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1. Preface 
This thesis has been submitted in partial fulfilment of the requirements for the PhD degree at the 
University of Copenhagen, Denmark. It is the result of a three-year PhD programme, at the Department of 
Geosciences and Natural Resource Management from December 2009 to October 2013. This PhD project 
was a part of the HYACINTS project (HYdrological Modelling for Assessing Climate Change Impacts at 
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Copenhagen, Department of Geosciences and Natural Resource Management), Jens Christian Refsgaard 
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(Danish Meteorological Institute). 
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Paper 2 Larsen, M.A.D., Refsgaard, J.C., Jensen, K.H., Butts, M.C., Stisen, S. and Mollerup, M. (2013b) 
Calibration of a distributed hydrology and land surface model using uncertain energy flux 
measurements. Water Resour Res, submitted. 

Paper 3  Butts, M.C., Drews, M., Larsen, M.A.D., Lerer, S.M., Rasmussen, S.H., Grooss, J., Overgaard, 
J., Refsgaard, J.C., Christensen, O.B. and Christensen, J.H. (2013) Embedding complex 
hydrology in the regional climate system – dynamic coupling across different modelling 
domains. Adv Water Resour, In preparation. 
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2. Abstract 
To ensure optimal management and sustainable strategies for water resources, infrastructures, food 
production and ecosystems there is a need for an improved understanding of feedback and interaction 
mechanisms between the atmosphere and the land surface. This is especially true in light of expected 
global warming and increased frequency of extreme events. The skill in developing projections of both the 
present and future climate depends essentially on the ability to numerically simulate the processes of 
atmospheric circulation, hydrology, energy and ecology. Previous modelling efforts of climate and 
hydrology have used each model component in an offline mode where the models are run in sequential 
steps and one model serves as a boundary condition or data input source to the other. Within recent 
years a new field of research has emerged where efforts have been made to dynamically couple existing 
climate and hydrology models to more directly include the interaction between the atmosphere and the 
land surface.    

The present PhD study is motivated by an ambition of developing and applying a modelling tool capable of 
including the interaction and feedback mechanisms between the atmosphere and the land surface. The 
modelling tool consists of a fully dynamic two-way coupling of the HIRHAM regional climate model and 
the MIKE SHE hydrological model. The expected gain is twofold. Firstly, HIRHAM utilizes the land surface 
component of the combined MIKE SHE/SWET hydrology and land surface model (LSM), which is superior 
to the LSM in HIRHAM. A wider range of processes are included at the land surface, subsurface flow is 
distributed in three dimensions and the temporal and spatial resolution is higher. Secondly, the feedback 
mechanisms of e.g. soil moisture and precipitation between the two models are included.  

The preparation of the HIRHAM and MIKE SHE models for the coupled study revealed several findings. The 
performance of HIRHAM was highly affected by the domain size, domain location and resolution and of 
these the domain size was found to be the key parameter. For the inverse calibration of MIKE SHE the 
measured latent, sensible and soil heat fluxes lacked energy balance closure, requiring modifications 
based on different scenarios on the origin of the erroneous component. Also, the differing modelling 
platforms of Windows and Linux posed a great challenge in the development and testing of the coupling 
code.  

A primary task in the study was to assess the computational interaction between the two models in terms 
of scaling and simulation performance. Of six HIRHAM climatic output variables four showed an 
improvement with an increase in the data transfer frequency between the models alongside an increase 
in the computation time. In general however, the coupled runs were poorer than the uncoupled runs. This 
is not surprising and is attributed to each of the models having undergone substantial refinement and 
calibration in uncoupled modes to reproduce observations. By imposing a new LSM to HIRHAM and new 
driving data to MIKE SHE the coupled results are likely to be poorer. The feasibility and prospects of the 
coupled setup of HIRHAM and MIKE SHE are however clearly suggested by the simulations in the present 
PhD study. Further research is required to improve the simulations through coupled model calibration and 
other refinements are needed with respect to spatial and temporal scales, model processes and 
evaluation.     
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3. Resumé 
Der er et behov for en forbedret forståelse af feedback og interaktionsmekanismer mellem atmosfæren 
og landjorden for at sikre optimale strategier for forvaltning og bæredygtighed indenfor vandressourcer, 
infrastruktur, fødevareproduktion og økosystemer. Dette skal især fremhæves i forbindelse med den 
forventede globale opvarmning og øgede hyppighed af ekstreme hændelser. Opnåelsen af realistiske 
modelleringer af det nutidige og fremtidige klima afhænger i høj grad af evnen til numerisk at simulere 
processerne indenfor atmosfærisk cirkulation, hydrologi, energi og økosystemer. Tidligere indsatser 
indenfor modellering af klima og hydrologi har været benyttet i offline tilstand, som har været kørt i 
sekventielle skridt og hvor én model er benyttet som grænsebetingelse eller inputkilde for den anden. Et 
nyt forskningsfelt er opstået indenfor de seneste år med ambitionen om dynamisk at koble eksisterende 
klima- og hydrologimodeller for direkte at inkludere interaktionen mellem atmosfæren of landjorden.     

Det indeværende PhD studie hører til dette forskningsfelt, motiveret af ambitionen om at udvikle og 
benytte et modelleringsværktøj der er i stand til at inkludere interaktionen og feedbackmekanismerne 
mellem atmosfæren of landjorden. Modelleringsværktøjet består af en fuldt dynamisk tovejs kobling af 
den regionale klimamodel HIRHAM og den hydrologiske model MIKE SHE. Den forventede forbedring kan 
opdeles i to dele. Den ene del består af, at HIRHAM benytter landjordskomponenten i den kombinerede 
MIKE SHE/SWET hydrologi og landjordsmodel, som er bedre end landjordsmodellen i HIRHAM. Flere 
processer er inkluderet på landjorden, grundvandsstrømninger er i tre dimensioner og den tidslige og 
distribuerede opløsning er højere. Den anden del består af at feedbackmekanismerne, mellem bl.a. 
jordfugtighed og nedbør, er inkluderet mellem de to modeller.   

Klargørelsen af HIRHAM og MIKE SHE modellerne til det koblede studie afslørede flere resultater. 
Resultaterne fra HIRHAM var i høj grad påvirket af domænestørrelsen, domæneplaceringen og 
modelopløsningen, og af disse viste domænestørrelsen sig at være den vigtigste. Den målte energibalance 
var ikke lukket på basis af de målte latente-, sensible- og jordvarme- fluxe, hvilket nødvendiggjorde 
modifikationer i den inverse kalibrering af MIKE SHE, hvori antagelser omkring oprindelsen af den 
fejlbehæftede energibalancekomponent blev foretaget. I udviklingen og testningen af koblingskoden 
udgjorde de forskellige platforme, Windows og Linux, en stor udfordring. 

En primær opgave i projektet var at analysere den beregnings- og datamæssige interaktion mellem de to 
modeller, både hvad angår skalering og modelresultater. Af seks klimatiske HIRHAM resultatvariable, viste 
fire en forbedring som funktion af en forøget dataudvekslingsfrekvens mellem de to modeller, hvilket 
samtidig medførte en forøgelse af simuleringstiden. Generelt var de koblede resultater dårligere end de 
ukoblede. Dette er ikke overraskende, og skyldes at hver model i ukoblet tilstand har gennemgået 
omfattende udvikling og kalibrering for at reproducere observationer. Ved at udskifte landjordsmodellen i 
HIRHAM, og ved at benytte nye inputdata i MIKE SHE, vil de koblede resultater med al sandsynlighed være 
en forringelse sammenlignet med de ukoblede. Indeværende studie viser dog, at det koblede modelsetup 
bestående af HIRHAM og MIKE SHE er både praktisk anvendeligt og viser brugbare resultater. Yderligere 
studier er påkrævet for at forbedre simuleringerne ved brug af koblet kalibrering, og yderligere udvikling 
er nødvendig hvad angår temporal og distribueret skala, modelprocesser og evalueringsmetode. 
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5. Introduction  
“Observational records and climate projections provide abundant evidence that freshwater resources are 
vulnerable and have the potential to be strongly impacted by climate change, with wide-ranging 
consequences for human societies and ecosystems” (Bates et al. 2008). This statement from the IPCC 
technical paper VI on climate change and water clearly underlines the immense need for knowledge on 
the interaction between water resources and the climate in support of general decision making and 
management. Especially in the light of the expected global warming and the increased frequency of 
extreme events an understanding of the interplay between hydrology and climate is essential in the 
context of proper climate adaption strategies. The ability to achieve realistic projections of both present 
and future climate and water resources depends largely on the ability to numerically simulate the 
processes of hydrology, energy and ecology between the atmosphere, the land surface and the subsurface. 
It is commonly recognized that these processes are explicitly interconnected (Rodriguez-Iturbe 2000; 
Sridhar et al. 2002; Overgaard et al. 2006; Wang et al. 2012) and that their interaction is highly complex 
(Pan and Mahrt 1987; Pahl-Wostl 2007; Bates et al. 2008). 

Numerical modelling of both the Earth's climate and water resources has been carried out in a vast range 
of studies over the years employing still more complex model codes. Modelling studies of the climate 
involve the use of global general circulation models (GCM) or coupled atmosphere-ocean general 
circulation models (AOGCM) as well as  regional climate models (RCM) covering a regional subset. GCM’s 
or AOGCM's are often used in climate projection studies in the scale of years or decades covering the 
interplay between the land, ocean and atmospheric components and regions and the related global 
meteorological processes. Another use of GCM’s is to provide boundary conditions for a RCM since the 
GCM grid scale is often in range of 100-200 km whereas current RCM’s are able to produce output in the 
range of 5-50 km depending on the covered area and the available computational capacity.       

A common obstacle experienced in climate modelling is the inherent model variability causing variations 
in simulation outputs and even minor changes to the model setup can lead to very different results. This 
complicates the assessment of simulations in hindcast mode (e.g. Giorgi and Bi 2000; Alexandru et al. 
2007). Similar to the model variability as induced by changes in e.g. the initial conditions or the lateral 
boundaries is the issue of model domain characteristics such as domain extent and resolution which also 
have shown to highly affect the model performance (e.g. Pryor et al. 2012; Larsen et al. 2013a). A third 
commonly recognized issue is the numerical climate model bias (systematic errors) as caused by local 
processes, misrepresentation of specific mechanisms and inadequate model resolution (e.g. Teutschbein 
and Seibert 2012). Other than producing higher resolution output, more suited for e.g. hydrological 
modelling (e.g. Piani et al. 2010), downscaling GCM output is a common method of reducing climate 
model bias either by the use of statistical (e.g. Ahmed et al. 2013) or dynamical downscaling (e.g. Stendel 
et al. 2007). Another common way to diminish single model uncertainty due to model variability or bias is 
the use of model ensembles where the output from multiple models or combinations of these is averaged 
(e.g. Van Der Linden and Mitchell 2009).  

Even though RCM’s are currently further refined the hydrostatic assumption for most of them, involving a 
significant simplification in the vertical momentum equation, effectively prevents the use of scales below 
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approximately 5-10 km. Examples of such RCM’s include HadRM3H (Hulme et al. 2002), REMO (Jacob 
2001; Jacob 2009), RegCM3 (Giorgi et al. 1993a, 1993b) and HIRHAM (Christensen et al. 1996; Christensen 
et al. 2006). Some non-hydrostatic climate models are able to operate at scales below 5 km such as WRF 
(Skamarock et al. 2008), ARPS (Xue et al. 2000; Xue et al. 2001) and COSMO (Steppeler et al. 2003). High 
resolution examples of such simulations include WRF in 4 km resolution over two areas of USA (Klemp 
2006), ARPS in 2 km resolution over eastern USA (Xue et al. 2003) and COSMO in 2.8 km resolution 
centred over Germany (Schomburg et al. 2010). The use of such high resolution models however often 
requires multiples of nesting with more domains of increasing resolution placed within each other. The 
ratio in resolution between the coarser resolution domain providing boundary conditions for the higher 
resolution domain moreover has been shown to have a limit in the order of 1:6 to 1:12 (Denis et al. 2003; 
Antic et al. 2006).    

Common for most climate models is that the land surface interaction in the energy flux and water balance 
processes lack the complexity both in terms of spatial scale and processes compared to dedicated land 
surface and hydrological models. Spatially regional land surface models (LSM) typically operate at 
resolutions between those of 1D studies (Bormann 2012), in single meter resolutions (Olchev et al. 2009), 
in ten and hundred meter resolutions (Rasmussen 2012) and in kilometre resolutions (Saarikko 2010) 
depending on the size of the area of interest and available input data. Some LSM’s are used for global 
simulations employing resolutions comparable to GCM’s (Zhou et al. 2012; Alton 2013). The improved 
process descriptions in LSM’s as compared to climate models include among other subsurface and surface 
water flow, vegetation growth and differentiated and multi-layered energy fluxes and radiation. In the 
more advanced hydrology models the subsurface flow description is based on site specific geological 
characterization and the flow may be resolved in 3D and the surface water description may include 
processes of overland flow, infiltration and channel flow, e.g. MODFLOW (Mehl and Hill 2005), ParFlow 
(Kollet and Maxwell 2008) and MIKE SHE (Graham and Butts 2005). Similarly the more advanced land 
surface and soil-vegetation-atmosphere-transfer models are able to simulate hydrology and energy 
budgets as a function of land surface characteristics (vegetation and soil) and the energy balance is 
calculated for separate vertical layers of the system (soil and vegetation), e.g. CLM (Dai et al. 2003), NOAH 
(Ek et al. 2003), SiSPAT (Braud et al. 1995) and SWET (Overgaard 2005). 

Recent years have seen advances within the field of coupling existing separate model codes of 
atmospheric and surface/subsurface eco-hydrological processes. The motivation for coupling of the 
models is to include the complex interaction between the land surface and the atmosphere which is 
enabled by the stepwise transfer of variables as opposed to running one model and using the output for 
the other. Instead of modifying existing models, which is usually considered highly labour intensive, 
existing models each calibrated and tested on their own for optimal performance is coupled. The task of 
coupling however also requires a substantial effort in the development or modification of model coupling 
codes and in the subsequent testing, calibration and debugging. A complicating factor is that the models 
to be coupled often are operated in different computation environments. Many hydrology models are 
Windows based whereas most climate models operate in a Linux environment. The key processes 
expected to be better resolved in a coupled setup and hereby contributing to improved climate model 
simulations include the horizontal redistribution of surface and subsurface water by the hydrological 
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model (Maxwell et al. 2007; Rihani et al. 2010) and a higher resolution of surface processes and 
characteristics (Chen and Dudhia 2001a; Overgaard 2005; Saint and Murphy 2010). Likewise, a better 
performance of the hydrological and LSM simulations are expected as the atmospheric models consider 
horizontal redistribution of water vapour (Trenberth 1999) and sensible energy (Hagemann et al. 2004), 
which are known to have substantial influence.  

Of studies coupling a regional climate model and a hydrological model, Maxwell et al. (2007) and Rihani 
(2010) have performed simulations for a catchment in Oklahoma, USA, for 36 and 96 hour periods 
respectively employing the ARPS, CLM and ParFlow models. Further Maxwell et al. (2011) coupled ParFlow 
with the WRF and NOAH models for 48 hour idealized and semi-idealized runs for the same catchment. In 
another study Rasmussen (2012) studied the coupling of the HIRHAM and MIKE SHE models including the 
SWET land surface module in one-way coupled mode where output from HIRHAM is transferred to MIKE 
SHE in a single 0.125 degree HIRHAM grid cell. More recently, Zabel and Mauser (2013) coupled the MM5 
RCM and the PROMET LSM and Goodall et al. (2013) coupled the CAM atmosphere model and the SWAT 
hydrology model.     

To the knowledge of the author of this PhD study, no studies have been reported on long term simulations 
(more than a few days) with coupling between a regional climate model and a hydrological model with 
surface and subsurface flow for catchments larger than a single regional climate model grid. 
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5.1.   Motivation and objectives 

It is widely recognized that there is a strong interaction of hydrological, energy and ecological processes 
between the atmosphere and the land surface (e.g. Harding et al. 2011; Wang et al. 2012). The ability to 
achieve realistic projections of both present and future climate depends largely on the ability to 
numerically simulate the processes of hydrology, energy and ecology and the related interactions 
between the atmosphere, the land surface and the subsurface. In this regard the research field of coupling 
separate climate and hydrology models has evolved to account for the interaction of these processes. 
There is therefore a great potential in the use of coupled models in context of assessing the effect of 
climate change.  

The objective of the present study is to analyse the performance of a novel fully two-way dynamically 
coupled catchment scale setup of the HIRHAM RCM and the MIKE SHE hydrology model. The coupling was 
developed prior to and during the duration of the PhD study and three main tasks were integral to the 
investigations:  

1. To prepare each of the models involved for the coupling.  

Prior to investigating the coupling both models needed characterization and calibration to 
ensure optimal performance of each model separately. HIRHAM was tested on seasonal 
precipitation and temperature performance using eight different domain setups with varying 
extent and resolution. This work is documented in Larsen et al. (2013a) (paper 1). Likewise, 
after having chosen the extent of the catchment for the coupling MIKE SHE was calibrated and 
parameterized against discharge and energy fluxes to ensure proper performance on the 
atmosphere-land surface interaction. This work is documented in Larsen et al. (2013b) (paper 
2).  

