-bound stock, but also as the scene for complex 750 

heterotrophic respiration processes.  751 

6 Conclusion 752 

In this study, we developed an integrated (water quantity and quality) model using a system 753 

dynamics approach to investigate the variations and interactions between the flow and physico-754 

chemical parameters (stream temperature, dissolved oxygen, nutrients and chlorophyll-a) in a peri-755 

urban stream on a daily basis.  756 

• We successfully captured the flow and depth variation (with performance indicators, e.g. 757 

NSE/RSR, ranging from very good to satisfactory for all reaches in the verification period), as 758 

well as satisfactory results in terms of physico-chemical conditions (stream temperature and 759 

dissolved oxygen, NSE/RMSE performance indicators). Notably, the model combined with a 760 

rich dataset highlighted the very dynamic contribution of flows stemming from urban and 761 

more pervious areas that will greatly influence water quality.  762 

• Simulation results could additionally highlight the important influence of stream 763 

temperature variations combined with episodes of enhanced heterotrophic respiration 764 

causing low dissolved oxygen levels in the stream, especially during the summer months. 765 

Inflow of labile dissolved organic matter from the numerous flow pathways triggered in 766 

periods of high flow, followed and/or combined with settling and decomposition of algae in 767 

periods of low flow may fuel this important heterotrophic activity.  768 

• The simulated nutrient concentration deviations (in the downstream reaches, where 769 

simulations can be compared to measured data with consideration of uncertainty) show 770 
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high potential for ammonium uptake in the reach dominated by macrophytes (i.e. 771 

Nivemølle). These simulation results, when combined with the rich dataset further indicate a 772 

potential for remobilization of phosphorus from the sediment, which may constitute a 773 

critical source for nutrients should other sources (e.g. WWTP effluent) be removed or 774 

reduced.  775 

• In this particular catchment, these impairments could be further exacerbated by the 776 

implementation of a green transition solution aiming at rerouting the urban effluents out of 777 

the stream system (and directly into the Baltic Sea). The sustainability of this solution should 778 

be holistically evaluated to ensure stream water quality and aquatic (both freshwater and 779 

marine) ecosystems do not become a negative trade-off as a result of such a solution. 780 

Overall, the model was valuable in uncovering key insights into the dynamics of a peri-urban 781 

stream and, in combination with measured data, revealed that these types of lowland stream 782 

catchments may have a high potential to be impacted by green transition solutions. We expect 783 

the model’s flexibility and simple structure will constitute a powerful tool for additional 784 

stakeholder engagement activities in this catchment, and facilitate its ease of transferability and 785 

application in others. 786 
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APPENDIX A 

A.1. List of variables describing the system considered in Fig. 2 

Catchment and reach  

Parameters Unit Description Data type Value 

𝐴 𝑚2 Subcatchment area Input  
𝐿 𝑚 Reach length Input All inputs are  
𝑏 𝑚 Average stream reach width Input reach dependent  
𝑑 𝑚 Average stream reach depth Calculated See SI Table S3 
𝑠 - Average stream reach slope Input  
𝑉 𝑚3 Water volume in reach Calculated  
𝑈 𝑚/𝑠 Stream flow velocity Calculated  

 

Hydrology – natural flow component 

Parameters Unit Description Data type Value 

𝑃 𝑚𝑚. 𝑑𝑎𝑦−1 Precipitation Input (DMI, 2020b) 
𝑇𝑎 °𝐶 Air temperature Input (DMI, 2020a) 
𝑅𝑒 𝐽/(𝑚2. 𝑑) Extraterrestrial radiation Input (Bojanowski, 2013) 
𝑛 𝑠/𝑚1/3 Manning’s coefficient Calculated  

𝑆𝑀 𝑚𝑚 Soil moisture reservoir Calculated  
𝑅𝑂𝐹𝐹 𝑚𝑚 Overland flow reservoir Calculated  

𝐺𝑊 𝑚𝑚 Grounwater reservoir Calculated  
𝑆𝑇𝑅𝐸𝐴𝑀 𝑚𝑚 Stream reservoir Calculated  

𝐼 𝑚𝑚. 𝑑𝑎𝑦−1 Infiltration Calculated  
𝐴𝐸𝑇 𝑚𝑚. 𝑑𝑎𝑦−1 Actual Evapotranspiration Calculated  
𝑃𝐸𝑇 𝑚𝑚. 𝑑𝑎𝑦−1 Potential Evapotranspiration Calculated  
𝑃𝑒𝑟𝑐 𝑚𝑚. 𝑑𝑎𝑦−1 Percolation  Calculated  

𝑄𝑟𝑢𝑛𝑜𝑓𝑓  𝑚𝑚. 𝑑𝑎𝑦−1 overland flow Calculated  

𝑄𝑢𝑖 𝑚𝑚. 𝑑𝑎𝑦−1 Upper interflow Calculated  

𝑄𝑙𝑖 𝑚𝑚. 𝑑𝑎𝑦−1 Lower interflow Calculated  

𝐵𝑎𝑠𝑒𝑓𝑙𝑜𝑤 𝑚𝑚. 𝑑𝑎𝑦−1 Baseflow Calculated  
Streamflow  𝑚3. 𝑑𝑎𝑦−1 Stream flow Calculated  

𝐹𝐶 𝑚𝑚 Field capacity equivalent Parameter  
𝐿𝑃𝐸𝑇 𝑚𝑚 Soil moisture threshold for Potential Evapotranspiration  Parameter  

β - Evapotranspiration reduction factor Parameter  

𝑊 - Wetness index Calculated  
𝑆𝑀𝑇 𝑚𝑚 Soil moisture threshold – upper interflow Parameter  
𝑅𝑇𝐶 𝑑𝑎𝑦 Runoff time constant Parameter  
𝑈𝐼𝑇𝐶 𝑑𝑎𝑦 Upper interflow time constant Parameter  
𝐿𝐼𝑇𝐶 𝑑𝑎𝑦 Lower interflow time constant Parameter  
𝑃𝑅𝑇𝐶 𝑑𝑎𝑦 Percolation time constant Parameter  
𝐵𝑇𝐶 𝑑𝑎𝑦 Baseflow time constant Parameter  
𝑆𝐷𝑅 𝑑𝑎𝑦 Stream discharge rate Parameter  

𝐺𝑊𝐴𝑅 𝑚3. 𝑑𝑎𝑦−1 Groundwater abstraction rate input (NOVAFOS, 2020) 
𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝐺𝑊𝐴𝑅 - Scaling factor for GWAR Parameter Reach dep. SI, Table S3 

𝐺𝑆𝐼 - Factor for loosing stream section Parameter Reach dep. SI, Table S3 

 

Hydrology - urban component 

Parameters Unit Description Data type Value 

𝑄𝑤𝑤𝑡𝑝 𝑚3. 𝑑𝑎𝑦−1 WWTP effluent flow Input (NOVAFOS, 2020) 

𝑓𝑖𝑚𝑝  - Fraction of impervious area Input (NOVAFOS, 2020), Fig. S4 

𝑓𝑐𝑠 - Combined system fraction impervious areas Input (NOVAFOS, 2020), Fig. S4 

𝑆𝑆 𝑚𝑚 Separated system reservoir Calculated  

𝑄𝑢𝑟𝑏𝑎𝑛_𝑐𝑠+𝑄𝑑𝑟𝑦 𝑚3. 𝑑𝑎𝑦−1 WWTP effluent flow in combined system Input (NOVAFOS, 2020) 

𝑄𝑢𝑟𝑏𝑎𝑛_𝑠𝑠 𝑚3. 𝑑𝑎𝑦−1 Separated system flow Input (NOVAFOS, 2020) 

𝑆𝑆𝑇𝐶 𝑑𝑎𝑦 Separated system time constant Parameter 0.05 (calibrated) 

𝐶𝑆𝑇𝐶 𝑑𝑎𝑦 Drainage outflow time constant  Parameter 0.5 (calibrated) 

𝐶𝑆𝑂𝑇𝐶 𝑑𝑎𝑦 Overflow combined system time constant Parameter 0.95 (calibrated) 

𝑄𝑑𝑟𝑦
̅̅ ̅̅ ̅̅  𝑚3. 𝑑𝑎𝑦−1 Average dry discharge WWTP (black grey water) Parameter (NOVAFOS, 2020) 
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𝑄𝑀𝐴𝑋 𝑚3. 𝑑𝑎𝑦−1 Max flow capacity towards WWTP (combined system) Parameter 50000 (Calibrated) 
𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑚3 Max volume capacity – retention basin (combined system) Parameter 10000 (Calibrated) 

 

Temperature 

Parameters Unit Description Data type Value 

𝑇𝑤 °𝐶 Stream water  temperature Calculated  
𝑇𝑒 °𝐶 Equilibrium temperature Calculated  
ρ 𝑘𝑔/ 𝑚3 Mass density Parameter 1000 

𝐶𝑝 𝐽/(°𝐶. 𝑘𝑔) Specific heat capacity water Parameter 4182  
𝐾 𝐽/(𝑚2. °𝐶. 𝑘𝑔. 𝑑𝑎𝑦) Heat transfert coefficient Parameter 1.9e6 (Bogan et al., 2003) 

 

Oxygen and nutrients 

Parameters Unit* Description Data type Value 

𝐴𝑙𝑡 𝑚 Average altitude Input 8 (DSFE, 2020) 
𝑆𝑎𝑙 ppt (𝑔. 𝑙−1) Salinity Input 0  
𝐷𝑂 𝑚𝑔. 𝑙−1 DO concentration Calculated  

𝐷𝑂𝑠𝑎𝑡 𝑚𝑔. 𝑙−1 DO saturation concentration Calculated  
𝑝𝐻 -  Input  
𝑘𝑎 𝑑𝑎𝑦−1 Reaeration rate  Calculated  
𝜃𝑎 - Temperature correction factor reaeration Parameter 1.024 (Chapra, 1997) 

     
𝐵𝑂𝐷 𝑚𝑔. 𝑙−1 carboneous Biochemical Oxygen Demand Calculated  

𝑘𝑑
𝑠  𝑑𝑎𝑦−1 Degradation rate organic organic matter Calculated  

𝑘𝑑
20 𝑑𝑎𝑦−1 Reference degradation rate organic matter (20 °C) Parameter 0.5 (Chapra, 1997) 

𝜃𝐵𝑂𝐷 - Temperature correction factor BOD Parameter 1.047 (Bowie et al., 1985) 
𝑘𝑠 𝑑𝑎𝑦−1 Settling rate, organic matter Calculated  

𝑉𝑠,𝐵𝑂𝐷 𝑚. 𝑑𝑎𝑦−1 Settling velocity, organic matter Parameter 0.1 (Chapra, 1997) 
     

𝑁𝐵𝑂𝐷 𝑚𝑔. 𝑙−1 Nitrogenous Biochemical Oxygen Demand (nitrification) Calculated  

𝑟𝑜𝑛 𝑔. 𝑔𝑁−1 stoichiometric ratio DO consumed during nitrification Parameter 4.57 (Chapra, 1997) 

𝑘𝑛𝑖𝑡  𝑑𝑎𝑦−1 Nitrification rate Calculated  

𝑘𝑛𝑖𝑡
20  𝑑𝑎𝑦−1 Reference nitrification rate (20 °C) Parameter 0.3 (Bowie et al., 1985) 

𝜃𝑛𝑖𝑡  - Temperature correction factor nitrification Parameter 1.085 (Bowie et al., 1985) 

𝑝𝐻𝑛𝑖𝑡_𝑐𝑜𝑟𝑟 - Correction factor. pH effect on nitrification  Calculated  

𝑓𝐷𝑂_𝑛𝑖𝑡_𝑐𝑜𝑟𝑟 - Correction factor. DO concentration on nitrification  Calculated  

𝑁𝐻4 𝑚𝑔𝑁. 𝑙−1 Ammonium concentration Calculated  
𝑁𝑂3 𝑚𝑔𝑁. 𝑙−1 Nitrate concentration Calculated  
𝑃𝑂4 𝑚𝑔𝑃. 𝑙−1 Orthophosphate concentration Calculated  

𝐹𝑁𝐻4,𝑝𝑟𝑒𝑓  - preference ratio for nitrogen assimilation Calculated  

𝑘𝑁𝐻4,𝑝𝑟𝑒𝑓  𝑚𝑔𝑁. 𝑙−1 half saturation constant for ammonium preference Calculated  

𝑘𝑑𝑒𝑛𝑖𝑡  𝑑𝑎𝑦−1 Denitrification rate Calculated  

𝑘𝑑𝑒𝑛𝑖𝑡
20  𝑑𝑎𝑦−1 Reference denitrification rate (20 °C) Parameter 0.1 (Bowie et al., 1985) 