2. To contribute to the development of the coupling code. 

The development of the core coupling code is outside the scope of the present PhD study 
whereas a substantial amount of work was related to testing, debugging and editing the code. 
Some of the aspects and considerations of this effort is documented in Butts et al. (2013) 
(paper 3).   

3. To test the performance of the coupling.    

Subsequent to the code development and debugging the coupling of the HIRHAM and MIKE 
SHE models needed to be assessed and how they interact computationally. The impact of the 
data transfer interval between the two models was analysed since this strongly influences 
computation time and further the influence of the internal HIRHAM model variability was 
evaluated. This work is documented in Larsen et al. (2013c) (paper 4). 
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6. Modelling of climate and hydrology 

6.1.   Atmospheric models 

The numerical model description of atmospheric patterns of weather and climate is generally divided into 
three overall categories each developed for specific purposes. General circulation models (GCM) serve the 
purpose of simulating the entire global climate or circulation patterns on typical timescales of years or 
decades. Due to limitations in the computational capacity the global extent of GCM’s requires the use of 
coarse resolutions in the area of 100-200 km (Solomon et al. 2007). GCM’s often include a component 
representing ocean circulation in which case they are referred to as AOGCM's. Regional climate models 
(RCM) share the characteristic of the GCM’s of being employed on yearly or decadal timescales whereas 
their extent, as implied by the name, is limited to a subset of the Earth. Typical resolutions are 5-50 km 
and of critical importance for such models is the specification of the boundary conditions. These are 
typically provided by either nesting the RCM inside a GCM (e.g. Buonomo et al. 2007; Van Der Linden and 
Mitchell 2009) or by using reanalysis data based on reanalyses of observation data (e.g. Alexandru et al. 
2007; Larsen et al. 2013a - paper 1). Multiple nesting of more RCM domains, sometimes within GCM’s, is 
also used (Christensen et al. 1998; Roberts and Lean 2007). Both the GCM’s and RCM’s are intended for 
reproducing seasonal or yearly patterns. In the case of convective processes climate models typically 
operate on too coarse scales for these to be resolved and modelled directly (Casati et al. 2004). 
Convective parameterization schemes are therefore used to represent these physical processes. Weather 
forecast models are developed to predict weather patterns in the order of days or a few weeks and are 
typically employed in finer resolutions down to approximately 1 km. Due to the short temporal range of 
weather prediction models an accurate representation of the initial conditions is essential. 

Output from different climate models differ due a range of reasons. These variations, often referred to as 
inter-model variability, are caused by differences in among other the included processes, model 
parameterization, spatial model structure, internal model variability, model bias, downscaling method, 
nesting method, domain choice, model resolution and boundary conditions. A common method for 
asserting and reducing the uncertainty in climate projection studies is to use climate model ensembles 
based on the underlying principle that the largest outliers from individual climate models are averaged 
out (De Castro et al. 2007; Kendon et al. 2010). Ensemble studies include the PRUDENCE project 
(Christensen et al. 2002), the ENSEMBLES project (Van Der Linden and Mitchell 2009) and the AOGCM 
ensembles (Solomon et al. 2007). Some studies however argue that a certain amount of bias persists even 
after the averaging of multiple models due to similarities in the theoretical, empirical and 
parameterization assumptions as well as similarities in resolution (Allen and Ingram 2002; Jun et al. 2008). 

The internal model variability generally arises from the computational effort of reproducing nonlinear 
processes. As a consequence a single model can produce substantial variations in simulation output with 
the perturbation of only a single driving state in a single time step. In climate projection studies, internal 
model variability is typically implemented artificially by altering the timestamp of the model start (Larsen 
et al. 2013c - paper 4), initial and boundary condition perturbations (Giorgi and Bi 2000; de Elía and Côté 
2010) or by altering the domain location (Larsen et al. 2013a - paper 1). In one study the precipitation 
over China was shown to be highly sensitive to initial and boundary condition perturbations with a bias of 
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5-10 % of the average precipitation and Giorgi and Bi (2000) and Alexandru et al. (2007) documented the 
need for no less than ten perturbation model members to reproduce the seasonal mean precipitation 
although this number was dependent on the domain size. Also, Deser et al. (2012) emphasized the need 
to account for internal model variability in climate model projections. 

The placement, extent and resolution of an RCM domain is usually based on expert knowledge or trial-
and-error and no general rules exist on this topic. These domain characteristics have however been shown 
to greatly affect the performance of RCM simulation output. As a rule of thumb RCM domains need a 
certain size to properly resolve the dominant mesoscale circulation patterns within the domain as the 
lateral boundary conditions exert a strong influence (Jones et al. 1995). For example Larsen et al. (2013a) 
(paper 1) have shown domain extent and resolution to highly influence simulation results of the HIRHAM 
RCM and Pryor et al. (2012) have shown improvement in RCA3RCM wind simulation output when 
increasing the resolution in steps from 50 km to 12.5 km.  

GCM output data on their own are often considered too coarse in the context of climate adaption studies 
both in a management context or for use in a hydrological study (White and Toumi 2012; Ahmed et al. 
2013). To obtain higher resolution data either dynamical of statistical (empirical) downscaling techniques 
are frequently used. Dynamical downscaling includes the embedding (nesting) of a finer scale RCM within 
the GCM. Statistical downscaling involves establishment of an empirical relationship between the GCM 
output and the regional climate (Fowler et al. 2007). Bias correction methods have been imposed with 
both dynamical downscaling (e.g. Stendel et al. 2007; Xu and Yang 2012) and statistical downscaling (e.g. 
van Roosmalen et al. 2007; Ahmed et al. 2013), reducing the biases between GCM or RCM output and the 
observed climate.  

A commonly recognized issue in climate modelling is model bias (systematic errors) caused by local 
processes or the misrepresentation of certain mechanisms there among due to inadequate model 
resolution. A common way of reducing this deficiency is the abovementioned multi-model ensembles and 
bias correction (Teutschbein and Seibert 2012). For climate projections of global warming it has been 
shown that the general model bias is expected to grow and lead to an overestimation of the warming 
(Christensen et al. 2008). Boberg and Christensen (2012) propose a method to reduce this bias of 
overestimated warming by introducing a bias correction method based on temperature.  

The present study employs the HIRHAM RCM version 5 used by the Danish Meteorological Institute (DMI) 
(Christensen et al. 1996; Christensen et al. 2006). The HIRHAM code runs on a high performance computer 
based on LINUX and implements a hydrostatic model running with a 120 second time step. The model is 
based on the atmospheric dynamics from the HIRLAM HIgh Resolution Limited Area Model (Undén et al, 
2002) and the physical parameterization schemes from the ECHAM GCM (Roeckner et al, 2003). In this 
study analyses are performed in hindcast mode using ERA-Interim reanalysis data (Uppala et al. 2008) at 
the model boundaries. This procedure, as opposed to forecast mode using GCM forcing, enables 
assessments of model results from HIRHAM simulations (Larsen et al. 2013a) (paper 1), MIKE SHE 
simulations (Larsen et al. 2013b) (paper 2) and fully coupled simulations (Butts et al. (2013) (paper 3) and 
Larsen et al. (2013c - paper 4) against available point and gridded observation data.     
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The water budget in HIRHAM is essentially characterized by four simple bucket storages (Roeckner et al. 
2003): (1) a canopy snow storage with a reservoir size determined by LAI and release related to melting 
and wind speed, (2) a surface snow storage with no maximum capacity and reductions related to snow 
melt, (3) a canopy rain interception storage determined by a maximum interception capacity related to 
LAI and reductions related to evaporation, and (4) a soil water storage determined by a geographically 
varying field capacity and where the storage is determined by rainfall/snowfall, evapotranspiration (or 
dew deposition), snow melt, snow excess from canopy, surface runoff, drainage and infiltration in cases of 
excess water. Evapotranspiration is calculated by a simple atmospheric heat conductance term 
(Christensen et al. 1996) and the drainage is calculated as a function of the soil water reservoir saturation 
(Roeckner et al. 2003). The energy budget is calculated on the basis of mainly albedo and surface 
temperature and the turbulent latent and sensible energy heat flux fraction is calculated using a bulk 
transfer relation of a transfer coefficient and a gradient of the variable in question. The derivation of the 
specific domain used in the coupled study is described in Larsen et al. (2013a) (paper 1).  

6.2.   Hydrology models 

Hydrological models are numerical representations of the important processes of the hydrological cycle at 
catchment scale. The large range in temporal and spatial scales, complexity, included processes and 
equations between individual hydrological models makes a full review beyond the scope of the present 
study. Simpler catchment scale hydrological models are characterized by utilizing lumped processes 
viewing the entire drainage area as a single unit. These models have the advantage of requiring sparse 
driving data input and parameterization to produce an outlet hydrograph. TOPMODEL (Beven and Kirkby 
1979), HBV (Bergström and Forsman 1973) and NAM (Nielsen and Hansen 1973) exemplify models of this 
type. At the other end of the complexity scale are hydrological models allowing for 3D representations of 
flow in complex geological settings and based on extensive temporal and spatial data and parameters. 
Naturally, the added complexity adds to the demands of the parameterization and calibration processes 
involved. ParFlow (Kollet and Maxwell 2008), MODFLOW (Mehl and Hill 2005), HydroGeoSphere (Therrien 
et al. 2005), and MIKE SHE (Graham and Butts 2005) exemplify models of this type. 

In this work the MIKE SHE hydrological model is used for the coupling studies. MIKE SHE is Windows-based, 
runs on a regular personal computer and is capable of handling all key hydrological processes in the land-
surface part of the hydrological cycle such as evapotranspiration, snow melt, stream flow (the MIKE 11 
component), overland flow, unsaturated flow, saturated  flow as well as irrigation and drainage (Graham 
and Butts 2005). In this study 2D overland flow, 1D unsaturated flow, 3D groundwater flow, and 1D 
stream flow are considered based on finite difference solutions to the basic governing equations for flow 
in the individual components. The evapotranspiration component is described in the Land surface model 
section below.  

6.3.   Land surface models 

Land surface models (LSM) and soil-vegetation-atmosphere-transfer models (SVAT) cover the field of 
modelling the hydrological and ecological processes at the land-atmosphere interface typically stretching 
from the lower root zone into the lower atmosphere. The two names reflect to some extent that these 
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models originate from either the climate research community (LSM) or the eco-hydrology community 
(SVAT). In the present study this model class is referred to as LSM’s similar to Overgaard (2005) who 
developed the LSM used in this PhD study. As for the climate and hydrology models LSM’s vary greatly in 
complexity, processes included and spatial and temporal scale depending on their use. Most of the 
complex land surface models account for the energy and radiation balance at the surface such as CLM (Dai 
et al. 2003), NOAH (Ek et al. 2003), SiSPAT (Braud et al. 1995) and SWET (Overgaard 2005). 

In the present coupling study the SWET land surface model is used as an extension of MIKE SHE. SWET is 
capable of handling the vegetation and energy balance processes occurring at the land-surface interface 
stretching from the root zone and into the lower atmospheric boundary layer (Overgaard 2005). SWET is 
developed on the basis of the Penman Monteith equation (Penman 1948; Monteith 1965) but modified to 
include two layers representing a soil and vegetation continuum as proposed by Shuttleworth and Wallace 
(1985). Further, the SWET component is modified to include energy fluxes from ponded water and 
vegetation interception storage (Overgaard 2005). Currently as SWET was developed for the FIFE area in 
Kansas, USA, it is not able to handle snow accumulation and melt as occurring in most of the Danish 
winter seasons.  

6.4.   Land-surface/atmosphere interaction 

The strong interaction of hydrological, energy and ecological processes between the atmosphere and the 
land surface is widely recognized (e.g. Rodriguez-Iturbe 2000; Sridhar et al. 2002; Overgaard et al. 2006; 
Wang et al. 2012; White and Toumi 2012). Realistic simulations of the climate are therefore highly 
sensitive to the models' representations of the eco-hydrological processes at the atmosphere-land surface 
interface.  

The importance of an adequate representation of vegetation characteristics including the plant stomatal 
control on the Bowen ratio and thereby atmospheric circulation is highlighted in Avissar and Pielke (1991). 
Baudena et al. (2013) and Mahmood et al. (2011) further document that the latent heat flux is highly 
dependent on vegetation type. A similar conclusion is seen in Ringgaard (2012) based on measurements 
over agriculture, forest and meadow surfaces in Denmark. Moreover, by analysing historical changes in 
vegetation patterns over New Mexico, USA, Beltrán-Przekurat et al. (1998) show that vegetation 
characteristics exert a strong influence on important climate variables such as temperature and humidity. 
In the context of climate predictions by RCM’s and GCM’s Rietkerk et al. (2011) stress the need for linking 
local scale eco-atmosphere feedbacks with larger scale land-atmosphere feedbacks. Seneviratne et al. 
(2010) also emphasize the need for an improved soil moisture representation in climate projection studies 
as highlighted in Bormann (2012) where the different soil textures, based on 31 different German soil 
texture classifications, showed a high level of variability in the soil moisture response in a climate change 
projection compared to the control period. However, in a study using non-Gaussian statistics on 
observation data from Illinois, USA, no influence of soil moisture on precipitation is detected (Salvucci et 
al. 2002).  

Numerous studies illustrate the high degree of influence from the land surface eco-hydrological 
characteristics on the simulated climate using atmospheric models. Avissar (1998) shows that five key 
variables, stomatal conductance, soil moisture, leaf area index, surface roughness and albedo, are needed 
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to reproduce micro- and mesoscale scale features in GCM’s and the same strong influence of albedo on 
GCM simulations was found by Rechid et al. (2009). Adegoke et al. (2007) have shown high pressure cloud 
development to occur two hours earlier over cropland compared to forest and other boundary locations 
over the central, USA. In Maxwell et al. (2007) the effect of soil moisture on simulated atmospheric 
patterns is seen when comparing uncoupled results from the ARPS atmospheric model with coupled 
results using the Parflow hydrology model. The simulations are performed in 36 hour idealized runs and 
further show a high correlation between water table depth (WTD) and latent heat flux. The land surface 
influence on atmospheric conditions is also seen in Mahmood et al. (2011) where the height of the 
planetary boundary layer and its moisture content was highly influenced by changes in land use and 
vegetation fraction. Few, mostly recent, studies extend beyond the unsaturated zone when addressing the 
interrelated influence on the atmosphere and numerous studies investigate the influence of climate 
change on groundwater (e.g. van Roosmalen et al. 2007; Green et al. 2011). In one of these recent studies 
Zampieri et al. (2012) address the importance of groundwater-surface water interaction in relation to 
surface and energy flux variables by showing increased variability when introducing a modified 
parameterization the CLM model. Maxwell and Kollet (2008) have also addressed the issue of 
groundwater influence on the atmospheric exchange showing a high effect on atmospheric feedback and 
interaction. 

In the present study the proposed improvement in climate model feedback due to the higher level of 
detail in subsurface hydrological processes is highlighted in figure 1. The figure shows the summer (Jun-
Aug) and winter (Dec-Feb) mean daily evapotranspiration as a function of WTD for each MIKE SHE model 
grid for a fully coupled run between the HIRHAM and MIKE SHE models shown with colour and symbol 
variations for different types of soils and land surface categories. The plot is inspired by Maxwell and 
Kollet (2008). The plot illustrates multiple aspects. Evapotranspiration is highly dependent upon both soil 
type and land surface type. This stems from the differing parameterization of these soil- and land surface 
types creating a unique relationship between these and the water availability. Another aspect is the high 
coupling between WTD and evapotranspiration for depths smaller than 3-4.5 m depending on the season 
whereas no coupling is seen for higher WTD’s. As in Maxwell and Kollet (2008), groundwater is therefore 
seen to highly affect atmospheric feedback and interaction.  

6.5.   The coupled setup 

This study presents the coupling, or integrated modelling, employing the HIRHAM RCM and the combined 
MIKE SHE/SWET hydrological and land surface models. The two model codes are essentially coupled using 
the Open Modelling Interface (OpenMI - www.openmi.org) – a tool developed within the water modelling 
community for coupling different model components. HIRHAM runs in a Linux environment on a CRAY XT5 
high performance computer at the Danish Meteorological Institute (DMI) and MIKE SHE, SWET and 
OpenMI runs on a Windows personal computer. In the process of coupling the two models a certain 
amount of effort was made in setting up the communication and timing between MIKE SHE and OpenMI 
and similarly modifications were made to the HIRHAM code to enable the exchange of data. Furthermore, 
a separate proxy code was made in the Linux environment to control the timing of data exchange. The 
data exchange is performed using simple text-files on a shared drive visible to both Windows and Linux. 
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This is due to restrictions in the network access and data exchange at DMI causing considerable temporal 
overhead as a function of data transfer interval (DTI) in the coupled simulations as outlined in figure 2. 
Consequently, running the coupled setup requires a trade-off between computation time and (DTI). The 
structure of data exchange is outlined in figure 3.       