𝜃𝑑𝑒𝑛𝑖𝑡  - Temperature correction factor denitrification Parameter 1.045 (Bowie et al., 1985) 

𝑘𝑠,𝑑𝑒𝑛𝑖𝑡_𝑙𝑖𝑚  𝑚𝑔. 𝑙−1 half saturation constant oxygen limitation Parameter 0.1 (Bowie et al., 1985) 

     

𝑆𝑂𝐷 𝑚𝑔. 𝑙−1. 𝑑𝑎𝑦−1 Sediment Oxygen Demand Calculated  

𝑆𝑂𝐷𝐵𝐺 𝑔. 𝑚−2. 𝑑𝑎𝑦−1 Background value Sediment Oxygen Demand Calculated  

𝑆𝑂𝐷𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑,𝑚𝑎𝑐  𝑚𝑔. 𝑙−1. 𝑑𝑎𝑦−1 Enhanced heterotrophic respiration, macrophyte effect Calculated  

𝑆𝑂𝐷𝑜
20 𝑔. 𝑚−2. 𝑑𝑎𝑦−1 reference Sediment Oxygen Demand (20 °C) Parameter 1 (Bowie et al., 1985) 

𝜃𝑆𝑂𝐷 - Temperature correction factor Sediment Oxygen Demand Parameter 1.065 (Bowie et al., 1985) 

𝑘𝑠,𝑜_𝑙𝑖𝑚 𝑚𝑔. 𝑙−1 Half saturation constant for SOD oxygen limitation Parameter 1.4 (Bowie et al., 1985) 

 

Freshwater plant and algae biomass 

Parameters Unit* Description Data type Value 

     

𝐶ℎ𝑙𝑎𝑠𝑢𝑠 𝜇𝑔𝐶ℎ𝑙𝑎. 𝑙−1 Suspended algae concentration Calculated  

𝐶ℎ𝑙𝑎𝑚𝑎𝑐 𝜇𝑔𝐶ℎ𝑙𝑎. 𝑙−1 plant biomass concentration (macrophyte – epiphyton) Calculated  

𝑘𝑔𝑟𝑜𝑤𝑡ℎ,𝑠𝑢𝑠/𝑚𝑎𝑐  𝑑𝑎𝑦−1 Algae/plant biomass growth rate Calculated  

𝑘𝑟𝑒𝑠𝑝,𝑠𝑢𝑠/𝑚𝑎𝑐  𝑑𝑎𝑦−1 mortality/respiration/excretion rate Calculated  

𝑘𝑠𝑒𝑡,𝑠𝑢𝑠 𝑑𝑎𝑦−1 Settling rate suspended algae Calculated  
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𝑉𝑠𝑒𝑡,𝑠𝑢𝑠 𝑚. 𝑑𝑎𝑦−1 Settling velocity suspended algae Parameter 0.1 (Bowie et al., 1985) 

𝐺𝑚𝑎𝑥,𝑠𝑢𝑠 𝑑𝑎𝑦−1 Optimum growth rate under no limitation, suspended algae  Parameter 2 (Bowie et al., 1985) 

𝐺𝑚𝑎𝑥,𝑚𝑎𝑐  𝑑𝑎𝑦−1 Optimum growth rate under no limitation  Parameter 0.1 (Nielsen and Sand-Jensen, 
1991) 

𝑓𝜃  - temperature effect function on biomass growth rate Calculated  

𝑓𝑙  - light effect function on biomass growth rate Calculated  

𝑓𝑛,𝑝 - nutrient effect function on biomass growth rate Calculated  

𝑘𝑠,𝑃_𝑙𝑖𝑚  𝑚𝑔𝑃. 𝑙−1 
Half saturation constant  
phosphorus limitation of biomass growth 

Parameter 0.025 (Bowie et al., 1985) 

𝑘𝑠,𝑁_𝑙𝑖𝑚  𝑚𝑔𝑁. 𝑙−1 
Half saturation constant  
nitrogen limitation of biomass growth 

Parameter 0.0005 (Bowie et al., 1985) 

𝐿𝑝ℎ𝑜𝑡𝑜 - Photoperiod of the day Input (Bojanowski, 2013) 

𝛾𝑙,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑  𝑚−1 Light attenuation coefficient - non biomass materials  Parameter 0.5 (Julian et al., 2008) 

𝛾𝑙,𝑏𝑖𝑜_𝑠𝑢𝑠 𝑚−1. 𝑙. 𝑚𝑔𝑐ℎ𝑙𝑎−1 Light attenuation coefficient factor  
suspended algae 

Parameter 0.035 (Chapra, 1997) 

𝐼𝐴 𝑙𝑦. 𝑑𝑎𝑦−1 average light radiation over day light hours Calculated  

𝐼𝑜𝑝𝑡 𝑙𝑦. 𝑑𝑎𝑦−1 optimal light radiation for plant growth Parameter 200 (Bowie et al., 1985) 

𝑅𝑒
̅̅ ̅ 𝑙𝑦. 𝑑𝑎𝑦−1 mean extraterrestrial radiation over the daylight hours Input  

∅𝑎𝑡𝑚 - Atmospheric absorption (cloud free) Parameter 0.38 (Wild et al., 2019) 

∅𝑃𝐴𝑅  - Ratio PAR/global horizontal radiation Parameter 0.47 (Carr et al., 1997) 

∅𝑠ℎ𝑎𝑑𝑜𝑤  - Radiation attenuation - shadow effect at ground level Input 0.1 (estimate) 

∅𝑟𝑒𝑓𝑙𝑒𝑐  - 
Radiation attenuation due to reflection on the stream 
surface 

Parameter 0.1 (Julian et al., 2008) 

∅𝑐𝑙𝑜𝑢𝑑  - Radiation attenuation due to could cover Calculated  

𝑁 𝑜𝑘𝑡𝑎 Cloudiness data Input (DMI, 2020a) 

𝑟𝑜𝑎  𝑚𝑔. 𝜇𝑔𝐶ℎ𝑙𝑎−1 Oxygen production rate per plant biomass Parameter 1.5 (Chapra, 1997; Krause-
Jensen and Sand-Jensen, 1998) 

�̅� 𝑚𝑔. 𝑙−1. 𝑑𝑎𝑦−1 Mean daily photosynthesis rate Calculated  

𝐴𝑅 𝑚𝑔. 𝑙−1. 𝑑𝑎𝑦−1 autotrophic respiration rate Calculated  

𝐴𝑅𝑟𝑎𝑡𝑖𝑜 - autotrophic respiration ratio Parameter 0.45 (Hall and Beaulieu, 2013) 

𝑃𝑀𝐴𝑋  𝑚𝑔. 𝑙−1. 𝑑𝑎𝑦−1 Max photosynthesis rate Calculated  

𝐸𝑀𝑟𝑎𝑡𝑖𝑜 - ecosystem metabolism ratio Parameter 0.26 (Calibrated) 

* All units of concentration, e.g. 𝑚𝑔. 𝑙−1 corresponds to 𝑚𝑔𝑂2 by default 

Additional details regarding the input data (catchment and reaches, as well as physico-chemical 

conditions of the different flow components) can be found in SI Table S3.  

A.2. Hydrological model  

A.2.1. Pervious area flow component 

The natural RR component of the streamflow is calculated using a lump model structure inspired by 

(Bergström, 1992), with an additional fast runoff component included. It consists of 3 main stocks (or 

reservoirs): soil moisture, surface runoff (overland flow) and groundwater, which contribute to the 

hydrological response of the investigated catchment (see also Fig. 2).  

The first stock represents the soil moisture and is controlled by the following water balance equation 

with all parameters expressed in [𝑚𝑚/𝑑𝑎𝑦]: 

𝑑𝑆𝑀

𝑑𝑡
= 𝐼 − 𝐴𝐸𝑇 +  𝑃𝑒𝑟𝑐 + 𝑄𝑢𝑖 +  𝑄𝑙𝑖 + 𝑄𝑟𝑢𝑛𝑜𝑓𝑓 

 

(A.1) 

where 𝐼 is the infiltration, 𝐴𝐸𝑇 is the actual evapotranspiration , 𝑃𝑒𝑟𝑐 is the flow towards the 

groundwater reservoir, 𝑄𝑢𝑖 , 𝑄𝑙𝑖 represent an upper and lower interflow, and 𝑄𝑟𝑢𝑛𝑜𝑓𝑓 is an overland 

flow (Fig. 2). 
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The infiltration 𝐼 is dependent on the saturation degree of the soil, defined by: 

𝐼 =  𝑃(1 − 𝑊)(1 − 𝑓𝑖𝑚𝑝) 

 

(A.2) 

where 𝑃 [𝑚𝑚/𝑑𝑎𝑦] is the precipitation, 𝑓𝑖𝑚𝑝  [-] is the aggregated imperviousness of the sub-

catchment, and 𝑊 [-] an index representing the “wetness” based on the estimated soil moisture, 

𝑆𝑀, following the non-linear relationship: 

𝑊 = (
𝑆𝑀

𝐹𝐶
)

𝛽
   

 

(A.3) 

where 𝐹𝐶 [𝑚𝑚] represent a field capacity, and 𝛽 a calibrated index.  

The aggregated imperviousness 𝑓𝑖𝑚𝑝 factor is estimated as a weighted mean value per sub-

catchment based on spatial analysis of imperviousness per cadastral units (0: natural catchment, to 

1: fully impervious catchment). 

The part of precipitation not infiltrating corresponding to a saturated soil moisture 

stock, 𝑃. 𝑊(1 − 𝑓𝑖𝑚𝑝), is routed to the stream as an overland flow 𝑄𝑟𝑢𝑛𝑜𝑓𝑓 via a runoff stock 𝑅𝑂𝐹𝐹 

with a relatively short time constant: 

𝑑𝑅𝑂𝐹𝐹

𝑑𝑡
= 𝑃. 𝑊(1 − 𝑓𝑖𝑚𝑝) − 𝑄𝑟𝑢𝑛𝑜𝑓𝑓 

 

(A.4) 

𝑄𝑟𝑢𝑛𝑜𝑓𝑓 =
1

𝑅𝑇𝐶
. 𝑅𝑂𝐹𝐹 

 

(A.5) 

where 𝑅𝑇𝐶 [𝑑𝑎𝑦𝑠] is a time constant associated to the 𝑅𝑂𝐹𝐹 stock. 

The evapotranspiration term 𝐴𝐸𝑇 is dependent on the degree of saturation of the soil and is 

controlled by a moisture ratio defined by
𝑆𝑀

𝐿𝑃𝐸𝑇
; then, evapotranspiration is varying following a 

piecewise linear function: 

𝐴𝐸𝑇 =  
𝑆𝑀

𝐿𝑃𝐸𝑇
𝑃𝐸𝑇 if  

𝑆𝑀

𝐿𝑃𝐸𝑇
< 1 

 

(A.6) 

𝐴𝐸𝑇 =  𝑃𝐸𝑇  if  
𝑆𝑀

𝐿𝑃𝐸𝑇
> 1 

 

(A.7) 

where 𝐿𝑃𝐸𝑇 is a calibrated moisture threshold [𝑚𝑚], and 𝑃𝐸𝑇 is potential evapotranspiration 

[𝑚𝑚/𝑑].  

𝑃𝐸𝑇 is estimated in our model using the formulation by Oudin et al. (2005): 

𝑃𝐸𝑇 =  
𝑅𝑒

𝛾𝜌
.
𝑇𝑎 + 5

100
 

 

(A.8) 

where 𝑅𝑒 is the daily extraterrestrial radiation [𝑀𝐽. 𝑚−2. 𝑑𝑎𝑦−1], 𝑇𝑎 is the air temperature [°C], 𝜌 is 

the mass density of water, and 𝛾 the latent heat of vaporization [𝑀𝐽. 𝑘𝑔−1]. 
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𝑄𝑢𝑖 , 𝑄𝑙𝑖 are two flows out of the soil moisture stock corresponding to shallow groundwater flow, 

typically interflows. 𝑄𝑢𝑖 is only active when the soil moisture is above a certain threshold, according 

to: 

𝑄𝑙𝑖 = 𝑆𝑀.
1

𝐿𝐼𝑇𝐶
 

 

(A.9) 

𝑄𝑢𝑖 = 𝑀𝐼𝑁(0, (𝑆𝑀 − 𝑆𝑀𝑇).
1

𝑈𝐼𝑇𝐶
) 

 

(A.10) 

where 𝑈𝐼𝑇𝐶, 𝐿𝐼𝑇𝐶 are the stock time constants used for calibration [𝑑𝑎𝑦𝑠], and 𝑆𝑀𝑇 [𝑚𝑚] a 

moisture threshold for activation of the upper interflow.  

Finally, percolation 𝑃𝑒𝑟𝑐 is a downwards water movement from the soil moisture stock towards the 

groundwater reservoir 𝐺𝑊, which can be reduced by potential deep groundwater abstractions 

𝐺𝑊𝐴𝑅, and contributes to the stream Baseflow: 

𝑑𝐺𝑊

𝑑𝑡
= 𝑃𝑒𝑟𝑐 − 𝐵𝑎𝑠𝑒𝑓𝑙𝑜𝑤 − 𝐴𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 

 

(A.11) 

𝑃𝑒𝑟𝑐 = 𝑆𝑀.
1

𝑃𝑅𝑇𝐶
 

 

(A.12) 

𝐵𝑎𝑠𝑒𝑓𝑙𝑜𝑤 = 𝐺𝑊.
1

𝐵𝑇𝐶
 

 

(A.13) 

𝐴𝑏𝑠𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝐺𝑊𝐴𝑅 . 𝐺𝑊𝐴𝑅 

 

(A.14) 

where 𝑃𝑅𝑇𝐶, 𝐵𝑇𝐶 are the reservoir time constants used for calibration [𝑑𝑎𝑦𝑠]. The coefficient 

𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝐺𝑊𝐴𝑅 accounts for the fact that abstraction may occur directly from this stock 

(𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝐺𝑊𝐴𝑅=1), but could also be impacted only by an abstraction from a deeper aquifer, one that 

may not be bounded by the sub-catchment delineation (𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝐺𝑊𝐴𝑅<1). 

All these flows components (eq. A.5; A.9; A.10; A.13) are scaled by the sub-catchment area and 

summed within a stream water reservoir 𝑆𝑇𝑅𝐸𝐴𝑀 to obtain the streamflow [𝑚3/𝑑𝑎𝑦]. 

𝑑𝑆𝑇𝑅𝐸𝐴𝑀

𝑑𝑡
= 𝑠𝑡𝑟𝑒𝑎𝑚𝑓𝑙𝑜𝑤 

 

(A.15) 

𝑠𝑡𝑟𝑒𝑎𝑚𝑓𝑙𝑜𝑤 = 𝑆𝑇𝑅𝐸𝐴𝑀.
1

𝑆𝐷𝑅
 

 

(A.16) 

Where SDR is a reservoir time constant [𝑑𝑎𝑦𝑠]. 

A.2.2. Impervious areas flow component (urban) 

The part of precipitation 𝑃. 𝑓𝑖𝑚𝑝 not naturally drained by the sub-catchment, as described in section 

A.1.1, is routed to the stream through the urban compartment, either by separate or combined 

systems. We assume that the drainage network follows the sub-catchment delineation, which is 

deemed reasonable if the network is drained by gravity. Thus, any precipitation collected by the 
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urban compartment within the sub-catchment will be discharged into its associated reach. The 

general water balance equation for the urban compartment, expressed in [ 𝑚3/𝑑𝑎𝑦] is: 

𝐴. 𝑃. 𝑓𝑖𝑚𝑝 = 𝑄𝑢𝑟𝑏𝑎𝑛_𝑐𝑠 + 𝑄𝑑𝑟𝑦 + 𝑄𝑢𝑟𝑏𝑎𝑛_𝑠𝑠 + [𝐶𝑆𝑂𝑠] 

 

(A.17) 

where 𝐴 is the sub-catchment area [𝑚2], 𝑃 [𝑚𝑚/𝑑𝑎𝑦] is the precipitation, 𝑓𝑖𝑚𝑝  [-] is the aggregated 

imperviousness of the sub-catchment, 𝑄𝑢𝑟𝑏𝑎𝑛_𝑐𝑠 + 𝑄𝑑𝑟𝑦 .[ 𝑚3/𝑑𝑎𝑦] correspond to a WWTP effluent 

(wet and dry discharge), if relevant for the investigated reach, 𝑄𝑢𝑟𝑏𝑎𝑛_𝑠𝑠 is the flow component 

generated by precipitation and routed to the stream through the separate system. Finally, [𝐶𝑆𝑂𝑠] 

are possible overflow discharges from a combined sewer overflow system. 𝑄𝑢𝑟𝑏𝑎𝑛_𝑐𝑠 + 𝑄𝑑𝑟𝑦 is 

currently input as a time series of WWTP effluent in this version of the model.  

Separate systems flow 𝑄𝑢𝑟𝑏𝑎𝑛_𝑠𝑠 is estimated by a linear reservoir approach: 

𝑑𝑆𝑆

𝑑𝑡
= 𝐴. 𝑃. 𝑓𝑖𝑚𝑝(1 − 𝑓𝑐𝑠) − 𝑄𝑢𝑟𝑏𝑎𝑛_𝑠𝑠. 

 

(A.18) 

𝑄𝑢𝑟𝑏𝑎𝑛_𝑠𝑠 = 𝑆𝑆.
1

𝑆𝑆𝑇𝐶
 

 

(A.19) 

where 𝑓𝑐𝑠 is the fraction of combined sewer network (=1 if only combined sewer network is 

implemented, 0 if fully separated) and 𝑆𝑆𝑇𝐶 [𝑑𝑎𝑦𝑠] is a reservoir time constant. 

CSOs are simulated using a simple reservoir equivalent to a basin with two non-linear outflows, 

collecting water prior to the transfer, treatment and discharge from the WWTP, inspired by Wittmer 

et al. (2016), and was used in this paper. These flows consist of an overflow 𝐶𝑆𝑂 activated when the 

water volume 𝑉 reaches a maximum volume threshold 𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  and varies linearly with the excess 

volume of water 𝑉 − 𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑. Simultaneously, the basin is emptied by a flow 𝑄𝑜𝑢𝑡,𝑏𝑎𝑠𝑖𝑛 

proportional to the volume of water 𝑉 in this basin, up to a maximum flow capacity 𝑄𝑚𝑎𝑥. Only the 

overflow component 𝐶𝑆𝑂 is considered here, the other one 𝑄𝑜𝑢𝑡,𝑏𝑎𝑠𝑖𝑛 having already been 

accounted for by the WWTP effluent time series. The water balance for the basin is: 

 

𝑑𝑉

𝑑𝑡
= 𝑄𝑖𝑛,𝑏𝑎𝑠𝑖𝑛 + 𝑄𝑜𝑢𝑡,𝑏𝑎𝑠𝑖𝑛 + 𝐶𝑆𝑂𝑠 

 

(A.20) 

and 

𝑄𝑖𝑛,𝑏𝑎𝑠𝑖𝑛 = 𝐴. 𝑃. 𝑓𝑖𝑚𝑝. 𝑓𝑐𝑠 + 𝑄𝑑𝑟𝑦
̅̅ ̅̅ ̅̅  

 

(A.21) 

𝑄𝑜𝑢𝑡,𝑏𝑎𝑠𝑖𝑛 = 𝑀𝐼𝑁 (𝑄𝑚𝑎𝑥, 𝑉.
1

𝐶𝑆𝑇𝐶
) 

 

(A.22) 

𝐶𝑆𝑂 = 𝑀𝐴𝑋(0, (𝑉 − 𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑).
1

𝐶𝑆𝑂𝑇𝐶
) 

 

(A.23) 

where 𝑄𝑑𝑟𝑦
̅̅ ̅̅ ̅̅   [𝑚3/𝑑𝑎𝑦] is the daily average dry flow of the WWTP in this combined system network, 

𝑄𝑚𝑎𝑥 [𝑚3/𝑑𝑎𝑦] is the maximum flow capacity of the combined system,  𝐶𝑆𝑇𝐶 is a time constant for 
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the drainage outflow,  𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 [𝑚3] is the maximum volume capacity for the basin, and 𝐶𝑆𝑂𝑇𝐶 is 

a time constant for the overflow [𝑑𝑎𝑦]. 

Flow components (eq. A.19; A. 23) and WWTP effluent time series are routed through the reach 

using a 3rd-order delay function (equivalent to a 3rd-order Nash-cascade model) and added to the 

pervious component (eq. A.16). A final possible flow transfer from the stream to the groundwater 

(loosing stream section) is accounted for by use of a leaking term 𝐿𝑜𝑠𝑠 assumed linearly driven by 

the water abstraction via a coefficient 𝐺𝑆𝐼 and possibly reducing the overall streamflow: 

𝑙𝑜𝑠𝑠 = 𝐺𝑆𝐼. 𝐺𝑊𝐴𝑅 

 

(A.24) 

A.2.3. Equations for stream water depth and velocity 

The water depth d and average stream water velocity 𝑈 for a given reach is estimated using 

Manning’s equation and the computed stream flow. We assume a rectangular cross-section and a 

relatively low depth compared to the width 𝑊 of the channel (𝑑 ≪ 𝑏), resulting in the following 

depth and flow velocity 𝑈 estimates (Chow et al., 1988): 

𝑑 = (
𝑛. 𝑄𝑜𝑢𝑡

𝑠1/2. 𝑏
)

3/5

 

 

(A.25) 

𝑈 =
1

𝑛
. 𝑠1/2. 𝑑2/3  

 

(A.26) 

where 𝑛 is the Manning’s coefficient, 𝑄𝑜𝑢𝑡 the stream flow [𝑚3/𝑠], 𝑠 the average channel slope [-], 

and 𝑏 the average channel width [𝑚]. The Manning’s coefficient 𝑛 represents the resistance or 

roughness of the channel to the flow, and is a critical parameter for the depth estimation with a 

significant impact also on water quality (especially dissolved oxygen). We use a dynamic flow-

dependent Manning’s coefficient in the model formulation, following observations in lowland 

streams with high macrophyte densities, where Manning’s coefficient decreases at higher discharges 

when submerged plants are flexible and bend with the flow (de Doncker et al., 2011; Sand-Jensen 

and Pedersen, 1997): 

𝑛 = 𝛼𝑛𝑄−𝛽𝑛 

 

(A.27) 

where 𝛼𝑛, 𝛽𝑛 are regression parameters. 

A.3. Water quality model  

A.3.1. Stream temperature 

The stream temperature 𝑇𝑤  is predominantly influenced by the temperature of the different flow 

components discharging to the reach, and by the heat exchange at the interface stream/air (Caissie, 

2006). We use a lump heat balance over the water volume 𝑉 in a reach according to the following 

equation (Toffolon and Piccolroaz, 2015): 

𝜌𝐶𝑝

𝜕(𝑉. 𝑇𝑤)

𝜕𝑡
= 𝐴𝐻 + 𝜌𝐶𝑝(∑ 𝑇𝑖𝑄𝑖 − 𝑇𝑤𝑄𝑜𝑢𝑡) 

(A.28) 
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where 𝜌 is the water density, 𝐶𝑝 is the water specific heat capacity [𝑀𝐽. 𝑘𝑔−1. °𝐶−1], 𝐴 is the area of 

river/atmosphere interface [𝑚2], 𝐻 is the net atmospheric flux [𝑀𝐽. 𝑚2. 𝑑𝑎𝑦−1], 𝑇𝑖, 𝑄𝑖 are the water 

temperature and inflows to the reach, respectively, and 𝑄𝑜𝑢𝑡 is the outflow of the reach. At a daily 

time step, the thermal exchange with the streambed is considered as having a minor influence 

(Sinokrot and Stefan, 1993), and the net atmospheric flux 𝐻 can be estimated using the concept of 

equilibrium temperature 𝑇𝑒. Notably, 𝐻 is proportional to the temperature difference between 

equilibrium and water temperature (Caissie et al., 2005; Edinger and Geyer, 1968): 

𝐻 = 𝐾(𝑇𝑒 − 𝑇𝑤) 

 

(A.29) 

where 𝐾 is a coefficient of heat transfert [𝑀𝐽. 𝑚−2. °𝐶−1. 𝑑𝑎𝑦−1]. We assume a linear correlation 

between equilibrium temperature and air temperature, deemed appropriate for temperate regions, 

leading to the piecewise function for the equilibrium temperature estimation (Caissie et al., 2005): 

𝑇𝑒 = 1     If 𝑇𝑎 < 6 

 

(A.30) 

𝑇𝑒 = 0.83. 𝑇𝑎 − 5 6 < 𝑇𝑎 < 30 

 

(A.31) 

𝑇𝑒 = 25    if 𝑇𝑎 > 30 

 

(A.32) 

where 𝑇𝑎[°𝐶] is the air temperature.  