The OpenMI and the Linux/HIRHAM coupling proxy code serves four overall purposes: 1) to control the 
timing between models so that a model delivers output data at the specified point in time, checks if input 
data are available from the other model, grabs the data for processing until again delivering output data, 2) 
to define the exchange variables and handle unit conversion factors, offsets and aggregation types, 3) to 
handle the spatial grid structure differences between the models to spatially interpolate on the basis of a 
specified method, and 4) to temporally interpolate data for each model having separate time steps of 

Figure 1. Daily evapotranspiration as a function of the depth to the water table for the summer (Jun-Aug) andwinter (Dec-Feb) seasons 2009/2010 plotted with differentiated symbols for soil type (top row) and landsurface type (bottom row). Each symbol represents a model grid point. The results are from a fully coupledrun between the HIRHAM regional climate model and the MIKE SHE hydrological model using a 15 minutedata exchange (Larsen et al. (2013c) (paper 4) in the present thesis). The shifts in theevapotranspiration/water-table-depth relationships are highlighted at 4.5 m and 3 m for summer and winterrespectively.       
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which MIKE SHE includes time-varying time steps depending on the input precipitation (Gregersen et al. 
2005; Gregersen et al. 2007). 

The data exchange includes the variables of latent heat flux and surface temperature from MIKE SHE to 
HIRHAM. The surface temperature is converted into sensible heat flux in HIRHAM. The six variables 
needed to run the MIKE SHE SWET LSM component, precipitation, air temperature, relative humidity, 
global radiation, surface pressure and wind speed, is transferred from HIRHAM to MIKE SHE. The spatial 
mapping in this study was based on the weighted mean method where each grid cell contributes relative 
to the land share fraction.  

Figure 3. Structure of the data exchange in the HIRHAM-MIKE SHE coupling showing the variables from HIRHAM andMIKE SHE respectively and the computation components of the PC (MS Windows), the shared drive and the CRAY XT5high performance computer system (HPC). The figure originates from Butts et al. (2013) (paper 3). 

Figure 2. Model execution time (hours of wall time per model month) as a function of the data transfer interval (DTI) in the coupled setup. The setup is based on the 2500km2 MIKE SHE catchment in 500 m resolution (10467 cells) and 4000 km x 2800 km HIRHAM domain in 11km resolution (73124 cells). Data transfer rates of 6, 9, 12, 15, 24, 30, 48, 60 (x8), 90 and 120 minutes were used whereas the 6 and 9 minutes DTI values were extrapolated from unfinished runs. The dashed line is the uncoupled HIRHAM execution time. The figure originates from Butts et al. 2013) (paper 3). 
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In the coupled setup the HIRHAM RCM covers a domain area of approximately 4000 km x 2800 km from 
Iceland in northwest to Ukraine in southeast and the model resolution is 11 km on a rectangular grid. A 
latitudinal stretch of approximately 60 % is located west of the Skjern River since most weather systems 
originate from this direction. The MIKE SHE model setup is set up for the Skjern river catchment which is 
located in Western Jutland (approximately 2500 km2). The coupled model HIRHAM domain and MIKE SHE 
catchments is shown in figure 4. 

6.6.   Other climate-hydrology model coupling efforts 

The research field of combining model codes having an atmospheric and hydrological focus respectively 
has emerged within recent years to enable the simulation of processes the entire subsurface-land surface-
atmosphere cycle. 

In Overgaard et al. (2007) MIKE SHE is employed in uncoupled mode as well as coupled with the ARPS 
mesoscale atmospheric model (Xue et al., 2000; Xue et al., 2001). The results indicate higher errors when 
not including the feedback as simulated by the coupled setup. In Maxwell et al. (2007) the ARPS 

Figure 4. Location of the HIRHAM RCM domain (4000 km x 2800 km) within Europe, MIKE SHE catchment withinDenmark and HIRHAM grid cell (11 km resolution) overlap with the Skjern River catchment (2500 km2).  
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mesoscale atmospheric model is coupled with the ParFlow hydrological model (Kollet and Maxwell 2008) 
in combination with the CLM LSM (Dai et al. 2003) for a 36 hour period over the 600 km2 Little Washita 
catchment in Oklahoma, USA, showing a significant response in the atmosphere as compared to the 
uncoupled runs. The same models and catchment is used by Rihani (2010) evaluating the influence of 
terrain and land cover for a 4 day period. In Maxwell et al. 2011 Parflow is being run in coupled mode in 
48 hour idealized and semi-idealized runs with the WRF (Skamarock et al. 2008) and NOAH models 
showing good results on the water fluxes and their spatial representation.  

In a study over the Upper Danube catchment (app. 77000 km2) Zabel and Mauser (2013) couple the MM5 
RCM (Grell et al. 1994) with the PROMET land surface hydrology model (LSHM) as characterized by 
improved hydrology formulations. The results are compared with simulations using MM5 and the NOAH 
LSM. Using the LSHM the temperature bias was reduced significantly due to an improvement in the 
simulation of surface fluxes and also the catchment outlet runoff was improved. A recent paper presents 
results concerning runtime and scaling of the coupling of the CAM community atmosphere model (Neale 
et al. 2010) (CAM) and the Soil and Water Assessment Tool (Arnold et al. 1998) (SWAT) hydrology model 
(Goodall et al. 2013). Although developed separately the setup resembles the one presented in the 
present PhD study: It is based on the OpenMI coupling interface, has a data transfer interval of 30 minutes 
and exchanges nearly the same variables as in the present study: precipitation, air temperature, wind 
speed, global radiation and relative humidity to SWAT and latent heat to CAM, whereas surface pressure 
and sensible heat flux are omitted. Also similar to the present study also, CAM runs on a CRAY XT5 high 
performance computer and SWAT runs on a Windows personal computer. The results cover mostly scaling 
issues on the behaviour of the coupled system and runtimes and the setup uses an execution time of 
approximately 13 hours per model-month corresponding well to the 9 hour similar execution time in the 
present study (figure 3).     
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7. PhD paper summaries 
The research presented in this PhD study forms an entity where each paper presents original research 
relevant on its own but where a strong link between the papers is evident as the initial studies naturally 
lead to the next in the sequential order presented in the PhD thesis. Before instigating a coupling of 
models each are required to be set up in terms of defining the catchment/domain definitions in all 
relevant dimensions and a parameterization and calibration is required with a focus on performance of 
the conditions and variables relevant for the coupled study. The two initial papers included in this PhD 
thesis therefore each present different steps in the preparation of the models involved.  

The first paper (On the role of domain size and resolution in the simulations with the HIRHAM region 
climate model) presents the effort of choosing the optimal HIRHAM regional climate model grid resolution 
and domain extent characteristics for the best performance in terms of the seasonal means of 
precipitation and air temperature. The choice of these characteristics are generally based on ‘rules-of-
thumb’ and expert knowledge and therefore this paper presents both general insight into the HIRHAM 
performance as a function of these characteristics as well as serving as  the foundation of choosing the 
HIRHAM coupling domain.     

The second paper (Calibration of a distributed hydrology and land surface model using uncertain energy 
flux measurements) presents the effort of calibrating the combined MIKE SHE hydrology model and SWET 
land surface model used for the 2500 km2 Skjern hydrological catchment used in the coupling study. Due 
to the coupling with atmospheric-land surface energy exchange the model setup is calibrated against both 
discharge and against a unique set of energy flux measurements measured at flux tower located at three 
distinct surfaces within the catchment. A main focus point in the paper is the lack of measured energy 
balance closure. 

The third paper (Embedding complex hydrology in the regional climate system – dynamic coupling across 
different modelling domains) is the initial overview paper on the coupling of HIRHAM and MIKE SHE. It 
outlines the background and motivation for performing the coupling, provides insight to the models 
involved and technical aspects of the coupling approach as well as showing results from uncoupled, one-
way coupled and two-way fully coupled simulations compared to observations. 

The fourth paper (Results from a full coupling of the HIRHAM regional climate model and the MIKE SHE 
hydrological model for a Danish catchment) presents a more detailed approach for testing the coupling 
performance by assessing the influence of the data transfer interval between the models on six HIRHAM 
climate output variables and four MIKE SHE hydrological and energy flux outputs. Further, the results are 
seen in relation to the inherent HIRHAM regional climate model variability that is induced by performing 
simulations of similar characteristics pertubated in terms of initial conditions (starting dates).     
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7.1.   Paper 1 – On the role of domain size and resolution in the simulations 
with the HIRHAM region climate model1 

Introduction and objectives 

Regional climate model (RCM) simulation output differs substantially as caused by a number of reasons 
there among differences in the climate model code representation of complex process interactions, 
spatial representation, data input assumptions and model variability. Using averages from an ensemble of 
multiple climate models is a common way of reducing single model uncertainty. Between single model 
codes, simulation output has been shown to also be highly sensitive to model domain, extent and 
resolution. However, no definite rules on domain placement and resolution exist, and most RCM domain 
definitions are performed by experienced expert knowledge in addition to simple trial and error. In 
relation to the choice of domain extent RCM boundaries exert a strong influence on mesoscale circulation 
patterns necessitating a certain domain size for these to develop. RCM domain size has also been shown 
to affect internal RCM variability. In relation to the choice of model resolution the RCM optimally must 
operate at scales able to resolve the processes in question, something which is a reoccurring obstacle 
especially in the simulation of precipitation. For convective precipitation events hydrostatic RCM’s for 
example generally operate at too coarse resolution scales thereby utilizing convective precipitation 
schemes.   

This study investigated the HIRHAM performance of simulated seasonal precipitation and air temperature 
using systematic variations in domain size, domain location and model grid resolution in a total of eight 
simulations. The domain extents varied within the range of 1350 km x 1350 km to 5500 km x 5200 km and 
the resolutions were 5.5 to 11 km which is in the higher resolution range of RCM’s. The ERA-Interim 
reanalysis product was used as boundary forcing and the results were assessed against both a local Danish 
gridded data set of 10-20 km resolution based on interpolations of point measurements (DMI data) and 
the European E-OBS observation data set version 5.0 in 0.25 degree resolution (E-OBS data).  

The analyses can be categorized in four parts as shown here. The simulation output assessment was 
performed on a distributed scale by bi-linearly interpolating observation data to match the simulation 
grids. In the distributed scale assessment two analysis methods were used: (1) A bootstrap statistic was 
applied using the DMI data set involving repeated random sampling (25000 replications) of grid pairs 
(observation and simulation cell) with replacement producing an empirical distribution of the data 
variability for each simulation. By using this method for both a randomly sampled observation and the 
actual observation for the specific cell a significance level for the simulation, season and variable in 
question was calculated. The significance levels now reflect the level to which the grid pair value performs 
better than the randomly sampled value. The bootstrap sampling was performed for both random 
observations over the entire land area of Denmark and in moving blocks corresponding to the calculated 
decorrelation length of the specific variable and season. The latter is a more conservative approach as the 
analysis is performed within blocks of a size having correlated data points. (2) The analysis also involved 

                                                            
1 It is mentioned that in the review process of this paper, the title phrasing was accidentally changed to ‘…HIRHAM 
region climate model…’, whereas the correct phrasing is ‘… HIRHAM regional climate model…’.  
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the calculation of the mean simulation error for each variable, season and observation data set calculated 
as the observation value subtracted from the simulation value. Point scale assessments were also 
performed against point measurements from three flux towers on Jutland similar to those used in the 
papers 2, 3 and 4; (3) These included the evaluation of RMSE and correlation values as well as assessment 
of precipitation sum curves. (4) To assess the ability to represent atmospheric circulation patterns, the 
movement of low pressures was investigated for all simulations.  

Main findings and contributions 

The decorrelation lengths for precipitation and temperature averaged to 65 km and 75 km. For the 
bootstrap results the moving block/decorrelation length analysis showed lower significance levels for all 
domains and both variables. For moving block validation averaged for all domains the precipitation shows 
significance levels of 95 %, 77 %, 33 % and 12 % for winter, fall, spring and summer. For the free sampling 
(non-moving block) these values increase to 100 %, 91 %, 62 % and 8 %. Of all simulations and validations 
the 4000 km x 2800 km and 11 km resolution simulation was superior with average values of 79 % and 
82 %. For temperature the moving block validation showed winter, fall and spring significance levels of 93-
100 % whereas summer was 71 %. For free sampling all levels averaged to 99 %. For temperature, the 
same simulation as for precipitation was superior.        

Validated against the DMI observation data, the eight domain average results showed general 
underestimations in the summer and fall months of 71 mm/day and 73 mm/day respectively. The 
corresponding value for winter is 0.23 mm/day whereas spring was overestimated by 0.01 mm/day. For 
the DMI precipitation data validation there was a tendency for the larger domains to have smaller errors. 
For the E-OBS precipitation data validation, there was a tendency for underestimations for the smaller 
domains whereas the opposite was the case for larger domains. An important point in this regard is 
however that E-OBS data are not corrected for gauge undercatch. For temperature no specific pattern was 
visible in relation to domain size or resolution whereas winter temperatures were significantly poorer 
simulated compared to the remaining seasons. On a spatial scale the DMI data validated precipitation 
showed the largest errors over central Jutland whereas temperature errors were seen in eastern Jutland 
and the major eastern Island of Funen and Zealand. For the E-OBS validation errors were typically related 
to orography.            

Compared to the point sites' undercatch corrected precipitation measurements HIRHAM generally 
underestimates precipitation with the highest errors at the coast-near site. There was a reasonable 
agreement between simulations and observations in the timing of events and the RMSE values were in 
the order of 3.8 to 5.3 mm for daily precipitation and 1.4 to 2.8 Deg. C. for hourly temperature values. For 
the movement of low pressure there was no obvious agreement between either model domain or 
resolution and the ability to represent the low pressure occurrences both spatially and temporally. 

The paper presents how the HIRHAM RCM precipitation and temperature output varies with domain 
extent, domain size and model resolution as well as constituting the background study for choosing the 
HIRHAM coupling domain. The systematic variations in the simulation characteristics where comparisons 
of similar sized domains with varying resolution or similar resolution domains of varying size are made 
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possible enables some fairly clear conclusions under the constraints and assumptions of the study. One 
such constraint includes that model variability, as assessed in Larsen et al. (2013c) (paper 4), is not 
accounted for although it is sought minimized by looking at seasonal means. For two domains of similar 
size the highest resolution domain produces the best performance statistic whereas domain size proved 
to be the key feature to produce good performance statistic. Between domains of constant size and 
resolution varying only the extent in the latitudinal direction (60 % stretch either east or west of the area 
of interest) moderate performance variations also occur underlining the importance of domain placement 
relative to the interest area. Superior precipitation simulation statistic is seen for winter and fall compared 
to spring an especially the summer seasons. This is in line with the findings Haylock et al. (2006) and Jacob 
et al. (2007) who showed a higher HIRHAM summer bias compared to winter simulations over Scandinavia. 
The pattern is likely to be related to the summer season having a higher fraction of convective rainfall 
often as grid scales below that of HIRHAM (Casati et al. 2004) and corresponding with Rauscher et al. 
(2010) showing decreasing summer bias with increasing resolution. Robert and Lean (2007) have also 
underlined the general difficulties in predicting convective rainfall and in this regard show 4 km resolution 
runs with the Met Office Unified Model to poorly resolve convective patterns. 

Of the domains tested for the present paper an important note in the context of the entire PhD thesis is 
that the domain SIM7 setup was considered best among the eight domains and was therefore used in the 
coupled study as presented in Butts et al. (2013) and Larsen et al. (2013c) (paper 3 and 4).  

 

7.2.   Paper 2 - Calibration of a distributed hydrology and land surface model 
using uncertain energy flux measurements 

Introduction and objectives 

In the management of water resources and ecosystems knowledge across the fields of hydrology and 
climate is crucial. These two fields have however in many aspects been regarded as separate disciplines 
where, within modelling studies, one has served as a boundary state for the other. A strong interaction of 
processes across scales between the atmosphere and the land surface is however evident. The spatial and 
temporal distribution of water at the land surface components of soil, vegetation, reservoirs and 
detention storage to a large extent decides the equal spatial and temporal pattern of latent, sensible and 
soil heat fluxes as shown to play an important role in local to regional climate modelling (Chen and Dudhia 
2001a+b; Overgaard et al. 2006; Maxwell et al. 2011). In this regard hydrological models including the 
processes of saturated, unsaturated and surface flow in combination with a land surface model 
component including the vegetation, hydrology and energy processes from the root zone extending into 
the lower atmosphere are able to act as a detailed lower boundary for the climate models. The scope and 
motivation for the present study was therefore twofold: 1) One was to test the performance of the 
combined MIKE SHE hydrological model and SWET land surface model with a focus on the atmospheric-
land surface fluxes after having performed thorough calibration though inverse modelling. 2) Another was 
to use the calibrated model setup in the coupling studies presented in Butts et al. (2013) and Larsen et al. 
(2013c) (paper 3 and 4).      
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In the study the MIKE SHE/SWET hydrological and land surface model was calibrated for the Skjern 
catchment (2500 km2) against a unique set of energy flux measurements from three flux towers located at 
distinct surface types within the catchment as well as against discharge. The surfaces include agriculture, 
forest and meadow which make up approximately 61 %, 12 % and 24 % of the catchment area. The initial 
conditions and parameter bounds for the distributed setup inverse modelling calibration was based on a 
combination of initial conditions from 1D MIKE SHE column setups from each of the three flux sites, 
measurements, Daisy vegetation model output and literature values. The combination of all these sources 
was required for a realistic assessment of initial and parameter bound values for the numerous vegetation, 
soil and hydrology parameters whereof the vegetation parameterization also included seasonality. To 
reduce the number of parameters the seasonality was included by introducing constant ratios between 
different periods of the year. Prior to the inverse modelling a sensitivity analysis was performed to only 
include the ten most sensitive parameters and only in cases of relative sensitivity coefficients above 1 %. 
The analysis was performed for a one-year period. Within this period neither of the three flux sites 
showed energy balance closure since the sum of latent, sensible and soil heat flux constituted 71-76 % of 
the measured net radiation. In the use of energy based land surface models such as the SWET model a 
full-year period energy balance closure is required. Therefore four assumptions on the energy closure was 
constructed for the 1D models whereof two was used in the distributed study: One assumption scales the 
measured fluxes by a shared ratio to equal the net radiation (SCN1) whereas the other reduces the net 
radiation to match the measured sum of fluxes (on a yearly basis for the model period) (SCN2). The 
required period to spin up the groundwater state of the model setup was assessed by artificially reducing 
precipitation to an extent corresponding to the maximum error as induced by the lack of measured energy 
balance closure. Simulations with the reduced precipitation was then performed in loops each time using 
saved groundwater heads from the previous run and assessing the point of system balance.  