A.3.2. Dissolved oxygen 

Dissolved oxygen in the stream is affected by carbonaceous biochemical oxygen demand (BOD), 

nitrification, background sediment oxygen demand processes and daily oscillations stemming from 

photosynthesis/autotrophic respiration activities, while being simultaneously replenished by 

reaeration driven by the DO deficit to saturation level: 

𝜕(𝑉. 𝐷𝑂)

𝜕𝑡
= ∑ 𝑄𝑖𝐷𝑂𝑖

𝑖

− 𝑄𝑜𝑢𝑡𝐷𝑂 + 𝑟𝑒𝑎 + 𝑐𝑎𝑟𝑏𝑜𝑛𝑒𝑜𝑢𝑠 𝐵𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑂𝑥𝑦𝑔𝑒𝑛 𝐷𝑒𝑚𝑎𝑛𝑑 

−𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 − 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝐷𝑒𝑚𝑎𝑛𝑑 + 𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 

 

(A.33) 

The reaeration 𝑟𝑒𝑎 process is driven by the hydrological conditions, and the oxygen deficit with 

respect to oxygen saturation in the stream: 

𝑟𝑒𝑎 = 𝑘𝑎. (𝐷𝑂 − 𝐷𝑂𝑠𝑎𝑡 ) 

 

(A.34) 

where 𝑘𝑎[𝑑𝑎𝑦−1]  is the reaeration rate constant and 𝐷𝑂𝑠𝑎𝑡 [𝑚𝑔/𝑙] the oxygen saturation 

concentration.  

The reaeration rate constant 𝑘𝑎is essentially driven by the hydrological conditions (output from the 

hydrological model) and the stream water temperature. We use the Owens-Gibbs formulation in our 

model, suitable for relatively low flow velocities (<0.5 𝑚. 𝑠−1)and shallow streams (<0.75 m; Owens 

et al., 1964): 
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𝑘𝑎 = 5.3
𝑈0.67

𝑑1.85
 𝜃𝑎

𝑇𝑤−20 
(A.35) 

where 𝑈 is the stream flow velocity [𝑚/𝑠], 𝑑 water depth, and 𝜃 a temperature correction factor 

𝜃𝑎 ≅ 1.024 (Chapra, 1997) 

The oxygen saturation concentration 𝐷𝑂𝑠𝑎𝑡 is dependent on the stream water temperature, altitude 

𝐴𝑙𝑡, and salinity 𝑆𝑎𝑙, as described in APHA (1992): 

𝐷𝑂𝑠𝑎𝑡 = 𝐴𝑙𝑡𝑒𝑓𝑓 . exp (−139.3 +  + 
1.57 × 105

𝑇𝑤
+

6.64 × 107

𝑇𝑤
2 + 

1 × 24108

𝑇𝑤
3

+ 
1 × 57. 105

𝑇𝑤
4 − 𝑆𝑎𝑙𝑒𝑓𝑓) 

And 

 

(A.36) 

𝐴𝑙𝑡𝑒𝑓𝑓 =
100 − (0.0035 × 3.28 × 𝐴𝑙𝑡)

100
 

(A.37) 

𝑆𝑎𝑙𝑒𝑓𝑓 = 𝑆𝑎𝑙 × (0,01767 − 
10.75

𝑇𝑤
+

2.14 × 103

𝑇𝑤
2 ) 

 

(A.38) 

A.3.3. Carbonaceous biochemical (biological) oxygen demand 

The carbonaceous biochemical oxygen demand (BOD) induces an oxygen depletion caused by the 

aerobic degradation of organic matter. BOD is described in our model by a Streeter-Phelps-Shishkin 

equation system, according to Gotovtsev (2010). This latter component introduces a feedback 

between the degradation rate and the concentration of dissolved oxygen (DO), i.e. the rate of 

degradation is limited by how much dissolved oxygen is available, preventing the occurrence of 

negative DO values (a common problem when using the Streeter-Phelps formulation, alone): 

𝑐𝑎𝑟𝑏𝑜𝑛𝑒𝑜𝑢𝑠 𝐵𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑂𝑥𝑦𝑔𝑒𝑛 𝐷𝑒𝑚𝑎𝑛𝑑 = − 𝑘𝑑
𝑠 . 𝐵𝑂𝐷 

 

(A.39) 

𝑘𝑑
𝑠=𝑘𝑑

20 𝐷𝑂

𝐷𝑂𝑠𝑎𝑡
. 𝜃𝐵𝑂𝐷

𝑇𝑤−20 

 

(A.40) 

where 𝑘𝑑
20 [𝑑𝑎𝑦−1] is the BOD decomposition rate at 20 °C, 𝐵𝑂𝐷 [𝑚𝑔/𝑙] is the carbonaceous 

biochemical oxygen demand, and a temperature correction factor 𝜃𝐵𝑂𝐷 ≅1.047 (Bowie et al., 1985). 

Currently, 𝐵𝑂𝐷 is represented as a single stock based on the general equation 3, with a decrease in 

BOD from the aerobic degradation of organic matter, as well as a possible settling for large organic 

particles: 

𝜕(𝑉. 𝐵𝑂𝐷)

𝜕𝑡
= ∑ 𝑄𝑖𝐵𝑂𝐷𝑖

𝑖

− 𝑄𝑜𝑢𝑡𝐵𝑂𝐷 − (𝑘𝑑
𝑠 + 𝑘𝑠)𝐵𝑂𝐷 

 

(A.41) 

Where 𝑖 refers to the different flow component entering the reach (eq. A.16; A.19; A.23 + WWTP 

effluent), 𝑘𝑑
𝑠  is the BOD degradation rate as previously defined, and 𝑘𝑠 is the settling rate [𝑑𝑎𝑦−1] 

dependent on a particle settling velocity 𝑉𝑠,𝐵𝑂𝐷 [𝑚. 𝑑𝑎𝑦−1] and water depth 𝑑 (Chapra, 1997): 
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𝑘𝑠 =  
𝑉𝑠,𝐵𝑂𝐷

𝑑
 

 

(A.42) 

A.3.4. Nitrification 

The nitrification process corresponds to the double step oxidation of ammonium resulting in the 

combined formation of nitrate and oxygen consumption:  

𝑁𝐵𝑂𝐷 =  −𝑘𝑛𝑖𝑡. 𝑁𝐻4. 𝑟𝑜𝑛 

 

(A.43) 

where 𝑘𝑛𝑖𝑡  is the nitrification rate [𝑑𝑎𝑦−1], 𝑁𝐻4 is the ammonium concentration [𝑚𝑔𝑁/𝑙] and 𝑟𝑜𝑛 

is the stoichiometric ratio of mass oxygen consumed per mass nitrogen (=4.57 𝑔. 𝑔𝑁−1). 

The nitrification rate 𝑘𝑛𝑖𝑡  is highly dependent on environmental conditions co-limited primarily by 

temperature, pH and the oxygen concentration (Chapra, 1997): 

𝑘𝑛𝑖𝑡 = 𝑘𝑛𝑖𝑡
20 . 𝜃𝑛𝑖𝑡

𝑇𝑤−20. 𝑝𝐻𝑛𝑖𝑡_𝑐𝑜𝑟𝑟. 𝑓𝐷𝑂_𝑛𝑖𝑡_𝑐𝑜𝑟𝑟 

and 

(A.44) 

𝑓𝐷𝑂_𝑛𝑖𝑡_𝑐𝑜𝑟𝑟  = 1 − 𝑒−0.6𝐷𝑂 (A.45) 

 

where 𝑘𝑛𝑖𝑡
20  is the nitrification rate at 20°C, 𝑝𝐻𝑛𝑖𝑡_𝑐𝑜𝑟𝑟 is a correction factor dependent on the pH 

(Fig. A.1, following Park and Clough (2018), 𝑓𝐷𝑂_𝑛𝑖𝑡_𝑐𝑜𝑟𝑟  accounts for the influence of the DO 

concentration, and 𝜃 is a temperature correction factor 𝜃𝑛𝑖𝑡 ≅ 1.085 (Bowie et al., 1985; Chapra, 

1997). Depth, and more generally geomorphology, especially in shallow streams may also have a 

strong influence on the nitrification rate (Bansal, 1977; Bowie et al., 1985), but these effects, in the 

absence of clear identified driving process, are not accounted for in this version of the model. 

 

Figure A.1. Correction factor 𝑝𝐻𝑛𝑖𝑡_𝑐𝑜𝑟𝑟  for the effect of pH on the nitrification rate.  

A.3.5. Macronutrients 

The nutrient concentrations currently simulated in the model include inorganic nitrogen (in terms of 

nitrate and ammonium) and dissolved reactive phosphorous (orthophosphate). 

A.3.5.1. Ammonium 

The mass balance for ammonium in the stream water is: 
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𝜕(𝑉. 𝑁𝐻4)

𝜕𝑡
= ∑ 𝑄𝑖. 𝑁𝐻4𝑖

𝑖

− 𝑄𝑜𝑢𝑡.𝑁𝐻4 − 𝑘𝑛𝑖𝑡. 𝑁𝐻4 − 𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑖𝑜𝑛 

 

(A.46) 

Overall, nutrient assimilation by the aquatic plant biomass is estimated by computing a net carbon 

assimilation from the estimated daily net photosynthesis rate (see Chap.28; Bott, 2007; eq. A.68-69) 

and from the mass stoichiometric ratios C:N and C:P using the Redfield ratio (Redfield, 1934). 

Nitrogen will be assimilated from both the ammonium and nitrate present in the stream water. We 

assume a preference ratio 𝐹𝑁𝐻4,𝑝𝑟𝑒𝑓 for ammonium compared to nitrogen for the assimilation, 

according to (Chapra, 1997): 

𝐹𝑁𝐻4,𝑝𝑟𝑒𝑓 =
𝑁𝐻4

𝑘𝑁𝐻4,𝑝𝑟𝑒𝑓 + 𝑁𝐻4
 

 

(A.47) 

where 𝑘𝑁𝐻4,𝑝𝑟𝑒𝑓 is a half-saturation constant for the ammonium preference [𝑚𝑔𝑁/𝑙]. 

Furthermore, 𝑁𝐻4 can also be found in the un-ionized form of ammonia 𝑁𝐻3 in stream water, 

which cannot be assimilated directly by plant biomass and is therefore considered not available for 

assimilation. Ammonia concentration 𝑁𝐻3 is estimated by the acid-based equation system (Bowie 

et al., 1985; Nazaroff and Alvarez-Cohen, 2001): 

𝑅 =
1

1 + 10𝑝𝐾𝑎−𝑝𝐻
 

 

and 

(A.48) 

𝑁𝐻3 =
𝑅

1 − 𝑅
. 𝑁𝐻4 

 

(A.49) 

where 𝑝𝐾𝑎 is the acid-dissociation constant for ammonia (and is temperature dependent). 

A.3.5.2. Nitrate 

The mass balance for nitrate in stream water is: 

𝜕(𝑉. 𝑁𝑂3)

𝜕𝑡
= ∑ 𝑄𝑖 . 𝑁𝑂3𝑖

𝑖

− 𝑄𝑜𝑢𝑡.𝑁𝑂3 + 𝑘𝑛𝑖𝑡. 𝑁𝐻4 − 𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑖𝑜𝑛 − 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 

 

(A.50) 

where 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 is modelled as a first-order removal dependent on temperature and DO 

concentration (Bowie et al., 1985): 

𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑘𝑑𝑒𝑛𝑖𝑡
20 . 𝜃𝑑𝑒𝑛𝑖𝑡

𝑇𝑤−20 𝑘𝑠,𝑑𝑒𝑛𝑖𝑡

𝑘𝑠,𝑑𝑒𝑛𝑖𝑡_𝑙𝑖𝑚+𝐷𝑂
. [𝑁𝑂3] 

 

(A.51) 

Where 𝑘𝑑𝑒𝑛𝑖𝑡
20  is the denitrification rate defined at 20 °C [𝑑𝑎𝑦−1], 𝜃𝑑𝑒𝑛𝑖𝑡 is a temperature correction 

factor 𝜃𝑑𝑒𝑛𝑖𝑡 ≅1.047, and 𝑘𝑠,𝑑𝑒𝑛𝑖𝑡_𝑙𝑖𝑚 [𝑚𝑔/𝑙] is the half-saturation constant.  