The results from each of the energy balance scenarios were assessed on the basis of discharge 
hydrographs, energy flux time series plots, run statistics and the resulting water balance also allowing for 
a discussion on the likely source of measurement error. 

Main findings and contributions 

For the point scale simulations the parameter sensitivity was found to be highly affected by the surface 
and specifically the distance to the groundwater table: The agriculture and forest sites having 4-12 meters 
to the groundwater table showed quite similar patterns with a range of both soil and vegetation 
parameters with relative sensitivity coefficients above 10 %. The meadow site however, adjacent to the 
Skjern River with less than 0.5 meters to the groundwater table, had only 3 parameters with relative 
sensitivity coefficients above 10 % all of them being vegetation parameters. The catchment scale setup 
had a wide range of sensitive soil and vegetation parameters with saturated hydraulic conductivity being 
the most sensitive. Also, for both the point scale and catchment scale runs, the choice of energy balance 
closure scenario highly affected to the sensitivities. Overall for the run statistic, time series plots and 
water balances, the simulated discharge SCN1 showed a slightly superior run statistic compared to SCN2 
whereas SCN2 was quite superior for the simulated energy fluxes.  
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Regarding the error source in the energy balance measurements no one-sided conclusion is reached. Sun 
et al. (2008) suggest deficits in measured eddy covariance latent heat fluxes to contribute to lower fluxes 
compared to the net radiation and Foken et al. (2006) suggest low frequency turbulence structures to 
cause energy flux measurement errors. Also, a high degree of data replacement was conducted for the 
data used in the present study to low turbulence frequencies and further problems with eddy covariance 
intake tube attenuation in this period was reported (Ringgaard et al. 2012). Sonnenborg et al. (2013) 
suggest a high degree of error related to the forest sensible heat flux measurement, which corresponds 
well with the simulation statistic of the present study with RMSE values of 67.7 W/m2 to 87.3 W/m2 
compared to the agriculture and meadow RMSE values between 39.5 W/m2 and 56.1 W/m2. Contrary to 
possible eddy covariance errors Schelde et al. (2011) show the measured latent heat to correspond well to 
measured soil moisture levels.  

A diverging footprint of the energy balance measurements compared to the constant net radiation 
measurement area can also contribute to the complication of the measurements as well as the available 
county average crop data not corresponding to the actual site specific pattern.          

The calibration of a complex hydrological model including processes from subsurface flow to atmospheric 
exchange against both discharge and a set of unique flux tower energy balance measurements and the 
complexity of lacking energy balance closure sets this study apart from many similar studies. Of similar 
studies focusing on water balance closure, the actual evapotranspiration is typically assessed in terms of a 
fractional share of the potential evapotranspiration whereas the SWET energy based land surface 
component enables a more complete evaluation of the energy and water balance. This also enables study 
of the erroneous energy balance component.        

As stated above the study served as a preparation for the coupled setup as shown in the Butts et al. 
(2013) and Larsen et al. (2013c) (paper 3 and 4). As for Larsen et al. (2013a) (paper 1), also serving as a 
preparation study for the coupling of HIRHAM and MIKE SHE, an important note in the context of the 
entire PhD thesis is that the calibration on the basis of energy balance closure scenario SCN2 was used in 
the coupled study.   

 

7.3.   Paper 3 – Embedding complex hydrology in the regional climate system 
– dynamic coupling across different modelling domains 

Introduction and objectives 

There is a need for an improved understanding of the feedback and interaction mechanisms between the 
atmosphere and the land surface to assess their impact under the present and future climate and to 
ensure optimal management and sustainability strategies. This is especially true with regard to the 
expected global warming due to the increase in greenhouse gasses and the more frequent extreme events 
such as e.g. precipitation, flooding and droughts affecting water resources, food production and the socio-
economic development (Solomon et al. 2007; Stocker et al. 2013). The numerical models developed to 
simulate the processes of atmospheric circulation, the hydrological cycle and land surface eco-
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hydrological processes operate at a range of scales and processes on their own, whereas these processes 
are explicitly linked (Overgaard et al. 2006; Wang et al. 2012). Climate models typically operate down to 
the kilometre scale, with a very simplistic land surface component whereas hydrological models might 
only include a surface-near atmospheric boundary layer. The objective in the present study was therefore 
to develop and evaluate a practical coupled climate hydrological modelling system utilizing the HIRHAM 
regional climate model and the combined MIKE SHE/SWET hydrological and land surface model operating 
simultaneously in fully two-way coupled mode. In this manner, the process descriptions from each of the 
models, developed to work on their appropriate scales, are employed and the improvement from 
including the interaction between each of the models running two-way coupled is added. Key 
improvements expected from the coupling include:  

1) A better representation of the feedback mechanisms between land surface and atmosphere. 

2) Improved physical and scale consistency in the fluxes and processes occurring across the two 
domains. 

3) Improved description of the physical processes and human activities in both domains.  

The coupling of the Linux based HIRHAM operating on a CRAY XT5 super computer at the Danish 
Meteorological Institute (DMI) and Windows based MIKE SHE is performed using the OpenMI modelling 
interface. OpenMI serves the purposes of: 

1) Defining exchange variables and handling potential unit conversions. 

2) Defining the specific links between the models. 

3) Accommodating the data exchange in terms of timing while running. 

4) Spatially interpolating between to two model grids. 

5) Temporally interpolating depending on the time step of each of the models in which MIKE SHE 
includes an automatically variable time step (Gregersen et al. 2005; Gregersen et al. 2007).  

The data transfer variables included the SWET required input of precipitation, air temperature, relative 
humidity, wind speed, global radiation and surface pressure from HIRHAM. In return, MIKE SHE/SWET 
delivered the latent heat flux and the effective surface temperature. The surface temperature is 
transformed into sensible heat in HIRHAM, essentially replacing the entire LSM, as these make up the 
central energy related atmosphere-land surface flux items. As an OpenMI standard, the data transfer is 
memory based. However, the current setup is constrained by computer security restrictions at DMI. 
Therefore, the present setup has been designed to exchange data on a shared drive visible to both models. 
This approach increases the computational burden and overhead wall time with an increased data 
transfer interval (DTI). As a result the study also served to evaluate the issues of wall time, model 
performance and DTI. The computational scaling results presented here are based on the same 
simulations as for Larsen et al. (2013c) (paper 4) using 12 to 120 minutes DTI’s whereof the 30 minute DTI 
simulation are used to show the coupled results compared to the uncoupled results and observations. The 
simulations are performed for a one-year period, May 1 2009 to Apr 30 2010, preceded by a two-month 
spinup period. The results are shown for two-way coupled mode, one-way coupled mode (HIRHAM to 



Page | 25  

Morten A.  D.  Larsen,  Integrated Cl imate and Hydrology Model l ing,  PhD thesis,  University of  Copenhagen, 2013  

MIKE SHE without feedback), uncoupled (HIRHAM or MIKE SHE) and the observations. For all runs with 
HIRHAM ERA-Interim reanalysis data constitutes the model domain boundary, whereas MIKE SHE, in 
uncoupled mode, is run with gridded observation data.  

Main findings and contributions 

For the coupled setup presented here using hard drive based data transfer the DTI highly affected the 
simulation time expressed here in hours of wall time per model month (h/mo). HIRHAM and MIKE SHE in 
uncoupled modes resulted in simulation times of 3.5 h/mo and 0.36 h/mo respectively. In coupled mode 
the setup showed wall times between 3.5 - 7 h/mo for simulations using a 48 – 120 minutes DTI whereas 
sharp increase was seen from approximately the 15 – 30 minute DTI’s up to 16 h/mo for a 12 minutes DTI 
(figure 2 in section 5.5). The 6 and 9 minute DTI’s were extrapolated from unfinished runs showing values 
of 46 and 34 h/mo respectively. To assess varying conditions the HIRHAM output variables are plotted for 
a summer (June 5-11) and winter period (Feb 5-11). In general, the coupled and uncoupled results visibly 
show similar patterns whereas the observations showed a different dynamics. Especially relative humidity 
and air temperature diverged a lot between observations and simulations whereas the latter of these 
variables did not fully resolve the daily pattern. On the whole, the MIKE SHE latent and soil heat energy 
fluxes (two-way coupled, one-way coupled and uncoupled) to a reasonable degree reflect the observed 
pattern. The sensible heat flux however, especially for forest, is underestimated which could be due to 
measurement errors (Sonnenborg et al. 2013). Latent heat fluxes during night time are generally 
overestimated, while the soil heat fluxes simulated using two-way coupling more closely fit the 
observations. Only minor differences in runoff baseflow were observed, depending on the coupling mode 
(one-way or two-way), whereas peaks are clearly affected by the differing rainfall patterns, especially 
during the winter months. This phenomenon is due to HIRHAM model variability, as also showed in Larsen 
et al. (2013c) (paper 4).     

The coupled model setup presented in this study is a step towards the development of more advanced 
analysis tools as suggested by Bates et al. (2008) arguing that feedbacks between land use and climate 
change should be analysed by coupled climate and land-use modelling. In the present study we 
demonstrated the performance of a coupled climate-hydrology model setup for a Danish catchment and 
point out future challenges and perspectives to the setup.   

  

7.4.   Paper 4 – Results from a full coupling of the HIRHAM regional climate 
model and the MIKE SHE hydrological model for a Danish catchment 

Introduction and objectives 

The future global climate is expected to experience a general warming due to the anthropogenic 
greenhouse effect and more frequent extreme events (Solomon et al. 2007; Stocker et al. 2013) and 
knowledge on these future trends and extremes is essential in a management perspective. In this regard, 
realistic climate projections depend on the ability to simulate the interrelated processes of hydrology, 
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energy and ecology between the atmosphere, the land surface and the subsurface. Several studies focus 
on modelling the interaction between these atmospheric, surface and subsurface processes utilizing still 
more complex model codes (e.g. Zeng et al. 2003; Gerten et al. 2004; Cui et al. 2006; Seneviratne et al. 
2006; Harding et al. 2011; Yan et al. 2012).  

Most current climate models utilize a fairly simplistic land surface and subsurface description of hydrology, 
ecology and the corresponding energy balance as compared to dedicated hydrological and soil-vegetation-
atmosphere-transfer (SVAT) models. As a consequence recent research on the coupling of existing climate 
and hydrology models has emerged (Maxwell et al. 2007; Kollet and Maxwell 2008; Rihani 2010; Maxwell 
et al. 2011; Zabel and Mauser 2013; Goodall et al. 2013). This approach of coupling existing models has 
the clear benefit of utilizing well tested models; however the obvious obstacle is related to making the 
models computationally interrelate in a stable and physically correct manner. An aspect in establishing 
communication between climate and hydrology models is the computational environment where the 
former often operates in Linux and the latter often is developed to operate on a Windows personal 
computer. In the analysis of climate model outputs there is a need to account for the internal model 
variability as caused by the non-linear atmospheric processes. The model variability can be artificially 
induced by perturbing initial model conditions such as the timestamp of model start or boundary 
conditions (Giorgi and Bi 2000; Alexandru et al. 2007).   

The paper present results from the fully dynamic two-way coupling of the HIRHAM regional climate model 
(RCM) and the combined MIKE SHE/SWET hydrology and land surface model. In this study the HIRHAM 
domain had an extent of 4000 km x 2800 km, reaching from Iceland in the northwest to Ukraine in the 
southeast and the model resolution was 11 km. all HIRHAM simulation utilized ERA-Interim reanalysis 
boundary data. The MIKE SHE catchment was set up for the 2500 km2 Skjern River catchment in Denmark 
and was run in a 500 meter resolution. Since the coupled setup was only recently developed, the paper 
objective was related to investigate the computational interaction between the two models mainly in 
terms of the temporal interval of data transfer, the related scaling and the influence of model variability.  

This was done by a total of 26 model simulations for the period May 1, 2009, to Apr 30, 2010, with a two 
month spinup period forming the basis of the analysis. These simulations fall into four main categories:  

1) (TI – transfer interval): Eight fully two-way coupled simulations were performed using data transfer 
intervals (DTI) between the models in steps between 12 to 120 minutes all starting on March 1, 
2009. 

2) (HUV – HIRHAM uncoupled variability): Eight HIRHAM uncoupled simulations were performed, each 
starting one day apart from March 1 to March 8, 2009. 

3) (CV - Coupled variability): Eight two-way fully coupled simulations using a DTI of 60 minutes were 
performed with starting dates from March 1 to March 8, 2009, as above. 

4) (MSDS – MIKE SHE data source). Two MIKE SHE simulations were performed varying the data input 
source. One simulation used gridded observation values whereas the other used HIRHAM input 
transferred in one-way coupled mode.  
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The 26 simulations were all assessed against the six HIRHAM output variables of precipitation, relative 
humidity, air temperature, surface pressure, wind speed and global radiation and against the four MIKE 
SHE output variables of discharge and latent, sensible and soil heat fluxes. The HIRHAM variables, having 
a gridded spatial distribution, were assessed on five test domains as determined by a varying degree of 
coupling (HIRHAM/MIKE SHE catchment overlap) by spatially interpolating the observations to match the 
simulation grid. The total catchment area corresponds to 21 HIRHAM cells and thereof a total of 9 cells 
had 100 % overlap whereas remaining showed a varying degree of overlap. The MIKE SHE output was 
assessed against point observations. 

Main findings and contributions 

The four HIRHAM variables of precipitation, relative humidity, wind speed and air temperature all showed 
a statistically significant improvement with an increase in the DTI. However, surface pressure and global 
radiation shows little to no effect of the DTI. Precipitation, relative humidity, wind speed and air 
temperature, on average, showed improvements in the root mean square error (RMSE) of 10.1 % when 
increasing the DTI from 120 minutes to 12 minutes. A higher degree of HIRHAM model variability was 
generally seen for the coupled runs as compared to the uncoupled. Of the improvement in RMSE when 
increasing the DTI from 120 minutes to 12 minutes the HIRHAM model variability from the HUV and CV 
runs made up 47 % and 46 % respectively. The HIRHAM model precipitation variability was substantial 
with the highest levels for the coupled runs (TI and CV) increasing with the test domains having the 
highest degree of coupling. For The TI, CV and HUV runs the one-year period precipitation sum span was 
119-170 mm, 52-134 mm and 75-99 mm respectively. For the MIKE SHE output no clear improvement due 
to an increase in the DTI was visible, as the two major energy flux components, latent and sensible heat, 
showed an inverse pattern and soil heat flux and discharge showed little correlation with DTI.   

With the exception of surface pressure (showing little correlation between DTI and RMSE) all variables 
from the coupled simulations were poorer compared to the uncoupled runs. Also, the test domains with a 
higher degree of coupling showed the poorest results. This conclusion is not surprising. Both HIRHAM and 
MIKE SHE have been refined and calibrated over the years and in Larsen et al. (2013a+b) (paper 1 and 2) 
to reproduce observations. In the process of the coupling, the entire HIRHAM LSM is replaced and likewise 
the MIKE SHE driving data is changed. This substantial change of model conditions inevitably results in 
model deterioration. Therefore, an important issue for future studies is to pursue a strategy for calibrating 
the coupled model setup as a whole to overcome the danger of having the model calibration compensate 
for biases in other model components (Graham and Jacob 2000; Stisen et al., 2012). However, in the 
present study we emphasize the overall feasibility of the coupling tool and suggest that modelling studies 
of the future climate are likely to benefit from the coupled model setup. An important aspect in the 
context of the future use of the coupled system is also the substantial improvement with a more frequent 
DTI in the simulation of precipitation, as this often regarded as difficult to reproduce. An improvement in 
the RMSE of precipitation of 1.1 mm/day was seen with a more frequent DTI.  
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8. Conclusions and perspectives 
In this PhD study a fully two-way dynamic coupling between the HIRHAM RCM and the MIKE SHE 
hydrological model is presented. A wide range of new research questions lie in the coupled model setup 
presented here introducing both improved subsurface and land surface process descriptions as well as 
two-way feedback between the atmospheric and land surface model components. 

An essential and large-scale perspective for future studies utilizing the coupled modelling platform is the 
assessment of the expected future climate change and its impacts on infrastructures, water resources, 
agriculture and ecosystems. Studies prior to the emergence of coupled climate-hydrological systems as 
the one presented here, have the limitation of not including the feedback and interaction between the 
atmosphere and the land surface. The coupled system setup enables the possibility to directly evaluate 
the effect of the interaction and feedback mechanisms of the entire water and energy cycle. A reasonable 
straight-forward study proposal in the case of climate change is to implement specific climate projection 
scenarios as presented in e.g. the IPCC reports (Solomon et al. 2007; Stocker et al. 2013) and evaluate the 
results with and without land surface feedback (coupled and uncoupled). Harding et al. (2011) underlines 
the challenges faced in the aggregated analyses of hydrological and atmospheric issues in a wider climate 
change perspective and urge for the effort of reducing uncertainties and communication these to a wider 
society.     

Another perspective lays in future coupled studies of anthropogenically induced changes to the global 
eco-hydrology and the assessment of their influence on the local to regional climate. A relevant, and 
potentially extensive, example of a significant anthropogenic influence on the eco-hydrological processes 
at the land surface is the introduction of land surface changes as caused by urbanization, irrigation, 
reservoir storage and water abstraction, deforestation or afforestation. Such land use changes have 
previously been shown to substantially affect the local to regional climate (Durieux et al. 2003; Cui et al. 
2006). Further is the indirect influence through global warming caused by anthropogenic greenhouse gas 
emissions (Solomon et al. 2007; Stocker et al. 2013). An example of projected climate changes includes 
A1B scenario annual temperature increases over Europe of 2 - 3.5 deg. C. by 2071-2100 as well as a 
general increase in annual precipitation over northern Europe and corresponding precipitation decreases 
in the Mediterranean region (Van Der Linden and Mitchell 2009). Equally important in a management and 
sustainability perspective is the impact and magnitude of extreme dry and wet periods in a present and 
future climate and the hydrological response to climate change scenarios when feedbacks are considered.  

The above mentioned proposed future studies are likely to require a larger spatial scale of the 
hydrological model component. Although there are no technical limitations to this task the effort of 
setting up, parameterizing and calibrating the model setup will be substantial. Being a new research field, 
similar analyses as the ones presented here in Butts et al. (2013) and Larsen et al. (2013c) (papers 3 and 4) 
on a larger coupled area would break new ground on its own. In this manner, the coupled model output 
would originate from a larger coupled area and the overall simulation output would therefore originate 
from areas less adjacent to uncoupled or blended semi-overlapping model grids. This could potentially 
impose new results from variables not already seen to be affected of the coupling utilizing the 2500 km2 
catchment area presented here. Another aspect in this regard is to perform the analyses on a wider range 
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of variables as determined by their availability. In Larsen et al. (2013a) (paper 1) it is concluded that a 
certain domain size is more important to good (uncoupled) HIRHAM performance compared to using a 
high resolution of 5.5 km instead of 11 km. To maintain reasonable computation times the use of both a 
large domain and a high resolution is currently out of question. In a coupled setup where the MIKE 
SHE/SWET hydrology and land surface characteristics are aggregated onto the grid size of HIRHAM an 
obvious experiment is to yet again implement resolutions in the 5-7 km range since the added spatial 
detail is likely to positively affect the feedback signal. In the present version of SWET the process of snow 
storage and snow melt is not included. As the results are presented on yearly scales, as opposed to a 
summer period, an implementation of snow processes is almost certain to result in improved results.  

In terms of further development of the coupled model system the work presented in Larsen et al. (2013c) 
(paper 4) where uncoupled results in general are superior to the coupled results suggests that several 
steps may be undertaken to improve the coupled model performance. The poor coupled performance is 
not surprising. Climate models in general do not include extensive calibration due to the physical 
principles but are however refined over the years to better reproduce observations and for the current 
setup the optimal domain characteristics are defined in Larsen et al. (2013a) (paper 1). Likewise, MIKE SHE 
has been subject to extensive calibration as a part of the DK-model (Stisen et al., 2012; Højbjerg et al. 
2013) and has been further refined through the inclusion of the SWET LSM and calibration to match both 
water balance terms and energy fluxes Larsen et al. (2013b) (paper 2). With these individual model 
refinements, replacing the forcing conditions of both models in terms of a new LSM for HIRHAM and new 
climate input for MIKSHE the results deteriorate. The complex coupled setups therefore needs improved 
inter-model calibration for more physically consistent model output and ultimately for improved 
confidence in climate-hydrology projections. This task is however extensive with a manual approach 
focusing on the energy balance or with an inverse modelling approach as additional code development 
must be made and the computation time would be immense. In the coupled system calibration there is 
also the possibility to implement bias correction methods. 

Fowler et al. (2007) argues that the parameterization of hydrological models may not hold true under 
conditions of climate change. The influence of the coupled RCM and hydrology model setup on the 
problem of equifinality and a changing climate is a possible future research area. Thus, it is yet to be 
examined if the added complexity also adds to this uncertainty or if a certain portion of equifinality 
derives from the missing interaction between the atmosphere and land surface in models so far. Li et al. 
(2009) points out in a study using the DTVGM hydrological model that the reduction of parameters is one 
way to reduce equifinality (over-parameterization) whereas it is also argued that more calibration data 
greatly reduces equifinality. Possibly outside the near-future scope (a few years) is the prospect of 
inversely calibrating the coupled model setup which, in relation to the above, would increase the possible 
number of coupled calibration data. Thus these could derive from both the subsurface (groundwater table, 
soil moisture, recharge), the surface (discharge, energy fluxes, radiation, various component temperatures) 
and the atmosphere (wind, radiation, humidity, surface pressure, temperature). 

An expected future study is the comparison between the performance of the present HIRHAM and MIKE 
SHE based coupling setup on the Skjern River catchment and the COSMO-CLM-Parflow setup of the same 
catchment by Rihani et al. (2013). The performance of the two coupled systems when including feedback 
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is enabled by using identical input data and parameterization. Of these, the latter exerts the largest 
obstacle since the different model setups require different input and soil-vegetation characterization and 
therefore involve a certain amount of subjectivity in the use of available information and observations.   

To sum up, the present PhD study presents the motivation for, and the development of, a coupled 
climate-hydrology modelling system and the initial results of the system in use. The results suggest that 
the coupling is highly feasible for the present climate and further it is suggested that modelling studies of 
the future climate are likely to benefit of the coupled modelling tool. As suggested above, a certain 
amount of work is however faced to improve the setup through coupled model calibration and potential 
other refinements in terms of spatial and temporal scale, model processes and evaluation and even the 
scope of studies.      
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1 – Abstract 

In this study we calibrate a coupled 
groundwater-surface water catchment model 
based on the MIKE SHE code linked with the SW 
ET land-surface model component addressing 
both water and energy balance closure. This is 
made possible through the use of a set of unique 
energy balance and evapotranspiration 
observations from three eddy flux measurement 
sites together with river discharge data for the 
2500 km2 Skjern River catchment in Denmark. 
The calibration of three point scale 1D column 
setups based on the measured energy balance 
components, measured at an agricultural, forest 
and meadow site, provided initial values for the 

subsequent catchment scale setup. A lack of 
energy balance closure was seen at each of the 
three measurement sites where the sum of 
latent, sensible and soil heat flux was 71-76 % of 
measured net radiation. This lack of closure is 
accounted for by creating different energy 
balance closure scenarios ascribing the 
measurement error to different parts of the 
energy balance. For the catchment scale setup 
the error was ascribed to either the measured 
energy fluxes or to the measured net radiation. 
For the catchment scale setup the error was 
ascribed to either the measured energy fluxes or 
to the measured net radiation resulting in two 
scenarios with substantial differences in available 
energy. The choice of energy balance closure 
scenario had a substantial impact on the 
sensitivity of parameters as well as the simulated 
discharge and energy balance. 

2 – Introduction 

Exploiting knowledge across the fields of climate 
and hydrology at all scales is crucial in ensuring a 
proper management of both water resources and 
ecosystems as well as foreseeing future 
conditions. However, the two fields of hydrology 
and climate modelling have developed as largely 
separate disciplines. In terms of modelling, one 
field has served as a boundary state for the other 
rather than fully investigating the interplay 
between the disciplines. For hydrological models 
subsurface, unsaturated, river and land-surface 
processes can be of high complexity whereas the 
atmospheric processes generally include only a 
surface-near layer related mostly to quantify 
actual evapotranspiration (ET) rates, typically as 
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a part of assessing the total water budget. On the 
other hand, climate models include only a 
simplistic characterization of surface/subsurface 
hydrology without lateral transport. Runoff is 
typically generated as the excess water below 
the unsaturated/root zone after the calculation 
of evapotranspiration, soil water change, snow 
pack change and interception.  

However, the strong interaction between the 
atmosphere and the land surface is widely 
recognized. As the lower boundary of the 
atmosphere, land-surface processes and 
characteristics play an important role in regional 
climate modelling [Chen and Dudhia, 2001a+b; 
Overgaard et al., 2006; Maxwell et al., 2011]. In 
particular an accurate representation of the 
temporal and geographical distribution of the 
two main energy flux components, latent (LE) 
and sensible heat (H) and the share between 
these fluxes is crucial. In this respect soil 
moisture, snow or surface water are the most 
important hydrological variables affecting the LE 
share of net radiation [Findell and Eltahir, 1997; 
Small et al., 2001; Jones and Brunsell, 2009; 
Ferguson and Maxwell, 2012]. Examples on the 
effect of a strong land-surface influence on 
atmospheric conditions include: reduced 
precipitation and temperature bias from the 
RegCM3 regional climate model over Africa by 
including a land-surface scheme with enhanced 
root zone moisture representation [Steiner et al., 
2009], high sensitivity to reforestation mainly 
due to a change in leaf area index by the RAMS 
regional climate model [Pitman and Narisma, 
2005], and substantial changes in precipitation 
patterns with afforestation for the CCM3 global 
circulation model [Gupta et al., 2005].  

In hydrological modelling energy based land-
surface scheme equations often involve the 
Priestley-Taylor [Priestley-Taylor, 1972], the 
Penman-Monteith [Penman, 1948; Monteith, 

1965] or the Shuttleworth-Wallace [Shuttleworth 
and Wallace, 1985] equations. The Shuttleworth-
Wallace model is an extended version of the 
single-layer Penman-Monteith equation 
introducing resistance controls from both the 
vegetation and soil. Modelling using the 
Shuttleworth-Wallace based SW ET soil-
vegetation-atmosphere-transfer (SVAT) scheme 
with MIKE SHE have been performed over a 
range of regions and conditions. Overgaard 
[2005] and Rasmussen et al. [2012] both show 
good agreement between observed and 
simulated LE and H surface fluxes on prairie 
grassland in Kansas, USA, in both one-column 
and distributed model setups. Similar good 
agreement was found between observed and 
simulated LE and H fluxes as well as net radiation 
in Ridler et al. [2012] using a one-column setup 
over Sahelian Mali whereas soil heat flux shows 
poorer results. Applying this representation in a 
fully distributed MIKE SHE/SW ET setup based on 
remote sensing data Stisen [2011a] showed good 
results when evaluating the simulations against 
measured discharge and groundwater heads for 
a Danish catchment. 

Along with continuous improvements in the code 
of individual hydrological and climate models 
efforts have been made in recent years to utilize 
these codes by coupling existing models each 
describing a subsurface, land-surface or 
atmosphere component in the water and energy 
balance [Rihani, 2010; Maxwell et al., 2011; 
Rasmussen et al., 2012]. Key features gained in 
the coupling include: 1) Improved simulations by 
including horizontal redistribution of surface and 
soil water, [Maxwell et al., 2007; Rihani et al., 
2010]. Maxwell et al. [2011] showed that 
boundary layer conditions were significantly 
affected by surface water/soil moisture using the 
ARPS and WRF regional forecast/climate models 
respectively [Xue et al., 2000; Xue et al., 2001; 
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Skamarock et al., 2008] and the CLM and NOAH 
land-surface models respectively [Dai et al., 2003; 
Ek et al., 2003] both using the PARFLOW 
hydrological model [Kollet and Maxwell, 2008]. 2) 
Larger detail due to the higher resolution of 
surface processes and characteristics as 
suggested by Chen and Dudhia [2001a], 
Overgaard [2005] and Saint and Murphy [2010]. 
However, the study by Rasmussen et al. [2012] 
showed only minor changes in the simulation of 
latent heat flux when increasing the resolution of 
the hydrological model component. 3) Dynamical 
horizontal atmospheric redistribution of sensible 
energy and water vapor. The atmospheric 
horizontal redistribution of moisture [Trenberth 
1999] and sensible energy [Hagemann et al., 
2004] are known to potentially be of a significant 
magnitude and the inclusion of these processes 
in a fully dynamic coupled setup is therefore 
likely to affect the simulation results as also 
shown in Rihani [2010]. 

The lack of measured energy balance closure is 
well documented often having a net radiation 
being substantially higher than the energy flux 
sum of LE, H and soil heat flux (G) [Wilson et al., 
2002; Franssen et al., 2010; Leuning et al., 2012]. 
For an energy-based land-surface model with 
closed boundaries energy balance closure must 
be fulfilled [Twine et al., 2000; Choi et al., 2009] 
and a failure to meet this demand can result in 
significant biases in longer term climate model 
simulations [Grimmond et al., 2010]. Also, the 
lack of measured energy balance closure will 
yield an erroneous parameterization when used 
for the calibration of a hydrological model. 
Therefore certain assumptions need to be made 
to account for the lack of closure. To 
accommodate this, Beven [2006] suggests 
creating artifical hypothesis scenarios to provide 
closure. Another study [Sridhar et al., 2002] 

suggested screening monitoring sites and only 
using ones that provide closure. 

The overall intent of this study is to calibrate the 
distributed MIKE SHE/SW ET hydrological model 
against flux data measurements despite the lack 
of energy balance closure. Setting this study 
apart from previous studies is the combined use 
river discharge observations as traditionally used 
for coupled groundwater/surface water models 
and a unique set of energy balance and 
evapotranspiration observations in the 
calibration process of the distributed MIKE 
SHE/SW ET. The calibration against measured 
evapotranspiration and sensible energy 
facilitates an analysis of the overall water and 
energy balance whereas studies not utilizing 
measured evapotranspiration usually obtain 
water balance closure by assessing a reasonable 
fractional share of the calculated potential 
evapotranspiration to be the actual 
evapotranspiration. As opposed to using a land-
surface model or a hydrological model alone the 
addition of the energy balance can therefore 
assist in determining the source of measurement 
error in the energy and water balance 
components. 

The current study is a part of the HYACINTS 
project (www.hyacints.dk) where a fully dynamic 
coupling of the distributed hydrological model 
MIKE SHE and the HIRHAM regional climate 
model [Christensen et al., 2006] has been created. 
The present work therefore also serves this 
purpose by providing a MIKE SHE model setup 
that is well calibrated particularly focusing on the 
soil-vegetation-atmosphere-transfer (SVAT) 
component and the energy fluxes to be 
exchanged with the HIRHAM model in the 
coupling. The strong focus on calibration against 
atmospheric flux conditions being a part of the 
HIRHAM coupling study differentiates this study 
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from Overgaard [2005], Rasmussen et al. [2012], 
Ridler et al. [2012] and Stisen et al. [2011a]. 

3 - Methodology 

3.1 - Study area 

The Skjern catchment (2500 km2) is located in the 
western part of the Jutland peninsula dominated 
by sandy soils generated from the Weichsel 
glacial outwash plains and older till from the 
previous Saalian Stage. The topography reaches 
130 m above sea level in the eastern part of the 
catchment and the Skjern River reaches 
Ringkøbing fjord at sea level to the west. The 
2000-2009 yearly precipitation within the 
catchment is 940 mm and the corresponding 
(undercatch) corrected gauge precipitation using 
the standard monthly correction method [Allerup 
et al., 1998] equals 1130 mm. In the same period 
the mean annual temperature was 9.3 oC and the 

monthly mean temperatures are in the range 2.1 
to 17.3 oC. Within the catchment three 
intensively monitored flux tower sites are placed 
at the three predominant surface types; 
agriculture (61%), meadow/grass (24%), forest 
(13%) and 2% being urban or other. At all sites 
measurements of short-, long-wave and net 
radiation components, latent (LE), sensible (H) 
and soil heat fluxes (G), soil water, precipitation, 
air temperature, wind speed, soil retention 
characteristics and water table levels have been 
carried out since late 2008.  

3.2 – Modelling system 

This study uses the fully spatially distributed 
MIKE SHE hydrological modelling system capable 
of including all key hydrological processes such as 
evapotranspiration, snow melt, channel flow, 
overland flow, unsaturated (UZ) flow, saturated 
(SZ) flow as well as irrigation and drainage 

Figure 1. Skjern catchment and locations of the three measurement sites.
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[Graham and Butts 2005]. Model setups are 
constructed for three 1D columns representing 
the three measurement sites as well as for the 
entire catchment (Figure 1). The Shuttleworth 
and Wallace evapotranspiration module SW ET is 
used for all model setups [Overgaard, 2005; 
Overgaard et al., 2006]. 