A.3.5.3. ortho-Phosphate  

The mass balance for soluble reactive phosphorus in stream water is: 
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𝜕(𝑉. 𝑃𝑂4)

𝜕𝑡
= ∑ 𝑄𝑖 . 𝑃𝑂4𝑖

𝑖

− 𝑄𝑜𝑢𝑡.𝑃𝑂4 − 𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑖𝑜𝑛 

 

(A.52) 

The assimilation process for orthophosphate is similar to nitrogen, described in section A.3.5.1 

A.3.6. Sediment oxygen demand 

In this model version, SOD is built around two main contributions. First, a background contribution 

𝑆𝑂𝐷𝐵𝐺  with temperature and DO concentration as co-factors (Bowie et al., 1985; Lam et al., 1984; 

Schnoor, 1996). And second, an extra dynamic term accounts for the possible enhanced 

heterotrophic respiration 𝑆𝑂𝐷𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑,𝑚𝑎𝑐  associated with the indirect effects of aquatic plant 

biomass occurring during the spring and summer seasons, and trapping fine sediments (Alnoee et 

al., 2021; Kaenel et al., 2000): 

𝑆𝑂𝐷 = 𝑆𝑂𝐷𝐵𝐺 + 𝑆𝑂𝐷𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑,𝑚𝑎𝑐 

 

(A.53) 

𝑆𝑂𝐷𝐵𝐺 =
𝑆𝑂𝐷𝑜

20

𝑑
×

𝐷𝑂

𝐷𝑂 + 𝑘𝑠,𝑜_𝑙𝑖𝑚
𝜃𝑆𝑂𝐷

𝑇𝑤−20 

 

(A.54) 

where 𝑆𝑂𝐷𝑜
20 [𝑚𝑔/𝑙] is a constant average value for sediment oxygen demand at 20°C , 𝑑 [𝑚] is the 

stream depth, 𝐷𝑂 [mg/l] is the dissolved oxygen concentration, 𝑘𝑠,𝑜𝑙𝑖𝑚 [𝑚𝑔/𝑙] is the half-saturation 

value for the oxygen dependency, and 𝜃𝑆𝑂𝐷 is a temperature correction factor 𝜃𝑆𝑂𝐷 ≅ 1.065 (Bowie 

et al., 1985). The 𝑆𝑂𝐷𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑,𝑚𝑎𝑐 term is detailed further in the following section (eq. A.72). 

 

A.3.7. Aquatic macrophytes, algal biomass and autotrophic metabolism 

A.3.7.1. Aquatic macrophytes and algal biomass 

The stream plant biomass is split into two main stocks (reservoirs) in this version of the model. One 

represents the aquatic plants attached or fixed in the stream (e.g. macrophytes and periphyton) and 

the second represents algae suspended in the water column and thus transported (e.g. 

phytoplankton). These stocks aggregate the plant biomass without specific species distinction. The 

biomass for both groups is expressed in terms of chlorophyll-a as a proxy and follow a similar mass 

balance, except for the transport and potential settling of suspended algae. Any loss by predation, 

grazing, sloughing or scouring (for benthic algae and macrophytes) is currently neglected for both 

stocks.  

For aquatic plants attached to the streambed (macrophytes), it is assumed that no transport of plant 

matter occurs and that the decay and decomposition of organic matter will be accounted for in the 

𝑆𝑂𝐷 pool; then the mass balance for plant biomass can be calculated by: 

𝜕(𝑉. 𝑐ℎ𝑙𝑎𝑚𝑎𝑐)

𝜕𝑡
= (𝑘𝑔𝑟𝑜𝑤𝑡ℎ,𝑚𝑎𝑐 − 𝑘𝑟𝑒𝑠𝑝,𝑚𝑎𝑐). 𝑐ℎ𝑙𝑎𝑚𝑎𝑐 

 

(A.55) 

where 𝑐ℎ𝑙𝑎𝑚𝑎𝑐 is the fixed biomass chlorophyll-a concentration [𝑚𝑔/𝑙], 𝑘𝑔𝑟𝑜𝑤𝑡ℎ,𝑚𝑎𝑐 is the 

associated growth rate, and 𝑘𝑟𝑒𝑠𝑝,𝑚𝑎𝑐 is the a mortality/respiration/excretion rate. 
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The mass balance for phytoplankton in a given reach is: 

𝜕(𝑉. 𝑐ℎ𝑙𝑎𝑠𝑢𝑠)

𝜕𝑡
= ∑ 𝑄𝑖.

𝑖

𝑐ℎ𝑙𝑎𝑠𝑢𝑠,𝑖 − 𝑄𝑜𝑢𝑡.𝑐ℎ𝑙𝑎𝑠𝑢𝑠,𝑖

+ (𝑘𝑔𝑟𝑜𝑤𝑡ℎ,𝑠𝑢𝑠 − 𝑘𝑟𝑒𝑠𝑝,𝑠𝑢𝑠 − 𝑘𝑠𝑒𝑡,𝑠𝑢𝑠). 𝑐ℎ𝑙𝑎𝑠𝑢𝑠,𝑖  

 

(A.56) 

where 𝑐ℎ𝑙𝑎𝑠𝑢𝑠 is the suspended chlorophyll-a concentration [𝑚𝑔/𝑙], 𝑄𝑖 ., 𝑄𝑜𝑢𝑡 are the inflow and 

outflow from the reach, respectively, 𝑐ℎ𝑙𝑎𝑠𝑢𝑠,𝑖 is the suspended chlorophyll-a concentration flowing 

into the reach, 𝑘𝑔𝑟𝑜𝑤𝑡ℎ,𝑠𝑢𝑠 [𝑑𝑎𝑦−1] is the growth rate, 𝑘𝑟𝑒𝑠𝑝,𝑠𝑢𝑠 [𝑑𝑎𝑦−1] is a combined mortality/ 

respiration/excretion rate, and 𝑘𝑠𝑒𝑡,𝑠𝑢𝑠[𝑑𝑎𝑦−1] is a settling rate. 

The settling term 𝑘𝑠𝑒𝑡  is strongly dependent on the shape, size and hydrological conditions, but will 

be simply defined in this model by: 

𝑘𝑠𝑒𝑡,𝑠𝑢𝑠 =
𝑉𝑠𝑒𝑡,𝑠𝑢𝑠

𝑑
 

 

(A.57) 

where 𝑉𝑠𝑒𝑡,𝑠𝑢𝑠 [𝑚/𝑑𝑎𝑦] is a constant settling velocity and 𝑑 [𝑚] is the water depth. 

As previously mentioned, the term 𝑘𝑟𝑒𝑠𝑝,𝑠𝑢𝑠/𝑏𝑒𝑛𝑡ℎ𝑖𝑐 (biomass stock-dependent) accounts for all 

losses affecting plant growth, i.e. plant maintenance respiration, excretion and decay. This process is 

temperature-dependent and defined by: 

𝑘𝑟𝑒𝑠𝑝 = 𝑘𝑟
20. 𝑓𝜃 

 

(A.58) 

where 𝑘𝑟
20 is a respiration/excretion rate at the reference temperature of 20 degrees, and𝑓𝜃 is a 

temperature dependency function (see below). 

The growth rate 𝑘𝑔𝑟𝑜𝑤𝑡ℎ,𝑠𝑢𝑠/𝑚𝑎𝑐   (biomass stock-dependent) is based on an optimal growth rate of 

the plant biomass, and limited by some environmental conditions in terms of light, nutrients and 

temperature: 

𝑘𝑔𝑟𝑜𝑤𝑡ℎ = 𝐺𝑚𝑎𝑥. 𝑓𝜃. 𝑓𝑛,𝑝. 𝑓𝑙 

 

(A.59) 

where 𝐺𝑚𝑎𝑥 is an optimal growth rate (stock dependent), 𝑓𝑙 [-] is a function to account for the light 

dependency, 𝑓𝑛,𝑝 to account for the nutrient concentration dependency, and 𝑓𝜃 [-] is a temperature 

correction function. 

The temperature dependency function, 𝑓𝜃, is defined as a skewed normal distribution to account for 

the optimal growth of plant biomass at a specific-temperature, and suboptimal conditions at higher 

or lower temperatures (Bowie et al., 1985): 

𝑓𝜃 = 𝑒
(−2.3.(

𝑇𝑤−𝑇𝑜𝑝𝑡

𝑇𝑥−𝑇𝑜𝑝𝑡
)

2

)
 

 

With 𝑇𝑥 = 𝑇𝑚𝑖𝑛 if  𝑇𝑤 < 𝑇𝑜𝑝𝑡 and 𝑇𝑥 = 𝑇𝑚𝑎𝑥 if  𝑇𝑤 > 𝑇𝑜𝑝𝑡 

 

(A.60) 

where 𝑇𝑜𝑝𝑡 is the optimum temperature corresponding to the optimal growth rate, and 𝑇𝑚𝑖𝑛, 𝑇𝑚𝑎𝑥 

are the minimum and maximum extreme temperatures at which growth ceases. 
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The nutrient concentration dependency 𝑓𝑛,𝑝 follows a Michaelis-Menten formulation. It is assumed 

that only inorganic nitrogen (in the form of ammonium or nitrate) and orthophosphate are limiting 

factors: 

𝑓𝑛,𝑝 = 𝑚𝑖𝑛 (
𝑃𝑂4

𝑘𝑠,𝑃_𝑙𝑖𝑚 + 𝑃𝑂4
,

𝑁

𝑘𝑠,𝑁_𝑙𝑖𝑚 + 𝑁
) 

 

(A.61) 

where 𝑘𝑠,𝑃_𝑙𝑖𝑚and 𝑘𝑠,𝑁_𝑙𝑖𝑚 are half-saturation constants [𝑚𝑔𝑃 − 𝑁/𝑙]. 

The light correction 𝑓𝑙 accounts for the photoinhibition of growth at high light levels, as well as the 

light attenuation over depth due to particles and resulting turbidity. This correction factor is 

integrated over time and depth to get a mean daily correction for a well-mixed stream reach 

(Chapra, 1997; Steele, 1965): 

𝑓𝑙 =
2.718 × 𝐿𝑝ℎ𝑜𝑡𝑜

𝛾𝑙 . 𝑑
(𝑒−𝛼1 − 𝑒−𝛼0) 

 

(A.62) 

where 𝐿𝑝ℎ𝑜𝑡𝑜 [-] is the photoperiod, 𝑑 [𝑚] is the stream water depth, 𝛾 [𝑚−1] is the light 

attenuation coefficient, and 𝛼0and 𝛼1 are functions of the light radiation and defined by: 

𝛼0 =
𝐼𝐴

𝐼𝑜𝑝𝑡
 

 

(A.63) 

𝛼1 =
𝐼𝐴

𝐼𝑜𝑝𝑡
𝑒−𝛾𝑙.𝑑 

 

(A.64) 

where 𝐼𝑜𝑝𝑡 [𝑙𝑦. 𝑑𝑎𝑦−1] is the optimal light radiation for plant growth (dependent on plant species 

but assumed here simply dependent on the autotroph group) and 𝐼𝐴 is the average light radiation 

over day light hours. 

The light attenuation coefficient 𝛾𝑙  is function of the turbidity of the stream water, caused by all 

non-biomass matter that may be present in the water 𝛾𝑙,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (referred here as background), 

as well as any suspended algae, and/or self-shadowing effects from any fixed macrophytes. This 

coefficient is defined in our model by (Chapra, 1997; Krause-Jensen and Sand-Jensen, 1998): 

𝛾𝑙=𝛾𝑙,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 𝛾𝑙,𝑏𝑖𝑜_𝑠𝑢𝑠 × 𝐶ℎ𝑙𝑎𝑠𝑢𝑠 + 100.57𝑙𝑜𝑔10(𝐶ℎ𝑙𝑎𝑚𝑎𝑐−0.95) 

 

(A.65) 

where 𝛾𝑙,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 [𝑚−1] is the light attenuation coefficient due to non-biomass materials, and 

𝛾𝑙,𝑏𝑖𝑜_𝑠𝑢𝑠 [𝑚−1. (
𝑚𝑔

𝑙
)−1] is the attenuation coefficient factor for the suspended algae. 