In the three 1D column setups the components of 
overland flow, rivers and saturated flow are not 
included. Also, snow melt is not included, as this 
module is presently not compatible with SW ET. 
Unsaturated flow in MIKE SHE is calculated 
vertically based on Richards’ equation with 
measured precipitation and water table as upper 
and lower boundary conditions, respectively. 
Other than snow melt the fully distributed setup 
includes all the above mentioned processes.  

3.3 – Calibration approach 

3.3.1 Parameterization 

The calibration of MIKE SHE was performed in 
two steps. The first is at point scale and 
comprises calibration of three 1D MIKE SHE/SW 
ET columns representing the three flux 
measurement sites within the catchment. In the 
second step the obtained parameter values are 
used when calibrating the distributed catchment 
model.  

For all soil and vegetation parameters initial 
parameter values and confidence intervals were 
estimated. The confidence intervals were used to 
define bounds for the autocalibration. The initial 
parameter estimates for root depth and 
vegetation height for agricultural and meadow 
vegetations were based on simulations using the 
Daisy plant model as a function of soil type 
[Hansen et al., 1990, 1991] applying standard 
management conditions for Danish conditions 
[Styczen et al., 2004a]. Since the agricultural flux 

tower footprint included several crops, the 
vegetation height and root depth was based on 
winter- and spring cereal simulation averages. 
Inconsistent observations existed for LAI and it 
was therefore derived from a combination of 
these and Daisy simulation results. The initial 
parameterization of key vegetation parameters is 
shown in Figure 2.   

The initial soil parameters at each site were 
based on standards in the Daisy model using the 
HYPRES pedotransfer function [Wösten et al., 
1999] to calculate the Van Genuchten 
parameters α and n [van Genuchten, 1980], 
saturated hydraulic conductivity and residual- 
and saturated water content from soil texture, 
organic matter and bulk density. The soil texture 
was based on grid values obtained from a 

Figure 2. Seasonal variation of LAI, vegetation height androot depth for the three land surfaces. Forest vegetationheight is shown in a scale of 0.1. 
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distributed soil map with 250 m resolution in the 
A horizon (0-30 cm) and 500 m resolution in B 
and C horizons (30-80 cm and below 80 cm) 
[Styczen et al., 2004b; Greve et al., 2007; Iversen 
et al., 2011]. For the sensitivity and optimization 
analyses 90 % confidence intervals were 
obtained from the analysis by Meyer et al. [1997], 
which was based on soils with similar texture. 
Minimum and maximum parameter values for 
sand, loamy sand and sandy loam soil categories 
in Meyer et al. [1997] were applied for the 
agricultural and forest sites having a soil type 
roughly corresponding to JB1 soil (coarse sand) in 
the Danish soil classification system [Greve et al., 
2007; www.djfgeodata.dk]. The river meadow 
site is characterized by very heterogeneous soils 
due to the shifting alluvial deposits from the 
nearby Skjern River. The distributed soil map 
shows the A and B horizons to be of the JB4 soil 
type (fine clay sand) and the C-horizon to be of 
soil type JB7 (clay). On the other hand the 
retention data suggest the A and B horizons to 
have a finer texture. Because of this uncertainty, 
likely related to the complex soil distribution 
both horizontally and vertically near the Skjern 
River outlet, the 90 % confidence intervals for 
the meadow site is therefore based on a wider 
range of soil types from loamy sand to clay loam 
in Meyer et al. [1997]. For the root shape factor 
the recommended value of 0.5 was outside the 
range of sandy soil types seen in this area of 
Western Jutland [Jensen, 1983] and therefore an 
increased parameter range was used.  

Natural seasonality in vegetation characteristics 
and variations in management practice such as 
harvest and grazing at the agriculture and grass 
sites respectively were included in the 
parameterization by maintaining constant ratios 
between parameters during the different stages 
of plant growth. The annual sequence of these 
ratios was found by averaging Daisy simulations, 

relevant literature values (table 1) and patchy on-
site measurements of LAI and vegetation height. 
In the same manner, knowledge of the soil types 
in the A, B and C horizons is used by assuming 
constant ratios between the parameters in the 
three A, B and C horizons. By introducing ratios 
between parameters the number of parameters 
to be optimized is reduced.   

The catchment scale distributed MIKE SHE model 
is a modified setup based on the Danish national 
water resources model (DK-model) [Stisen et al., 
2012; Højbjerg et al., 2013] and the Skjern River 
catchment model is based on the work by Stisen 
et al. [2011a]. The DK model has a 500 m 
resolution and includes a detailed river network. 
A maximum time step of 1 hour was used for 
overland, unsaturated and saturated flow, while 
the MIKE 11 river model component uses a 30 
min time step and a maximum precipitation of 2 
mm per time step was allowed. The specific input 
for the SW ET component include air 
temperature, wind speed, global radiation, 
relative humidity and air pressure which are 
obtained by thin plate spline interpolation of 
climate station data [Stisen et al., 2011a]. 
Precipitation input is based on interpolation of 
rain gauge station data using kriging and 
dynamically corrected for undercatch. Irrigation 
inputs are then added subsequently since this is 
not currently possible through the regular user 
interface in MIKE SHE when using the SW ET land 
surface component [Stisen et al., 2011b].  

The agricultural crop distribution was based on 
statistical data, where the various crops were 
grouped in four classes with different growth 
characteristics: spring sown cereals, winter sown 
cereals, grass/clover and maize. Forest 
vegetation parameters were based on relevant 
literature and observations. A total of 36 
parameters were analyzed in the sensitivity 
analysis. Due to the focus on calibration against 
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atmospheric flux conditions no sensitivity and 
calibration analyses are performed on the SZ 
parameterization which is already well calibrated 

as a part of the DK-model [Stisen et al., 2012; 
Højbjerg et al., 2013]. 

Table 1. Point scale parameterization. The initial parameter values, the parameter range for the sensitivity and optimization analyses for the three sites, and the resulting range for the four energy balance scenarios. A selection of the primary literature used to provide realistic initial and interval parameter values for the present study includes (primary references listed first next to each parameter): 1) Lagergren et al. [2005], 2) Boulet et al. [1999], 3) Bøgh et al. [2009], 4) Chen and Dudhia [2001a], 5) Rautiainen et al. [2012], 6) Crow [2005], 7) Gryning et al. [2001], 8) Lindroth et al. [2008], 9) Van der Keur et al. [2001], 10) Overgaard [2005], 11) Perry [1994], 12) Hansen et al. [1991], 13) Hussein [1999], 14) Lazzarotto et al. [2010], 15) Topping and Olesen [2006], 16) Nghi et al. [2008], 17), Olesen et al. [2002], 18), Olesen et al. [2004], 19) Beier et al. [1995], 20) Bréda [2003], 21) Hassan and Borque [2010], 22) Pokorný et al. [2008], 23) Stisen et al. [2011a], 24) Lantinga et al. [1999], 25) Zweifel et al. [2002], 26) Lazzarotto et al. [2009], 27) Ingwersen et al. [2011], 28) Kelliher et al. [1995], 29) Zhou et al. [2006], 30) Wang et al. [2003], 31) Ridler et al. [2012], 32) Sahoo et al. [2006], 33), Xevi et al [1997], 34) Dai et al. [2010], 35) Ewers et al. [2001], 36) Frank et al. [1996], 37) Schulze et al. [1994] and 38) Stisen et al. [2011b].  * Indicates included seasonal variation and the brackets indicate if not all sites include seasonality (A; agriculture, M; meadow). With seasonality, the values are from mid-summer. S Indicates that the parameter is included only in the sensitivity analysis. O Indicates that the initial value is based on observations, SIM indicates simulated Daisy values and VG indicates a pedotransfer derived Van Genuchten parameter. Three initial values are from the A, B and C soil layers respectively and the soil ranges are derived from Meyer et al [1997]. 
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3.3.2 Objective functions 

The sensitivity and autocalibration analyses were 
performed using the AUTOCAL software included 
in the MIKE SHE package. At the point scale MIKE 
SHE setup parameters were tested against three 
root mean square output measures with equal 
weights, two of them being the primary energy 
flux components LE and H whereas the third was 
an aggregation of soil water content in three 
depths as available. These depths were 2.5, 22.5 
and 52.5 cm for the agriculture and forest sites 
and 20, 40 and 60 cm for the meadow site. The 
objective functions were transformed using the 
common distance scale to account for the 
differences in magnitude of each term of the 
objective function [Madsen, 2003]. 

For the catchment scale MIKE SHE setup the 
analyses were performed against four objective 
functions: The first objective function is 
performed against discharge aggregated for 
three discharge stations and the other three 
objective functions include the LE and H fluxes 
aggregated at each of the three sites. The 
weighting was performed with an equal share 
between discharge and the fluxes, with the latter 
according to their relative land use share 
(agriculture 62 %, forest 13 % and grass (meadow) 
25 %). 

3.3.3 Calibration 

The sensitivity study for both the point scale and 
catchment studies were based on the AUTOCAL 
local sensitivity analysis accounting for 
parameter sensitivities at the location in 
parameter space defined by the initial parameter 
estimates. A backward difference approximation 
method was applied around the initial parameter 
value using a 2% perturbation fraction. Also, a 
covariance matrix was calculated to test for 
parameter correlation structures [Hill, 1998].  

The point scale parameter optimization was 
based on the global Shuffled Complex Evolution 
method [Duan et al., 1993] proven to be robust 
in parameter estimation problems [Butts et al., 
2004; Mertens et al., 2005; Blasone et al., 2007; 
Madsen 2007]. A maximum time step of 6 
minutes was used for the column setups, which 
for the calibration period simulations 
corresponds to a model computation time of 
around 2-3 minutes per model run. The model 
convergence criteria was defined as 1 % change 
in objective function criteria after three 
iterations loops and this criteria was usually met 
after 200-250 runs.  For more efficient 
optimization of the catchment scale model using 
parallel model runs, the autocalibration was 
based on the global Population Simplex Evolution 
optimization method [Madsen, 2007] and the 
convergence criteria was reached after 250-400 
runs. 

In both the point and catchment scale studies the 
ten most sensitive parameters were used in the 
autocalibration process. Only parameters with 
relative sensitivity coefficients above 1 %, in 
relation to the most sensitive parameter, were 
included in the optimization [Hill, 1998]. This was 
in line with similar MIKE SHE calibration studies: 
Rochester [2010] considered 7-8 parameters, 
McMichael et al. [2006] 10 parameters, Blasone 
et al. [2007] and Zhang et al. [2008] 11 
parameters, and Madsen and Jacobsen [2001] 12 
parameters. For the low sensitivity SVAT 
parameters that were not included in the 
autocalibration of the catchment model their 
values were derived from the point scale 
calibrations. The remaining distributed 
parameters were based on relevant literature 
(Table 2).  
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For both the point and catchment scale setups 
the objective functions were evaluated for a one 
year period from Oct. 1. 2009 to Sep. 30. 2010 
(calibration period). This period was decided by 

the data which were available from Apr. 17 2009, 
Dec. 5. 2008 and Apr. 29 2009 for the agricultural, 
forest and meadow sites, respectively. Also, the 
2010 growing season was found to be superior to 

Table 2. Catchment scale parameterization. The initial parameter values and the parameter range for the sensitivity andoptimization analyses for the distributed setup. Additional literature to table 1 related to the distributed setup includes: 1) Chen and Dudhia [2001a], 2) Stisen et al. [2011b], 3) Thompson et al. [2004] and 4) Dai et al. [2010]. * Indicates included seasonal variation and the brackets indicate if not all sites include seasonality (A; agriculture, M;meadow). With seasonality, the values are from mid-summer.
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2009 season [Ringgaard, 2012]. The energy 
balance closure calculations were assessed using 
the entire evaluation period year [Wilson et al., 
2002]. 

3.3.4 Data processing 

The energy flux data used in the present study 
have all undergone quality control processing 
[Ringgard, 2012]. Inaccurate observations caused 
by e.g. low turbulence condition were replaced 
by data representing similar conditions. 
Replacement of data was thus for periods with 
low energy fluxes and therefore this source of 
uncertainty is expected to be of minor 
significance. Individual data points clearly outside 
the expected range at the time of day and season 
were considered as outliers and removed. For 
two periods July 21-August 16 and August 24-
October 28, 2009, mostly placed in the spinup 
period, no flux measurements were available 
from the agricultural site and data were replaced 
from the forest site. 

4 Results 

4.1 Energy balance closure 

Energy balance closure requires that net 
radiation (difference between incoming and 
outgoing long- and short-wave radiation) equals 
the sum of latent heat (LE), sensible heat (H), and 
soil heat (G) fluxes. All terms are highly sensitive 
to the surface characteristics and furthermore 
they are subject to different diurnal and seasonal 
variations. The albedo of bare soil is dependent 
on texture and moisture content while the 
albedo for vegetation generally decreases with 
vegetation height and stand complexity. Changes 
in albedo will affect the amount of available 
energy and soil moisture influences how this 

energy is distributed between LE and H heat 
fluxes.  

Independent measurements of the components 
of the energy balance equation rarely provide 
closure, which has been documented in 
numerous studies [Wilson et al., 2002; Franssen 
et al., 2010; Leuning et al., 2012]. The 
measurements used in this study are also subject 
to such lack of closure. The sum of LE, H and G 
over the one-year calibration period accounted 
for 71%, 71% and 76% of the measured net 
radiation at the agricultural, forest and 
meadow/grass sites respectively (Figure 3). 
Corresponding measured Bowen ratios in the 
same period were 0.20, 0.17 and 0.18. Radiation 
and particularly energy flux balance data are 
generally sparse in Denmark. Therefore, in Figure 
3, the measured net and global radiation as well 
as the sum of energy fluxes are compared to 
results [Larsen et al., 2013] from the 
corresponding grid cell in HIRHAM regional 
climate model simulations [Christensen et al., 
2006] using ERA-Interim reanalysis data 
boundary conditions and observation data from 
the Foulum research station (grass surface) 
located app. 50 km north of the agriculture and 
forest sites. HIRHAM simulation data are also 
used to compare LE and H fluxes since no other 
flux data were available. For net radiation 
HIRHAM and Foulum data are significantly closer 
to the measured LE, H and G flux sum at all sites 
and for both 2009 and 2010 (Figure 3). For global 
radiation there is a close match between all data 
series, especially between the three catchment 
study sites and the Foulum site. For the LE fluxes 
good agreement between HIRHAM and 
observations is seen for the forest and meadow 
site whereas agricultural LE fluxes and H fluxes, 
especially for the forest site, show poorer 
agreement.     
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To correct for the missing energy balance closure 
four scenarios were tested based on different 
assumptions regarding measurement errors:  

SCN1: measured energy fluxes are scaled to 
match measured net radiation;  

SCN2: net radiation is reduced to match 
measured energy fluxes;  

SCN3: measured energy flux sum used as net 
radiation; and 

SCN4: energy flux sum used as net radiation 
as for SCN3 but upscaled to measured net 
radiation.  

The scenarios were created by multiplying the 
entire data set by a constant factor to provide 
the closure for the one year calibration period. 
Closure on a daily basis may therefore not be 
met. Of the investigated scenarios more energy is 
available in SCN1 and SCN4 based on the 
measured net radiation whereas SCN2 and SCN3 
are based on reduced values.  

Figure 3. Measured radiation and energy flux components at the three Skjern catchment sites for the years 2009and 2010, simulated components by the HIRHAM regional climate model, and measurements for year 2009 froman agricultural research station in Foulum located approx. 50 km north of the agriculture and forest sites. Yearlyaverage values for each radiation and energy flux component is given in the legend. Measured agricultural 2009values are bracketed due to the gap filling in this period as described in the text.  
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The scenarios were created by multiplying the 
entire data set by a constant factor to provide 
the closure for the one year calibration period. 
Closure on a daily basis may therefore not be 
met. Of the investigated scenarios more energy is 
available in SCN1 and SCN4 based on the 
measured net radiation whereas SCN2 and SCN3 
are based on reduced values.  

Measurements of radiation and energy fluxes 
were based on standard methods. Radiation 
components were measured using a NR01 
Hukseflux radiometer (www.hukseflux.com), LI-
COR eddy covariance equipment was used for 
measuring LE fluxes, Gill sonic anemometers 
were used to measure H fluxes, and Hukseflux 
plates were used to measure G fluxes.  

4.2 Parameter values 

The parameterization of the point and catchment 
scale setups was based on the vegetation, soil 
and hydrology parameters listed in Table 1 and 
Table 2 respectively. The initial input parameter 
values used in the setup as well as their 
confidence intervals were used according to 
relevance: If available, observations were used 
and similarly emphasis was put on Daisy model 
output using in-situ input conditions. When using 
literature data, similar conditions in terms of 
vegetation species, climate and soil type were 
used. 