𝐼𝐴 , in the absence of data, is estimated from the mean extraterrestrial radiation and successive 

attenuation terms: 

𝐼𝐴 = 𝑅𝑒
̅̅ ̅. (1 − ∅𝑎𝑡𝑚). ∅𝑐𝑙𝑜𝑢𝑑 . ∅𝑃𝐴𝑅 . (1 − ∅𝑠ℎ𝑎𝑑𝑜𝑤). (1 − ∅𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛) 

 

(A.66) 
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where 𝑅𝑒
̅̅ ̅ is the mean extraterrestrial radiation over the daylight hours [converted in 

𝑙𝑦. 𝑑𝑎𝑦−1], ∅𝑎𝑡𝑚 is a mean atmospheric absorption under cloud-free conditions [-], ∅𝑐𝑙𝑜𝑢𝑑 

represents the cloud absorption, ∅𝑃𝐴𝑅 is the ratio between global horizontal radiation and 

photosynthetically active radiation, ∅𝑠ℎ𝑎𝑑𝑜𝑤 [-] is a reduction factor to account for any shadow 

effects at ground level and reach dependent, e.g. riparian vegetation, and ∅𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 is a reduction 

factor to account for the light reflection at the stream surface.  

∅𝑐𝑙𝑜𝑢𝑑 is assessed using mean cloudiness data on a daily basis (Kasten and Czeplak, 1980): 

∅𝑐𝑙𝑜𝑢𝑑  = (1 − 0.75(N/8)3.4)  

 

(A.67) 

where N is the cloudiness data [𝑜𝑘𝑡𝑎]. 

A.3.7.2. Photosynthesis and autotrophic respiration 

The daily mean gross photosynthesis rate �̅� [in 𝑚𝑔𝑂2. 𝑑𝑎𝑦−1] is estimated by the following formula 

(Chapra, 1997): 

 

�̅� = 𝑟𝑜𝑎. ∑ 𝐺𝑚𝑎𝑥,𝑠𝑢𝑠/𝑚𝑎𝑐. 𝑓𝑙 . 𝑓𝜃. 𝑐ℎ𝑙𝑎𝑠𝑢𝑠/𝑚𝑎𝑐

sus + 𝑚𝑎𝑐 

 (A.68) 

where 𝑟𝑜𝑎[𝑚𝑔𝑂2. 𝜇𝑔 𝑐ℎ𝑙𝑎−1] is the oxygen yield per unit biomass and correction terms defined in 

eq.A.60; A.62. 

The associated autotrophic respiration rate 𝐴𝑅 [𝑚𝑔𝑂2. 𝑑𝑎𝑦−1] is estimated as a fraction of the daily 

mean gross photosynthesis rate (Hall and Beaulieu, 2013): 

𝐴𝑅 = 𝐴𝑅𝑟𝑎𝑡𝑖𝑜 × �̅� 

 

(A.69) 

where 𝐴𝑅𝑟𝑎𝑡𝑖𝑜=0.44. 

We emulate the diel variation of dissolved oxygen resulting from photosynthesis 𝑃(𝑡) from the daily 

mean gross photosynthesis rate using the photoperiod length and the idealized half sinus profile for 

available light during the day (Simonsen and Harremoës, 1978): 

𝑃(𝑡) = 𝑃𝑀𝐴𝑋 (cos(−2𝜋𝑡) + 2𝐿𝑝ℎ𝑜𝑡𝑜 − 1) 

 

and 

(A.70) 

𝑃𝑀𝐴𝑋 = �̅�.
𝜋

2𝐿𝑝ℎ𝑜𝑡𝑜
 (A.71) 

 

Many streams are heterotrophic ecosystems (Hall and Hotchkiss, 2017), i.e. the gross primary 

production, 𝐺𝑃𝑃, from the autotrophic biomass is less than the overall ecosystem respiration, 𝐸𝑅, 

(sum of autotrophic respiration and heterotrophic respiration, 𝐻𝑅, from organic matter 

decomposition). Notably, such conditions have been documented in streams with important 

macrophyte coverage, enhancing the settling of fine particles fueling heterotrophic respiration and 

resulting in oxygen consumption (Alnoee et al., 2021; Marcarelli et al., 2011; Riis et al., 2020). We 
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defined the 𝑆𝑂𝐷𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑,𝑚𝑎𝑐 corresponding to this enhanced heterotrophic respiration to account 

for this effect, with temperature and oxygen limitations, as follows:  

𝑆𝑂𝐷𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑑,𝑚𝑎𝑐 = (�̅�/𝐸𝑀𝑟𝑎𝑡𝑖𝑜 − 𝐴𝑅) 
𝐷𝑂

𝐷𝑂+𝑘𝑠,𝑜_𝑙𝑖𝑚
𝜃𝑆𝑂𝐷

𝑇𝑤−20 

 

(A.72) 

where 𝐸𝑀𝑟𝑎𝑡𝑖𝑜 [-] is the ecosystem metabolism ratio, �̅� is the daily mean gross photosynthesis rate 

(eq. A.68), and AR is the autotrophic respiration term (eq. A.69); the other terms representing the 

temperature and oxygen limitation functions have already been defined (eq. A.54). 
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Supplementary figures 

Figure S1 shows an example of developed System Dynamic module within the STELLA software 

environment. 

Figure S2 to S4 shows the type and extent of sewer network t (S2), location of separated sewer 

outlets, CSOs outlets and water abstraction wells (S3), and the impervious data (S4) in the 

investigated catchment. 

Figure S5 shows the Manning´s number vs. stream water flow scatterplot in the investigated 

catchment. 

Figure S6 displays the regression model air-water temperature used for the natural flow and 

separated sewer system temperature component. 

Figure S7 displays the water flow simulation results, all reaches. 

Figure S8 displays the stream depth simulation results, all reaches. 

Figure S9 shows the Combined Sewer Overflow (CSOs) results. 

Figure S10: displays the water flow simulation results, Donse tributary. 

Figure S11 displays the Simulation results for DO daily average concentration expressed in % DO sat 

(Parallelvej station, see Fig.1) 

Figure S12 displays the nitrate concentration results (deterministic solution for reaches Ådalsvej and 

Nivemølle, see Fig. 1)  

Figure S13 displays the ammonium concentration results (deterministic solution for reaches Ådalsvej 

and Nivemølle, see Fig. 1)  

Figure S14 displays the orthophosphate concentration results (deterministic solution for reaches 

Ådalsvej and Nivemølle, see Fig. 1)  

 

 

Figure S15 displays the suspended Chlorophyll A concentration results, (deterministic solution for 

reaches Ådalsvej and Nivemølle, see Fig. 1). 

Figure S16 displays the forcing data (nutrients and Chla) used as input for the simulation shown in 

S12-S15 and Fig. 7. 

Figure S17 shows the results of the Rainfall-Runoff model sensitivity testing (Nivemølle). 

Figure S18 shows the results of sensitivity test for the DO concentration simulation (Parallelvej). 

Supplementary tables: 

Table S1 provides an overview of all input data, type, frequency range and data source 

Table S2 gives the quantitative values for the Model performance rating for for Nash-Sutcliffe 

Efficiency (𝑁𝑆𝐸), Percent BIAS (𝑃𝐵𝐼𝐴𝑆) and RMSE-observations standard deviation ratio (𝑅𝑆𝑅). 

Table S3 shows all model parameters and references. 

Table S4 and S5 shows the input data distribution for the MC simulations carried out for the dissolved 

oxygen concentration and physico-chemical parameters respectively.   
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SI Figure S1. Example for an SD module developed for simulating stream temperature. The module is comprised of a) the 
parameters used for linkage to other components and/or modules within of the overall system; and the actual module, showing 
b) the detailed structure. The black arrow (loop B) demonstrates a balancing feedback loop for the heat exchange at the 
interface stream/atmosphere regulating water temperature to an equilibrium with air temperature.  
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SI Figure S2. Sewer network extent and type for the Usserød catchment (NOVAFOS, 2020). 
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SI Figure S3. Locations for documented water abstraction, separate systems outlets and combined sewer overflows for the 
Usserød catchment (Danmark Miljøportal, n.d.; NOVAFOS, 2020) 
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SI Figure S4. Imperviousness distribution data for the Usserød catchment (NOVAFOS, 2020). 
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SI Figure S1. Scatterplot for the estimated Manning’s number vs. flow rate measured at the outlet of the three modelled 
reaches in the catchment (Grønnegade: orange; Ådalsvej: blue; Nivemølle: green). Results shown only for calibration year 
2017. The Manning’s number is estimated using the water depth measurement and assuming a simplified rectangular cross-
section profile and low depth. See Appendix A for details. 
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SI Figure S6. Linear regression model for the water temperature estimation of the natural water and urban system components. 

Data from (Lemaire et al., subm.) measured in Donse and Nivå tributaries dominated by non-urban inflows (i.e. no WWTP 

effluents). The grey shaded area corresponds to the 95% CI for the regression model.   
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Figure S7. Flow simulation results (blue line) compared to continuous monitoring station measurements (red line) for all three 
Usserød stream reach outlets: Grønnegade (a), Ådalsvej (b) and Nivemølle (c) (compare Fig. 2). The grey ribbon shows the 
calibration period; the grey dashed line marks an event of flooding of the stream channel banks in Grønnegade reach. 

  



73 
 

 

Figure S8. Water depth simulation results (blue line) compared to continuous monitoring station measurements (red line) for all 
three Usserød stream reach outlets: Grønnegade (a), Ådalsvej (b) and Nivemølle (c). The grey ribbon shows the calibration 
period; the grey dashed line marks a flooding of the stream channel banks in Grønnegade reach. 
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Figure S9. Combined Sewer Overflow events in reach B. Simulated events (green) are compared to measured events (red). 
Round markers pinpoint an event well captured, while cross markers indicate an event not captured on a daily basis. Total 
number of events captured by the model based on a simple assumption (basin with non linear flow): 11/49. 
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Figure S10. Flow simulation results (blue line) compared to continuous monitoring station measurements (red line) at two 
points, Fredtoften and Brøholmdalsvej, in the Donse Tributary. 
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Figure S11. Simulation result for DO daily average concentration (blue line) compared to the online sensor data (red line) at 

Parrallelvej monitoring station (Fig. 2), expressed in %DO saturation. The grey ribbon indicates the calibration period. The pale 

blue and red shadings correspond to the amplitude of simulated and measured daily extremes respectively. 
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Figure S12. Simulation results (blue line) for NO3-N concentration in Ådalsvej and Nivemølle reach, compared to grab sample 

measurements (red circles). The corresponding daily simulation result is marked by a blue circle to facilitate the comparison. 

Grab sample concentrations at Grønnegade (a) and at the outlet of the tributary are combined with the estimated flow data as a 

forcing input (see SI Fig. S16). 
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Figure S13. Simulation results (blue line) for NH4-N concentration in Ådalsvej and Nivemølle reach, compared to grab sample 

measurements (red circles). The corresponding daily simulation result is marked by a blue circle to facilitate the comparison. 

Grab sample concentrations at Grønnegade (a) and at the outlet of the tributary are combined with the estimated flow data as a 

forcing input  (see SI Fig. S16). 
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Figure S14. Simulation results (blue line) for PO4-P concentration in Ådalsvej and Nivemølle reach, compared to grab sample 

measurements (red circles). The corresponding daily simulation result is marked by a blue circle to facilitate the comparison. 

Grab sample concentrations at Grønnegade (a) and at the outlet of the tributary are combined with the estimated flow data as a 

forcing input (see SI Fig. S16). 

  



80 
 

 

 

 

Figure S15. Simulation results (blue line) for suspended chl-a concentration in Ådalsvej and Nivemølle reach, compared to grab 

sample measurements (red circles). Grab sample concentrations at Grønnegade (a) and at the outlet of the tributary are 

combined with the estimated flow data as a forcing input (see SI Fig. S16). 
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Figure S16. Forcing input concentrations at Grønnegade (red circle) and at the outlet of the tributary (purple diamond) for NO3-

N; NH4-N; PO4-P and susp. Chl-a used for the simulations presented in Fig. S12-15 and Fig. 7. 
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Figure S17. Rainfall-Runoff model sensitivity testing (Nivemølle station). Results are presented at a daily average time-step. 

Parameters range and references are given in the Table X1 below. 

 

 

Table X1. Parameter ranges for the sensitivity test of the Rainfall-Runoff model 

Parameter Unit Description Range Reference for range 

𝐹𝐶 𝑚𝑚 Field capacity equivalent [50-700] (Beck et al., 2016) 

𝐿𝑃 𝑚𝑚 Soil moisture threshold for Potential Evapotranspiration  [50-150]* (Beck et al., 2016) 

β - Evapotranspiration reduction factor [1-6] (Beck et al., 2016) 

𝑆𝑀𝑇 𝑚𝑚 Soil moisture threshold – upper interflow [10-150]* (Beck et al., 2016) 

1/𝑅𝑇𝐶 𝑑𝑎𝑦−1 Runoff time constant [2-24] Estimate 

1/𝑈𝐼𝑇𝐶 𝑑𝑎𝑦−1 Upper interflow rate [0.05-1] (Beck et al., 2016) 

1/𝐿𝐼𝑇𝐶 𝑑𝑎𝑦−1 Lower interflow time rate [0.01-0.8] (Beck et al., 2016) 

1/𝑃𝑅𝑇𝐶 𝑑𝑎𝑦−1 Percolation rate [0,01-0,1] (Beck et al., 2016)** 

1/𝐵𝑇𝐶 𝑑𝑎𝑦−1 Baseflow rate [0.001-0.01] (Beck et al., 2016) 

𝐺𝑊𝑖𝑛𝑖𝑡 𝑚𝑚 Deep soil moisture initial value [100-2000] Estimate 

*: upper limit bounded by the calibrated model parameters 

**: to ensure percolation rate variation within range reported by (Beck et al., 2016) 
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Figure S18. Sensitivity testing for the DO concentration simulation (Parallelvej Station). Results are presented at a daily 

average time-step. Parameters range and references are given in the Table X2 below. 
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Table X2. Parameter ranges for the sensitivity test related to DO concentration simulations 

Parameter Unit Description Range Reference for range 

𝐴𝑙𝑡 𝑚 Field capacity equivalent [0-100] GIS data 

𝑑𝑒𝑝𝑡ℎ 𝑚 Stream water depth  [80-120%]* Perturbation of calculation results 

𝐸𝑀𝑟𝑎𝑡𝑖𝑜 - Ecosystem metabolism ratio [0.01-1] (Marcarelli et al., 2011) 
 [10-90] percentile 

𝑘𝑑
20 𝑑𝑎𝑦−1 Reference degradation rate constant 

for organic matter (20 °C) 
[0.1-3] (Chapra, 1997) 

𝑘𝑛𝑖𝑡
20  𝑑𝑎𝑦−1 Reference nitrification rate constant (20 °C) [0.1-2] (Chapra, 1997) 

𝑘𝑎 𝑑𝑎𝑦−1 Reaeration rate constant [60-140%] Perturbation of calculation results 
(Palumbo & Brown, 2014) 

𝑝𝐻 -  [90-110%]* Perturbation of input data 

𝐴𝑅𝑟𝑎𝑡𝑖𝑜 - autotrophic respiration ratio [0.2-0.8] (Hall & Beaulieu, 2013) 

𝑉𝑠,𝐵𝑂𝐷 𝑚. 𝑑𝑎𝑦−1 Settling velocity, organic matter [0.1-1] (Chapra, 1997) 

𝑆𝑂𝐷𝑜
20 𝑔. 𝑚−2. 𝑑𝑎𝑦−1 reference Sediment Oxygen Demand (20 °C) [0.05-2] (Chapra, 1997) 

𝐵𝑂𝐷 (Lake) 𝑚𝑔. 𝑙−1 cBOD from lake inflow [1-8] Lemaire et al. (subm) 

𝐵𝑂𝐷 (perv.inflow) 𝑚𝑔. 𝑙−1 cBOD from pervious flow component [1-5] Lemaire et al. (subm) 

𝐷𝑂𝑠𝑎𝑡 (Lake) % Sat. level DO from lake [50-100] Lemaire et al. (subm) 

𝐷𝑂𝑠𝑎𝑡 (perv.inflow) % Sat. level DO from pervious component [50-100] estimation 

𝑁𝐻4 (Lake) 𝑚𝑔. 𝑙−1 Ammonium concentration from lake inflow [0.1-0.5] Lemaire et al. (subm) 

𝑁𝐻4 (perv. inflow) 𝑚𝑔. 𝑙−1 Ammonium concentration from pervious component [0.1-0.5] Lemaire et al. (subm) 
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Table S1. Overview of the model input data for the Usserød catchment, data type (time series or constant value), associated 

time range, and source for the baseline simulation. Input data under “Outlet reach 1/Forcing reach 2” are used for the nutrient 

concentration simulations only (see section ”calibration” in the associated manuscript). 

 
Parameter Unit Time variable 

(TV) / Constant 
(CSTE) 

Value or time 
range 

Reference 

General input     

 

Precipitation  Time series 2017-2019, daily (DMI, 2020b) 

Air temperature  Time series 2017-2019, daily (DMI, 2020a) 

Extraterrestrial radiation  Time series Calculated (Bojanowski, 2013) 

Lake     

 

Flow 
 

Time series 2017-2019, daily (Rudersdal et al., 2020) 

DO sat 
 

CSTE 0.7 Calibrated 

NH3-N 
 

CSTE 0.23 Lemaire et al. (subm) 

NO3-N 
 

CSTE 0.2 Lemaire et al. (subm) 

BOD 
 

CSTE 4.5 Lemaire et al. (subm) 

chl-a 
 

CSTE 0.03 Lemaire et al. (subm) 

PO4-P 
 

CSTE 0.12 Lemaire et al. (subm) 

Temperature 
 

not available 
  

Outlet reach 1/Forcing reach 2     

 

Flow 
 

Time series 2017-2019, daily (Rudersdal et al., 2020) 

DO sat 
 

Time series Nov 18-Oct 19* Lemaire et al. (subm) 

NH3-N 
 

Time series Nov 18-Oct 19* Lemaire et al. (subm) 

NO3-N 
 

Time series Nov 18-Oct 19* Lemaire et al. (subm) 

BOD 
 

Time series Nov 18-Oct 19* Lemaire et al. (subm) 

chl-a 
 

Time series Nov 18-Oct 19* Lemaire et al. (subm) 

PO4-P 
 

Time series Nov 18-Oct 19* Lemaire et al. (subm) 

Temperature 
 

Time series 2017-2019, daily (Rudersdal et al., 2020) 

pH  Time series 2017-2019, daily (Rudersdal et al., 2020) 

Flow component-pervious areas     

 

Flow  Time series Calculated  

DO sat 
 

CSTE 0.7 Calibrated 

NH3-N 
 

CSTE 0.12 Lemaire et al. (subm) 

NO3-N 
 

CSTE 1.7 Lemaire et al. (subm) 

BOD 
 

CSTE 2.7 Lemaire et al. (subm) 

chl-a 
 

CSTE 0.004 Lemaire et al. (subm) 

PO4-P 
 

CSTE 0.07 Lemaire et al. (subm) 

Temperature 
 

Time series Calculated regression model, SI Fig S6 

Tributary     

 

Flow  Time series Calculated  

DO sat 
 

CSTE 0.7 Calibrated 

NH3-N 
 

CSTE 0.07 Lemaire et al. (subm) 

NO3-N 
 

CSTE 1.5 Lemaire et al. (subm) 

BOD 
 

CSTE 2.7 Lemaire et al. (subm) 

chl-a 
 

CSTE 0.004 Lemaire et al. (subm) 

PO4-P 
 

CSTE 0.04 Lemaire et al. (subm) 

Temperature 
 

Time series Calculated regression model, SI Fig S6 

Separated systems     

 

Flow 
 

Time series Calculated 
 

DO sat 
 

CSTE 0.7 Calibrated 

NH3-N 
 

CSTE 0.5 25% total-N concentration 
(Miljøstyrelsen (Danish EPA), 
2006) 

NO3-N 
 

CSTE 0.5 25% total-N concentration 
(Miljøstyrelsen (Danish EPA), 
2006) 

BOD 
 

CSTE 10 assumption 

chl-a 
 

CSTE 0 assumption 

PO4-P 
 

CSTE 0.25 50% total-P concentration 
(Miljøstyrelsen (Danish EPA), 
2006) 
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Temperature 
 

Time series Calculated regression model, SI Fig S6 

Combined Sewer Overflow     

 

Flow 
 

Time series Calculated 
 

DO sat 
 

CSTE 0.7 Calibrated 

NH3-N 
 

CSTE 30 mean from daily time serie 
- inlet WWTP reach 2 (2019)  
(NOVAFOS, 2020) 

NO3-N 
 

CSTE 1 mean from daily time serie - 
inlet WWTP reach 2 (2019)  
(NOVAFOS, 2020) 

BOD 
 

CSTE 230 mean from bi-monthly sampling 
- inlet WWTP reach 2 (2019)  
(NOVAFOS, 2020) 

chla 
 

CSTE 0 assumption 

PO4-P 
 

CSTE 4 mean from daily time serie  
- inlet WWTP reach 2 (2019) 
(NOVAFOS, 2020) 

Temperature 
 

Time series Calculated regression model, Fig S6 

WWTP (reach Grønnegade)     

 

Flow 
 

Time series Calculated 
 

DO sat 
 

Time series 2017-2019** (NOVAFOS, 2020) 

NH3-N 
 

Time series 2017-2019** (NOVAFOS, 2020) 

NO3-N 
 

Time series 2017-2019** (NOVAFOS, 2020) 

BOD 
 

Time series 3.1 mean monthly sampling (2019) 
(NOVAFOS, 2020) 

chl-a 
 

CSTE 0 Assumption 

PO4-P 
 

Time series Time serie 50% total-P concentration 
(NOVAFOS, 2020) 

WWTP (reach Ådalsvej)     

 

Flow 
 

Time series 2017-2019, daily (NOVAFOS, 2020) 

DO sat 
 

Time series 2017-2019, daily (NOVAFOS, 2020) 

NH3-N 
 

Time series 2017-2019, daily (NOVAFOS, 2020) 

NO3-N 
 

Time series 2017-2019, daily (NOVAFOS, 2020) 

BOD 
 

CSTE / mean bi-monthly sampling 
(2019) 
(NOVAFOS, 2020) 

chl-a 
 

0 / Assumption 

PO4-P 
 

Time series 2017-2019, daily (NOVAFOS, 2020) 

Temperature 
 

Time series 2017-2019, daily (NOVAFOS, 2020) 

*: Measurement frequency ca. every 6 weeks (n= 10) 

**: Uneven measurement frequency ca. every 3 to 5 days 
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Table S2. Model performance rating for Nash-Sutcliffe Efficiency (𝑁𝑆𝐸), Percent BIAS (𝑃𝐵𝐼𝐴𝑆) and RMSE-observations 

standard deviation ratio (𝑅𝑆𝑅) according to (Barbosa et al., 2019). 

 

Performance NSE RSR PBIAS 

Very good [0.75-1] [0-0.5] <+/- 10 
Good [0.65-0.75] [0.5-0.6] [+/- 10 - +/-15] 
Satisfactory [0.5-0.65] [0.6-0.7] [+/- 15 - +/-25] 
Unsatisfactory <0.5 >0.70 >+/- 25 
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Table S3. Model parameters, all reaches (A: Grønnegade, B: Ådalsvej, C: Parallelvej, D: Nivemølle, E: Fredtoften, F: 

Brønsholmdalsvej (compare Fig. 2). If not explicitly given, the parameter value is uniform across all reaches and “/” indicates 

this parameter is not relevant in a given reach. Parameter descriptions are given in Appendix A. 