4.3 Point scale results 

The results from both the point and catchment 
scale sensitivity analyses are shown in Figure 4. 
Similar results of parameter sensitivities are 
obtained for the agricultural and forest sites with 
nine and ten parameters, respectively, having a 
sensitivity coefficient above 10 %. The parameter 
sensitivities for scenarios SCN2 and SCN3 show 
similar patterns with the minimal stomata 

resistance (Rst_min) as the most sensitive 
parameter. In contrast, for scenarios SCN1 and 
SCN4 the root shape factor is the most sensitive. 
For the grass site only the three parameters 
Rst_min, leaf area index (LAI) and vegetation 
height have sensitivity coefficients above 10 % 
and the influence of the energy balance scenario 
is limited given the large drop in sensitivity 
between Rst_min and the second most sensitive 
parameter LAI.   

4.4 Catchment scale results 

To reduce computation time the 
parameterization results from SCN1 and SCN2 
were selected for further analysis in the 
catchment scale setup. These were selected 
since they both utilize the measured net 
radiation, scaled and unscaled, having a daily 
temporal pattern likely to be more accurate than 
the sum of the three fluxes. In contrast to the 
column setups where net radiation 
measurements were available, the distributed 
setup uses global radiation input. To fulfill the 
same assumptions on energy balance closure as 
used for the column setups the albedo was 
adjusted to obtain energy balance closure over 
the entire one year calibration period. This was 
done based on the three general land use types 
agriculture, forest and meadow/grass point flux 
tower measurements. As a result SCN1 is based 
on measured albedos whereas SCN2 is based on 
estimated albedos that are higher than measured.   

In the sensitivity analysis the saturated hydraulic 
conductivity (K_sat) for the unsaturated zone is 
the most sensitive parameter for both energy 
balance scenarios, whereas the sensitivities of 
the remaining parameters are smaller and also 
subject to larger variation between the two 
scenarios (Figure 4). The forest energy fluxes 
were found to be poorly reproduced by the 
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calibrated forest leaf width values which were 
therefore manually calibrated prior to 
autocalibration.  

The simulated discharge based on the parameter 
values obtained by auto-calibration for the two 
distributed energy balance scenario runs are 
shown in Figure 5 and Table 3.  For both 

simulations there is a tendency of 
underestimation of baseflow and mostly 
pronounced for SCN2. For peak flow the SCN2 
scenario exhibits more dynamic behavior with 
more rapid responses. In summary, the SCN1 
simulation shows better performance statistics 
with root mean square (RMSE), mean absolute 
errors (MAE) and Nash Sutcliffe (NS) values of 3.3 

Figure 4. The results of the sensitivity analyses for the single site and distributed setup. All parameters are listed according to average sensitivity. For the distributed setup only the 20 most sensitive parameters are shown. 
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m3/s, 2.46 m3/s and 0.62 respectively compared 
to SCN2 values of 3.7 m3/s, 2.78 m3/s and 0.48.  

Figure 6 shows simulated LE and H energy fluxes 
on an hourly basis for the period June 1-11 and 
Table 3 summarizes the calibration period 
statistics. The results from the two energy 
scenario runs are compared to their relevant 
fluxes; SCN1 to scaled and SCN2 to unscaled 
fluxes, as was the basis of the energy balance 
closure analysis. There is a tendency for better 
flux statistics for SCN2 compared to SCN1; RMSE 
values for SCN2 and SCN1 are 43.0 W/m2 and 
58.5 W/m2, respectively, while the corresponding 
values for MAE are 28.1 W/m2 and 38.7 W/m2. 
The statistics for NS is more comparable. Overall 
the agriculture and grass surfaces are better 
reproduced compared to forest. Especially forest 

H shows poor results, which is likely caused by 
erroneous observation data [Sonnenborg et al., 
2013]. Night time simulation values showed good 
agreement with the observed values for both 
fluxes and energy scenarios.  

In the autocalibration simulations are compared 
to the same observed discharge data for both 
SCN1 and SCN2 while the energy fluxes and 
albedos were adjusted to obtain energy balance 
closure. This is reflected by the differences in 
water balance for the two scenarios SCN1 and 
SCN2 both on catchment and single grid scale 
(Table 4). With a lower albedo for SCN1 higher 
evapotranspiration and therefore lower recharge 
and discharge are simulated at catchment scale. 
For the agriculture grid cell the slightly higher 
SCN2 evapotranspiration can be ascribed to the 

Figure 5. Observed and simulated daily and accumulated discharge at three gauging stations based on two energy balancescenario setups.  

Table 3. Catchment scale simulation statistics.  RMSE, mean absolute error (MAE) and Nash Sutcliffe (NS) value statistics fordischarge, latent heat flux (LE) and sensible heat flux (H) for the two energy balance scenarios. The quality of the observedforest H flux data is questionable and the resulting statistics is therefore in italic font. The observed data are shown in brackets.  
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higher detention storage and lower K_sat also 
seen by the lower canopy interception 
evaporation. The significant difference in 
drainage is likely a function of higher 
groundwater head elevations in the SCN2 

scenario. For forest and meadow the patterns of 
albedo differences as described above is 
reflected in higher evapotranspiration levels for 
SCN1.  

Figure 6. Example of model simulated LE and H energy fluxes for the distributed case and for the two energy balance scenarios. Un-scaled and scaled observations are also shown. The data represent a summer period June 1-11, 2010 with cloudless conditions from June 1-5 and varying global radiation from June 6-11. Lines of the same color are comparable.  

Table 4. Catchment scale simulation water balanceWater balance components for the total catchment as well as for the gridcells of the three sites for the two energy balance scenarios. The total catchment albedos are area weighted values and theobserved evapotranspiration values are in brackets.  
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4.5 Model spinup 

To obtain reliable simulations of soil moisture for 
the point scale setups a spinup period of 5-10 
months prior to the calibration period (Oct 1 
2009 to Sep 30 2010) was used depending on the 
availability of data. The varying spinup period is 
due to different start date for data collection for 
the three sites which are Apr. 17 2009, Dec. 5. 
2008 and Apr. 29 2009 for the agricultural, forest 
and meadow sites, respectively. The spinup 
period is required to adjust soil moisture in the 
unsaturated zone [Overgaard, 2005; Ridler et al., 
2012]. For the catchment scale setups the 
appropriate spin-up time required to obtain 
proper initial conditions was analyzed. In this 
process groundwater heads were stored after a 
two-year model run using measured 
precipitation and then used continuously until 
reaching groundwater head equilibrium. 
Hereafter the model was started on Oct. 1, 1-6 
years ahead of the calibration period, this time 
using measured precipitation data artificially 
reduced 20 %. The resulting yearly catchment 

mean saturated zone storage change can be seen 
in Figure 7. This reduction is calculated as the 
land use weighted net radiation difference 
between the energy flux sum and the measured 
net radiation for the three sites – 16 W/m2. 
Assuming that the entire error is related to the LE 
flux, it directly affects the water balance 
corresponding to an evapotranspiration of 200 
mm/year or about 20 % of the yearly undercatch 
corrected precipitation. This can therefore be 
seen as an approximate measure of the 
maximum possible change induced on the water 
balance by the lack of energy balance closure. 
From figure 7 it is clear that model runs started 
1-3 years ahead of the calibration period reaches 
the same storage change as simulations starting 
earlier and that a wet year (Oct. 1 2006 to Sep. 
30 2007) has a significant influence on the 
groundwater storage change. 

 

 

Figure 7. Results from the test ongroundwater storage change wherethe precipitation input was reduced by20 %. The model is started 1-6 yearsahead of the calibration periodOctober 1, 2009-October 1, 2010.
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5 Discussion 

5.1 Energy and water balance 

A key, and expected, finding was the significant 
influence of the choice of energy balance 
scenario on the sensitivity of parameters as well 
as the energy and water balance outcomes of the 
two catchment scale setups SCN1 and SCN2. The 
lack of measured energy balance closure is 
therefore a main challenge when calibrating 
distributed hydrological models based against 
energy flux measurements. Energy balance 
closure is required when flux measurements are 
used for auto-calibration and we investigated 
two scenarios where the error was attributed to 
either the measured net radiation (SCN2) or the 
measured energy fluxes (SCN1).  

Either of these two approaches may be 
applicable: Even though the eddy covariance 
method is generally regarded as the best 
practical method for measuring energy fluxes, 
measurement difficulties using eddy covariance 
systems are well documented [Foken et al., 2006; 
Sun et al., 2008; Franssen et al., 2010] and also at 
the study sites [Ringgard et al., 2012]. A 
consistent deficit in measurements of LE fluxes 
have been suggested as an explanation in the 
lack energy balance closure [Sun et al., 2008] 
while Foken et al. [2006] suggest low frequency 
turbulence structures to cause energy flux 
measurement errors. In this study periods of low 
turbulence necessitated a substantial degree of 
data replacement for the open path sensor type, 
particularly for the forest site, and moreover 
closed path tube attenuation is suggested as a 
major source of uncertainty of the eddy 
covariance method [Ringgard, 2012]. Likewise 
measurement errors in H fluxes have been 
described and for this study site Sonnenborg et al. 
[2013] documented that the H fluxes were 

subject to errors at the forest site as also 
indicated by a mean RMSE value for the forest 
site of 93.3 w/m2 compared to 49.7 and 57.4 
w/m2 for the other sites (Table 3). The energy 
flux statistics (Table 3) show better results from 
the SCN2 simulation possibly indicating that 
larger measurement errors are attributed to the 
energy fluxes compared to radiation components. 
An additional source of energy balance 
inconsistency is the diverging footprint of the flux 
measurement reflecting conditions upstream of 
the wind direction of the flux towers whereas the 
radiation sensor measures at a fixed angle on the 
vertical scale. 

Conversely to indications on flux measurement 
biases estimates of ET based on eddy covariance 
and soil moisture balances of the root zone 
compared well but with the highest ET from the 
eddy covariance method over a seven week 
period in May-June 2009 [Schelde et al., 2011]. 
Similarly, the reference net radiation 
measurement from Foulum research station 
matches the sum of LE, H and G fluxes better 
than the measured net radiation at the 
agriculture, forest and meadow sites respectively 
(Figure 3).   

5.2 Sensitivity and calibration 

The distinct differences between parameter 
sensitivities at the agriculture and forest sites 
compared to the meadow site are related to the 
water available for evapotranspiration (Figure 8). 
At the agricultural and forest sites, complete soil 
saturation and surface ponded water are rarely 
or never reached and there is a clear tendency 
for higher evapotranspiration with lower soil 
moisture as this occurs during the summer 
months with a higher level of available solar 
energy. Soil related parameters affecting 
accessible soil water through seepage rate and 
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detention storage are therefore crucial at 
determining the heat flux distribution at these 
sites. For the meadow site, located next to the 
river bank, saturated conditions are often 
reached (47% of the year for SCN1) and soil 
moisture levels are generally high. As a result the 
relation between root zone water and 
evapotranspiration components is less distinct. 
The high water availability at the meadow site 
therefore makes vegetation parameters 
substantially more important compared to soil 
parameters. 

The choice of energy balance closure scenario, 
and therefore the energy available, is seen to be 
highly influential on which parameters are most 
sensitive especially for the agriculture and forest 
sites but also to a lesser extent for the meadow 
site. This is seen by the SCN1/SCN4 and 
SCN2/SCN3 scenario sensitivities respectively 
typically being within the same range. This is 
consistent with SCN1/SCN4 being based on 
measured net radiation (averaged to 54, 67 and 

56 W/m2 in the calibration period for agriculture, 
forest and meadow) and SCN2/SCN3 being based 
on downscaled net radiation (40, 47 and 40 
W/m2 for the same sites). 

In the process of performing sensitivity analyses 
the key parameters were manually varied to 
evaluate numerous combinations of parameter 
space and avoid omitting vital parameters, as 
suggested by Madsen [2007]. The results of the 
sensitivity analysis and autocalibration procedure 
however naturally reflects an interplay between 
a vast number of parameters, a number of 
assumptions such as energy balance terms, 
parameter ratios between soil layers and seasons 
and analysis period conditions. These 
assumptions are required for various reasons 
such as energy balance closure, calibration 
simplicity, data availability and focus of the study 
in question. For example, the coefficient Rst_min 
is assumed constant in the present study 
whereas Ingwersen et al. [2011] shows improved 
simulations using the Noah LSM model for LE and 

Figure 8. Daily values for soil evaporation and transpiration as a function of the average root zone water content at thethree point measuring sites in the calibration period year for SCN2 and the corresponding soil field capacity (pF 2)and saturation levels.  
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H using monthly values of Rst_min. Hou et al. 
[2012] addresses LE and H flux simulation 
outcomes as a function of parameter uncertainty 
in a study on the Community Land Model (CLM4) 
and shows substantial (over 100 W/m2) ranges in 
the simulations of both fluxes in the summer 
months. The poor agreement between H flux 
simulations and observations is likely due to 
observation errors. Separate auto-calibration 
runs were performed assessing forest heat fluxes 
based on forest parameterization alone with 
limited improvement and this is also fully in line 
with Sonnenborg et al. [2013] assessing the 
forest energy balance based on the same data.  

5.3 Land use 

Standard temporal crop characteristics were 
used here which do not account for the actual 
crop rotation and management at a given site. 
This could give rise to discrepancies between the 
vegetation parameterization at the agricultural 
site particular around the time of harvest and at 
the grass site due to irregular and undocumented 
cattle grazing. Possibly more significant is the 
effect of the distribution of crops derived from 
available county average data, which may not 
reflect the actual distribution. This is the case 
both in terms of the overall distribution, type and 
location, of crops within the catchment. But it 
also affects the evaluation of the agricultural 
point observation energy flux data as the flux 
footprint may differ from the simulated crop as 
also seen in Göckede et al. [2008]. 

The distributed MIKE SHE parameterization was 
performed by transferring the calibrated 
parameters from the point scale setups, 
representing agriculture, meadow and forest, to 
the relevant surfaces to be used in the sensitivity 
and autocalibration analyses. For agriculture, this 
procedure includes the tradeoff between using 

the calibrated parameter values reflecting site 
specific conditions at the measurement site and 
using crop and soil specific parameters used in 
Daisy. However, the former was used since 
parameters were calibrated under conditions of 
energy balance closure but also because of the 
statistical spatial distribution of the Daisy 
modeled crop characteristics. 

6 – Conclusions 

This study presents the combined MIKE SHE 
hydrology model and SW ET land-surface model 
calibration and performance in relation to both 
the water and energy balances. With the 
measured energy balance components not 
providing closure certain scenarios reflecting 
alternative assumptions on the source of the 
energy balance error are made to accommodate 
this and evaluate the simulations. 

For the 1D point scale MIKE SHE setups for each 
of the three measurement sites the available soil 
water significantly influences the parameter 
sensitivities: The objective functions show 
sensitivity to a large range of both soil and 
vegetation parameters for the agriculture and 
forest sites, whereas only a few vegetation 
parameters are sensitive for the meadow site 
with a high all-year groundwater table. Further, 
for the former two sites the choice of energy 
balance scenario basically determines which 
parameters are the most sensitive. The 1D point 
scale MIKE SHE setup calibration results provide 
good insight to data quality and parameter 
sensitivity and serve as a useful initial 
parameterization of the catchment scale 
simulations. 

Similarly, the catchment model simulations show 
that the distribution of sensitivity between 
parameters is largely determined by the choice 
of energy balance scenario: however with 
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saturated hydraulic conductivity as the most 
sensitive for both energy balance scenarios. The 
sum of measured latent, sensible and soil heat 
fluxes constitute 71-76 % of the net radiation at 
the three sites. No clear conclusion can be 
derived on the source of this error as several 
components, including temporal variations in 
their magnitude, are likely to contribute. 
However, the RMSE, MAE and NS performance 
statistic reveal a tendency for better simulations 
of latent heat flux compared to sensible heat flux. 
Between the two catchment scale energy 
balance scenarios, each assigning confidence to 
either the measured net radiation (SCN1) or 
energy fluxes (SCN2), the latter is by and large 

superior. Based on period means SCN2 is also 
superior to SCN1 for discharge whereas SCN1 
shows better performance at two out of three 
discharge stations. 
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Abstract 

Motivated by the need to improve our 
understanding of the impacts of feedback 
between the atmosphere and terrestrial water 
cycle and to improve the integration of water 
resource management modelling at the 
catchment scale for climate adaption we have 
developed a dynamically coupled climate-

hydrological modelling system. The OpenMI 
modelling interface is used to couple a 
comprehensive hydrological modelling system, 
MIKE SHE running on personal computers, and a 
regional climate modelling system, HIRHAM 
running on a high performance computing 
platform. The coupled model enables two-way 
interaction between the atmosphere and the 
groundwater via the river and land surface and 
can represent the lateral movement of water in 
both the surface and subsurface (groundwater) 
not normally accounted for in regional climate 
models. On the one hand meso-scale processes 
are important for climate in general and rainfall 
in particular. On the other hand impacts are 
assessed at the catchment scale, the most 
important scale for water management. 
Feedback between groundwater, the land 
surface and the atmosphere occurs across a 
range of scales. Recognising this scale mismatch, 
the coupling was developed to allow dynamic 
exchange of water and energy at the catchment 
scale embedded within a larger regional 
modelling domain. We present the coupling 
methodology used and describe the challenges in 
representing the exchanges between models and 
across scales. The coupled model is applied to 
one-way and two-way coupled simulations for a 
managed groundwater-dominated catchment, 
the Skjern River, Denmark. These coupled model 
simulations are verified against field observations, 
compared with uncoupled simulations and the 
uncertainties in these results discussed. 
Exploratory simulations show important 
differences in the summer precipitation and 
evaporation between the coupled model and the 
RCM but the resulting differences in the net 
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precipitation and the catchment runoff response 
in this groundwater dominated catchment were 
small. The need for further decadal scale 
simulations to understand these differences is 
highlighted.  