Parameter A B C D E F Reference / Source 

Catchment and reach characteristics     

Alt [𝑚]       8 (DSFE, 2020) 

A [𝑘𝑚2] 2.08 11.65 1.30 3.90 15.5 18.5 (DSFE, 2020) 

𝐿  [𝑚] 1600 3000 1900 3550 4200 6100 (DSFE, 2020) 

𝑏  [𝑚] 3 2.75 3.25 3.25 1.25 1.25 (DSFE, 2020) 

𝑠 [‰] 1.1 3.0 1.5 1.5 1.5 1.5 (Rudersdal, 2018) 

𝑓𝑖𝑚𝑝 [-] 0.03 0.2 0.25 0.28 0 0.05 (NOVAFOS, 2020) 

𝑓𝑐𝑠 [-] 0.5 0.65 0.5 0.1 - 0 (NOVAFOS, 2020 

𝑓𝑠𝑠 [-] 0.5 0.35 0.5 0.9 - 1 (NOVAFOS, 2020 

Hydrological model parameters     

𝐹𝐶 [𝑚𝑚]       140 (Calibrated) 

𝐿𝑃 [𝑚𝑚]       50 (Calibrated) 

β [-]       4 (Calibrated) 

𝑆𝑀𝑇 [𝑚𝑚]       55 (Calibrated) 

𝑅𝑇𝐶 [𝑑𝑎𝑦]       0.125 (Calibrated) 

𝑈𝐼𝑇𝐶 [𝑑𝑎𝑦]       0.035 (Calibrated) 

𝐿𝐼𝑇𝐶 [𝑑𝑎𝑦]       0.005 (Calibrated) 

𝑃𝑅𝑇𝐶 [𝑑𝑎𝑦]       0.009 (Calibrated) 

𝐷𝑆𝑀𝑇 [𝑑𝑎𝑦]       0.002 (Calibrated) 

𝑆𝐷𝑅 [𝑑𝑎𝑦]       0.5 (Calibrated) 

𝐺𝑊  [𝑚𝑚] 
(t=0) 

2000 100 1000 1000 0 2000 (Calibrated) 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝐺𝑊𝐴𝑅 [−]       0.01 (assumption) 

𝐺𝑆𝐼 [-] 0 0 -3e-4 -3e-4 0 0 Calibrated 

𝑆𝑆𝑇𝐶 [𝑑𝑎𝑦] / 0.05 / / / / Calibrated 

𝐶𝑆𝑇𝐶 [𝑑𝑎𝑦] / 0.5 / / / / Calibrated 

𝐶𝑆𝑂𝑇𝐶 [𝑑𝑎𝑦] / 0.95 / / / / Calibrated 

𝑄𝑑𝑟𝑦
̅̅ ̅̅ ̅̅  [𝑚3. 𝑑𝑎𝑦−1] / 5700 / / / / Calibrated 

𝑄𝑀𝐴𝑋 [𝑚3. 𝑑𝑎𝑦−1] / 50000 / / / / Calibrated 

𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 [𝑚3] / 10000 / / / / Calibrated 

Temperature        

Ρ [𝑘𝑔/ 𝑚3]       1000 

𝐶𝑝 [𝑘𝑔/ 𝑚3]       4182  

𝐾 [𝐽/(𝑚2. °𝐶. 𝑘𝑔. 𝑑𝑎𝑦)]       1.9e6 (Bogan et al., 2003) 

Oxygen and nutrients        

𝜃𝑎 [−]       1.024 (Chapra, 1997) 

𝑘𝑑
20 [𝑑𝑎𝑦−1]       0.5 (Chapra, 1997) 

𝜃𝐵𝑂𝐷 [−]       1.047 (Bowie et al., 1985) 

𝑉𝑠,𝐵𝑂𝐷  [𝑚. 𝑑𝑎𝑦−1]       0.1 (Chapra, 1997) 

𝑟𝑜𝑛 [𝑔. 𝑔𝑁−1]       4.57 (Chapra, 1997) 

𝑘𝑛𝑖𝑡
20  [𝑑𝑎𝑦−1]       0.3 (Bowie et al., 1985) 

𝜃𝑛𝑖𝑡  [−]       1.085 (Bowie et al., 1985) 

𝑘𝑑𝑒𝑛𝑖𝑡
20  [𝑑𝑎𝑦−1]       0.1 (Bowie et al., 1985) 

𝜃𝑑𝑒𝑛𝑖𝑡[−]       1.045 (Bowie et al., 1985) 

𝑘𝑠,𝑑𝑒𝑛𝑖𝑡_𝑙𝑖𝑚 [𝑚𝑔. 𝑙−1]       0.1 (Bowie et al., 1985) 

𝑆𝑂𝐷𝑜
20 [𝑔. 𝑚−2. 𝑑𝑎𝑦−1]       1 (Bowie et al., 1985) 

𝜃𝑆𝑂𝐷[−]       1.065 (Bowie et al., 1985) 

𝑘𝑠,𝑜_𝑙𝑖𝑚[𝑚𝑔. 𝑙−1]       1.4 (Bowie et al., 1985) 

Freshwater plant and algae biomass      

𝑉𝑠𝑒𝑡,𝑠𝑢𝑠[𝑚. 𝑑𝑎𝑦−1]       0.1 (Bowie et al., 1985) 

𝐺𝑚𝑎𝑥,𝑠𝑢𝑠[𝑑𝑎𝑦−1]       2 (Bowie et al., 1985) 

𝐺𝑚𝑎𝑥,𝑚𝑎𝑐[𝑑𝑎𝑦−1]       0.1 (Nielsen & Sand-Jensen, 
1991) 



89 
 

𝑘𝑠,𝑃_𝑙𝑖𝑚[𝑚𝑔𝑃. 𝑙
−1]       0.025 (Bowie et al., 1985) 

𝑘𝑠,𝑁_𝑙𝑖𝑚 [𝑚𝑔𝑁. 𝑙−1]       0.0005 (Bowie et al., 1985) 

𝛾
𝑙,𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

 [𝑚−1]       0.5 (Julian et al., 2008) 

𝛾
𝑙,𝑏𝑖𝑜_𝑠𝑢𝑠

 

[𝑚−1. 𝑙. 𝑚𝑔𝑐ℎ𝑙𝑎−1] 

      0.035 (Chapra, 1997) 

𝐼𝑜𝑝𝑡 [𝑙𝑦. 𝑑𝑎𝑦
−1]       200 (Bowie et al., 1985) 

∅𝑎𝑡𝑚 [−]       0.38 (Wild et al., 2019)  

∅𝑃𝐴𝑅[−]       0.47 (Carr et al., 1997) 

∅𝑟𝑒𝑓𝑙𝑒𝑐 [−]       0.1 (Julian et al., 2008) 

𝑟𝑜𝑎 [𝑚𝑔. 𝜇𝑔𝐶ℎ𝑙𝑎
−1]       1.5 (calibrated) 

𝐴𝑅𝑟𝑎𝑡𝑖𝑜 [−]       0.45 (Hall & Beaulieu, 2013) 

𝐸𝑀𝑟𝑎𝑡𝑖𝑜  [−]       0.26 (Calibrated) 
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Table S4. Parameter probability distributions used for the MC simulation for dissolved oxygen concentration shown in Fig. 6. 

State variable Parameter Value or time range Source 

DO    

 

Saturation DO init. lake inflow [DOsat]~𝑈[50,100] % Lemaire et al. (subm) 

Saturation DO init. – nat. flow component [DOsat]~𝑈[60,100] % Estimate 

Saturation DO init. - separated systems [DOsat]~𝑈[60,100] % Estimate 

Saturation DO init. - CSOs [DOsat]~𝑈[30,100] % Estimate 

Reach DOsat estimate Perturbation calculated value 
𝑈[-10,+10]% 

Estimate 

Reaeration rate Perturbation calculated value 

𝑘𝑎. 𝑈[-40,+40]% 

(Palumbo & Brown, 2014) 

Ecosystem metabolism ratio 𝐸𝑀𝑟𝑎𝑡𝑖𝑜 ~ 𝑈[0.01-1] (Marcarelli et al., 2011)  

Autotrophic respiration ratio  𝐴𝑅𝑟𝑎𝑡𝑖𝑜~𝑈[0.3,0.7] Estimate 

BOD concentration (WWTP reach C) 𝐵𝑂𝐷 ~ 𝑙𝑜𝑔𝑁[2.5,5] 𝑚𝑔. 𝑙−1 (NOVAFOS, 2020) 

BOD degradation rate 𝑘𝑑 ~𝑈[0.1,0.3] 𝑑𝑎𝑦−1 (Chapra, 1997) 

SOD background  𝑆𝑂𝐷𝐵𝐺  ~𝑈[0.1,2] 𝑔. 𝑚2. 𝑑𝑎𝑦−1 (Chapra, 1997) 

Optimal growth macrophyte  𝐺𝑚𝑎𝑥 ~𝑈[0.01,0.2] 𝑑𝑎𝑦−1 (Nielsen & Sand-Jensen, 
1991) 

Optimal light level  𝐼𝑜𝑝𝑡~𝑈[100,300] 𝑙𝑦. 𝑑𝑎𝑦−1 (Bowie et al., 1985) 

   

Nitrification rate  𝑘𝑛𝑖𝑡
20

~𝑈[0.2, 6] 𝑑𝑎𝑦−1 (Bowie et al., 1985) 

 
Attenuation cloud cover Perturbation calculated value 

∅𝑐𝑙𝑜𝑢𝑑 . 𝑈[-40,+40]% 

Estimate 

 
Oxygen yield per unit biomass 𝑟𝑜𝑎  ~ 𝑈[0.5,2.5] 𝑚𝑔. 𝜇𝑔𝐶ℎ𝑙𝑎−1 (Krause-Jensen &  

Sand-Jensen, 1998) 
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Table S5. Parameter probability distributions used for setting up the MC simulation regarding physico-chemical conditions and 

shown in Fig. 7. 

State variable Parameter Distribution Reference 

Stream temperature   

 

Natural flow component temperature Perturbation regression baseline 
parameters: 𝑈[-10,+10]% 

Estimate, Fig S6. 

Equilibrium temperature Perturbation regression baseline 
parameters: 𝑈[-10,+10]% 

Estimate, Appendix A 

Coefficient heat transfer   𝐾~𝑈[1.9e6, 2.4e6] (Bogan et al., 2003) 

Inorganic nitrogen (NH4-N, NO3-N)   

 

NH4 concentration nat. flow component [NH4-N]~𝑁[0.12,0.13] mg-N/l (Thodsen et al., 2016) 

NO3 concentration nat. flow component [NO3-N]~𝑁[3.16,2.07] mg-N/l  (Thodsen et al., 2016) 

NH4 concentration - Separated systems Perturbation baseline value 
𝑈[-50,+50]% 

Estimate, Table S1 

NO3 concentration - Separated systems Perturbation baseline value 
𝑈[-50,+50]% 

Estimate, Table S1 

NH4 concentration - CSOs Perturbation baseline value 
𝑈[-50,+50]% 

Estimate, Table S1 

NO3 concentration -CSOs Perturbation baseline value 
𝑈[-50,+50]% 

Estimate, Table S1 

Nitrification rate  𝑘𝑛𝑖𝑡
20

~𝑈[0.2, 6] 𝑑𝑎𝑦−1 (Bowie et al., 1985) 

Denitrification rate 𝑘𝑑𝑒𝑛𝑖𝑡 𝑘𝑑𝑒𝑛𝑖𝑡
20

~𝑈[0.1, 1] 𝑑𝑎𝑦−1 (Bowie et al., 1985) 

Dissolved reactive Phosphorus (PO4-P)   

 

PO4 concentration nat. flow component [PO4-P]~𝑁[0.06,0.07] mg-P/l (Thodsen et al., 2016) 

PO4 concentration -Tributary Perturbation baseline value 
𝑈[-50,+50]% 

Estimate, Table S1 

PO4 concentration -Separated systems Perturbation baseline value 
𝑈[-50,+50]% 

Estimate, Table S1 

PO4 concentration - CSOs Perturbation baseline value 
𝑈[-50,+50]% 

Estimate, Table S1 

 
PO4 concentration - WWTP Perturbation baseline value 

𝑈[-50,+50]% 
Estimate, Table S1 

Suspended chl-a   

 Optimum growth rate  𝐺𝑚𝑎𝑥,𝑠𝑢𝑠~𝑈[0.2-3] 𝑑𝑎𝑦−1 (Bowie et al., 1985) 

 Maintenance/respiration/loss rate  𝑘𝑟
20~𝑈[-50,+50]%. 𝐺𝑚𝑎𝑥,𝑠𝑢𝑠 (Bowie et al., 1985) 

 Temperature optimal growth 𝑇𝑜𝑝𝑡~𝑈[15 − 30]°𝐶 (Bowie et al., 1985) 

 

Light Attenuation coefficient biomass Perturbation default value 

 𝛾
𝑙,𝑏𝑖𝑜_𝑠𝑢𝑠

. 𝑈[-30,+30]% 

 

Estimate, Appendix A 

 Settling velocity 𝑉𝑠𝑒𝑡,𝑠𝑢𝑠~𝑈[0.01 − 1]𝑚. 𝑑𝑎𝑦−1 (Chapra, 1997) 
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