1. Introduction 

The understanding of interactions between the 
atmosphere, the land surface and the subsurface 
hydrology plays a key role in ensuring sustainable 
development of water resources and terrestrial 
ecosystems. These interactions are not only 
crucial for assessing renewable resources under 
current conditions but also for understanding the 
potential impacts of climate change on surface 
water and groundwater dependent ecosystems 
and surface water and groundwater resources 
[1,2]. At the same time important non-climatic 
drivers such as population growth, socio-
economic development, food production and 
consumption, etc. will continue to increase the 
pressure on freshwater resources [3] and the 
demand for water infrastructure development. 
The evaluation of climate adaptation measures 
to the impact of these different drivers requires 
the ability to reliably simulate the impact of 
different anthropogenic effects such as changes 
in land use, interventions such as reservoirs for 
flood control and irrigation, conjunctive use of 
surface water and groundwater under 
projections of future climatic conditions and 
variability [4].  

Both climate and hydrology models are limited to 
a particular range of scales and corresponding 
processes. There is a natural cascade of resolving 
scales from global circulation models (GCM) to 
regional climate models (RCM) to catchment 
scale hydrological models. For distributed 
hydrological modelling at the catchment scale, 
variations of soil moisture may arise from a 

number of factors; precipitation, soil texture, 
agricultural drainage, irrigation, flooding and 
shallow groundwater table, that occur at scales 
that are much smaller than the smallest climate 
model grid cells [5]. 

Current climate models have only a limited 
capability to represent all the parts of the 
terrestrial water cycle. In particular, groundwater 
dynamics and capillary rise from shallow 
groundwater will affect both evapotranspiration 
and infiltration and therefore the impact of 
climate on groundwater and vice versa. However 
the interaction between climate and 
groundwater are often neglected in climate 
models and climate assessment [6] and few 
studies have investigated how groundwater 
systems will respond to climate change coupled 
with human activities [7,8]. Similarly lateral 
movement of water in the both the surface and 
subsurface are often not represented in climate 
models.  

Conversely hydrological models include only a 
limited representation of atmospheric processes, 
and climate change assessments for water 
resources often isolate the terrestrial water cycle 
from the climate. Therefore the successful 
projection of the effects of future changes in 
climate on sustainable water resources and 
water management require the development of 
appropriate modelling tools representing the 
interactions between the climate processes, the 
terrestrial water cycle and human-induced 
processes across a range of scales. The main 
objective of this study is the development and 
evaluation of a practical coupled climate 
hydrological modelling system to explore 
improvements in model descriptions and the 
interactions at the appropriate physical scales 
between climate and hydrology and water 
resources management. The attraction of a 
coupled modelling approach is that we take 
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advantage of the considerable effort already 
invested in development of comprehensive 
simulation models from both the hydrological 
and climate community.  

As suggested from the above discussion, the 
main reasons for considering coupled climate-
hydrology models are: 1) to achieve a better 
representation of the feedback mechanisms 
between land surface and the atmosphere 2) to 
improve physical and scale consistency in the 
fluxes and processes occurring across the two 
domains and 3) to obtain an improved 
description of the physical processes and human 
activities in both domains. A brief review of 
current status in each of these areas is given 
below. 

Perhaps the most important scientific motivation 
for considering coupled climate–hydrology 
models is to quantify the dynamic feedback 
mechanisms between the atmosphere, land 
surface and subsurface. In many studies of the 
impact of climate change on water resources, the 
output of climate models are used to drive the 
hydrological models either directly [9,10] or 
indirectly [11,12]. Indirect approaches use bias-
correction or downscaling methods to combine 
climate observations and climate model variables 
to derive projected climate time series which are 
then used to drive the hydrological model 
[13,14]. This one-way coupling approach isolates 
the hydrological cycle from the atmosphere and 
neglects feedback mechanisms due primarily to 
the exchange of water and energy fluxes 
between the land surface and atmosphere. At 
the local scale this may, for example, lead to 
erroneous estimates of effects of land use 
change on the evapotranspiration fluxes if 
feedback is not accounted for [15,16]. For large 
areas, this may lead to incorrect estimates of 
water fluxes and hence incorrect cloud and 

precipitation distributions in the climate model 
[17,18].  

A side effect of using the conventional one-way 
coupling is that the descriptions of the 
hydrological processes are physically inconsistent 
[16]. Most prominently, the representations of 
the hydrological processes in climate models - 
referred to as Land Surface Models (LSMs) – and 
their level of detail are often quite different from 
hydrological models. For example there are often 
different representations of the soil moisture 
processes in climate and hydrological models 
using different topography, soil properties and 
vegetation which implies different and therefore 
inconsistent soil wetness and water balances in 
the two models.  

Inconsistency also arises from the large 
differences in the resolution of climate and 
hydrological models. GCMs typically operate on 
large grid scales with horizontal resolutions of 
the order of 100-200 km. Although higher 
resolution GCM’s are increasingly found, the 
most common way to achieve higher resolutions 
is through the use of dynamical downscaling 
procedures using RCMs. Current RCMs are being 
applied at horizontal resolutions of about 5-50 
km which enable better representation of 
orographic effects, coastlines and physical and 
dynamical processes at these scales [19]. The 
minimum grid cell size in a climate model is 
limited by assumptions in the model formulation 
(e.g. hydrostatic versus non-hydrostatic models) 
and in the sub-grid parameterisation of clouds, 
radiation and convective processes. For example 
one of the known limitations of current global 
and regional climate models is the convective 
parameterisation schemes used [20] which were 
originally developed for coarse resolution (>50 
km) and tropical convection. More recently 
higher resolution models that can explicitly 
represent convection on the model grid have 
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been developed [21,22] primarily for numerical 
weather prediction, however these are 
computationally demanding for longer climate 
time scales. Therefore, the horizontal resolution 
>10 km of current RCM’s is still quite large 
compared to hydrological modelling scales. 
Higher resolution is desirable to describe 
infiltration of river water or lateral hydrological 
flows in river valleys and as described above 
variations of soil moisture may arise 
precipitation, soil texture, agricultural drainage, 
irrigation, flooding and shallow groundwater 
table, that occur at much smaller scales.  

Despite the strong connection between water 
and climate, the process descriptions used in the 
climate and hydrological modelling are very 
different in complexity. Conventionally, 
hydrological models are simply driven by 
measured climate variables so the land phase of 
the hydrological cycle is isolated from the 
atmosphere and only simplified descriptions of 
the atmospheric processes are used. In many of 
the current generation of climate models, the 
interactions between ground water and the root 
zone and surface water as well as the lateral 
flows in the surface drainage network and in 
groundwater are neglected. Similarly, the ability 
to represent human interventions such as the 
introduction of irrigation systems, new reservoirs 
or new operation strategies for these reservoirs, 
modification of the flow and flood regimes by 
river control structures, the conjunctive use of 
surface water and groundwater and so on are 
not included in the hydrological components of 
most climate models. 

To address many of these current limitations, 
particularly where impact assessments of land-
use and/or climate change rely on one-way 
coupled applications of regional climate models 
to distributed hydrological models, recent 
research has focussed on developing dynamic 

two-way coupling of climate and hydrological 
models. Climate scientists also continue to 
advance the representation of hydrological 
processes in the land surface model of existing 
climate models [23,24]. Other authors have 
developed integrated hydro-meteorological 
modules [25,26]. Recent research efforts have 
focussed on coupling of distinct models (e.g. 
MIKE SHE-ARPS [15,16]; PARFLOW-ARPS [17]; 
HMS-WRF [27]; PARFLOW-WRF [28]; SWAT –
CAM [29]).  

In this study we develop and present a fully 
dynamic coupling between two existing 
modelling systems; a comprehensive distributed 
hydrological modelling system, MIKE SHE, and a 
regional climate modelling system, HIRHAM for 
practical application in Denmark. First we 
describe the coupling methodology and some of 
the challenges associated with coupling 
hydrological and climate models across different 
spatial scale, temporal scales and models for 
hydrological processes on the sub-grid scales of 
the regional climate model. To verify the coupled 
model and to assess its practicality for climate 
simulations we compare the results of coupled 
simulations with field observations and discuss 
the uncertainties. Coupled simulations using one-
way (without feedback) and two-way coupling 
are compared to uncoupled simulations to assess 
the potential impact on climate assessments and 
discussed for future research.  

2. Methodology 

2.1 Regional climate modelling system 

HIRHAM is a regional atmospheric climate 
modelling system [30] used at the Danish 
Meteorological Institute (DMI). This RCM was 
originally developed in collaboration between 
DMI, Royal Netherlands Meteorological Institute 
(KNMI) and Max-Planck Institute of Meteorology 
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(MPI). HIRHAM combines atmospheric dynamics 
from the HIRLAM HIgh Resolution Limited Area 
Model [31] and the physical parameterization 
schemes of the ECHAM [32] atmospheric general 
circulation model including its LSM. HIRHAM is a 
hydrostatic model with a semi-implicit time-
differencing and a semi-Lagrangian advection 
scheme. The prognostic variables are the 
horizontal wind components, temperature, 
specific humidity, cloud water, turbulent kinetic 
energy in currently 31 vertical layers, as well as 
surface pressure. The simplified LSM used in 
HIRHAM consists of five layers for calculating soil 
temperature, and the water budget is described 
by a "bucket" type model where 
evapotranspiration is simulated by a simple 
atmospheric heat conductance algorithm. The 
sensible heat flux is derived from the above 
prognostic variables and the radiative surface 
temperature is set to close the energy balance.  

The current HIRHAM model code [33], also 
referred to as HIRHAM5, is based on the HIRLAM 
(7.0) and ECHAM (5.2.02) codes with a number of 
extensions for, e.g. integration into the high 
performance computing environment at DMI. 
Both previous and current versions of HIRHAM 
have been widely used in regional climate 
modelling studies including the recent EU project 
ENSEMBLES [34] and its performance has been 
evaluated for a wide range of climatic conditions 
at grid scales of approx. 5-50 km, e.g. Europe 
[35,34,36], Arctic [37], Africa [38] and Southeast 
Asia [39]. Analysing HIRHAMs performance in 
ENSEMBLES, the RCM has been found to provide 
estimates of monthly mean temperatures and 
precipitation close to the ensemble mean for 
most regions of Europe with a distinct positive 
precipitation bias in the Scandinavian region [40]. 
The latter was confirmed in a recent study, 
investigating the biases of temperature, 
precipitation and evapotranspiration in a subset 

of 11 regional climate model projections for 
Denmark from ENSEMBLES, including three 
HIRHAM ensemble members [14]. 

 

2.2 Distributed hydrological modelling system 

MIKE SHE is a process-based hydrological 
modelling system for representing flow, solute 
transport, water quality and other processes 
related to the land phase of the hydrological 
cycle at the catchment scale [41]. MIKE SHE 
emerged from the development of the Système 
Hydrologique Européen (SHE) model described in 
Abbott et al. [42,43]. SHE implemented the 
hydrological modelling paradigm proposed by 
Freeze and Harlan [44] where the different flow 
processes are described by the governing partial 
differential equations. These are then solved by 
finite difference numerical approximations in 
space and time [45]. MIKE SHE was selected for 
this project because it has been applied in 
numerous hydrological studies over a wide range 
of climates and hydrological regimes [46] has 
powerful capabilities for representing surface 
water/groundwater interactions [47] and is the 
modelling tool for the Danish national water 
resources model [48]. Furthermore MIKE SHE is 
well-suited for assessing the impact of water 
resources management interventions and other 
human influences in the river system and 
catchment. 

Within MIKE SHE each process of the 
hydrological cycle is allocated to a single 
component and the simultaneous operation of all 
the components is orchestrated by the central 
FRAME component. The major flow processes 
include evapotranspiration, overland flow, 
unsaturated flow, groundwater flow, and 
channel flows as well as the 
interactions/feedback between these processes. 
This process-based structure allows different 
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representations of each process to be applied to 
a particular catchment. This mean the modeller 
can choose between advanced or simplified 
process descriptions depending on the required 
level of spatial distribution and complexity, the 
goals of the modelling study and the availability 
of field data [45]. For example, more complex 
physics-based flow descriptions can be applied to 
the most important processes while simpler, 
faster and less data demanding methods are 
used for the less important processes or where 
rapid simulations are required, for example in 
flood forecasting [49]. The introduction and 
application of the energy based SVAT used in this 
study is an example of including a more complex 
physics-based process description.  

 

2.3 Soil Vegetation Atmosphere Transfer 
component 

The purpose of a Soil Vegetation Atmosphere 
Transfer (SVAT) model is to provide a coupling 
between the near surface atmosphere and eco-
hydrological processes that occur in a zone 
extending from a few meters below the ground 
surface through the vegetation into the lower 
atmospheric boundary layer. The results 
presented here build on the development and 
application of an energy-based SVAT model 
[15,16] within the MIKE SHE modelling system. 
This component is based on the two-layer soil–
canopy system of Shuttleworth and Wallace [50] 
with some modifications to treat ponded water 
on the soil surface and water intercepted by 
vegetation [15]. This energy-based Shuttleworth-
Wallace type evapotranspiration (SWET) model 
was implemented in MIKE SHE to provide a more 
physics-based representation of 
evapotranspiration but also to achieve a 
consistent coupling with atmospheric models 
[5,15].  

This SWET model consists of a dual-source 
system (soil-canopy) linked by a network of 
resistances [50] and treats soil and vegetation 
separately while allowing interaction between 
them. It solves four independent energy 
conservation equations for latent heat, sensible 
heat, and conservation of energy at the soil 
surface and in the canopy. The movement of 
water is solved within MIKE SHE over a finite 
difference grid. Within each grid square, MIKE 
SHE solves the equations of evapotranspiration 
(SWET), overland flow, channel flow, infiltration, 
snowmelt, and flow in the saturated and 
unsaturated zone. The groundwater flow is 
simulated using a three-dimensional solution 
groundwater flow equations, overland flow 
simulated in two dimensions across the land 
surface and the soil-vegetation processes linking 
the surface to the groundwater are simulated as 
a one-dimensional vertical finite difference grid. 
The flow in each soil column is solved using the 
Richards equation for unsaturated flow and then 
the soil heat flux is solved over the same grid. By 
embedding this SWET model in the MIKE SHE 
modelling system it can be directly applied to 
distributed hydrological modelling. More details 
concerning the numerical formulations used in 
the SWET model can be found in Overgaard [15].  

The SWET model has been systematically 
evaluated at the plot scale, the landscape scale 
and at the scale of a climate model grid cell 
[15,16]. The plot scale evaluations were carried 
out for an agricultural site in Denmark comparing 
the simulated evaporative fluxes for different 
vegetation types with eddy-correlation 
measurements. The results showed that the 
model was able to successfully capture the 
magnitude and sub-daily dynamics of the 
measured fluxes. For the same site detailed 
evaluation of the spatial distribution of the latent 
heat flux was obtained by including remote 
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sensing based maps of radiometric surface 
temperature in the evaluation procedure. 
Overall, the model was found to reproduce the 
spatial pattern of surface temperature well, 
although the model produced significantly less 
variation than observed in the surface 
temperature. The smaller variation was mainly 
attributed to the variability in soil, climate and 
land-surface properties not resolved by the 
model. More recently Ridler et al. [51] present an 
investigation of combining remote sensing 
estimates of surface temperature and soil 
moisture versus in situ (point) measurements for 
the calibration of this SWET model for a semi-
arid site in Mali. Their simulations indicate that 
the model is capable of simulating the surface 
temperatures, energy fluxes and their dynamics 
under these semi-arid conditions. They found 
that the best estimates of flux are however 
obtained using in situ measurements of surface 
temperature and soil moisture as opposed to the 
satellite data.  

Overgaard [15] evaluated the SWET model at the 
scale of a climate model cell using observations 
from the 15 km x 15 km First International 
Satellite Land Surface Climatology Project 
(ISLSCP) Field Experiment (FIFE) [52]. Using site 
averaged fluxes and meteorological data from 
four intensive field campaigns the model was 
successfully evaluated against all components of 
the land-surface energy balance [15,16]. 
Subsequently Overgaard [15] developed a 
coupled MIKE SHE-ARPS model and investigated 
the sensitivity of evapotranspiration to changes 
in land-surface parameters for a single coupled 
climate-hydrology model cell. He found that the 
sensitivity of evaporation to changes in land use 
were significantly different in coupled and 
uncoupled models and concluded that failure to 
take account of land surface-atmosphere 
feedbacks may lead to significant errors in the 

predicted fluxes under land use change. The 
current study represents the extension of this 
previous work to fully distributed dynamically 
coupled modelling.  

 

2.4 Coupling approach  

The different implementation strategies for 
linking climate and hydrological models fall 
broadly into two categories referred to here as: 
integrated model systems and coupled model 
systems. Integrated modelling is essentially the 
direct coupling between two specific model 
process codes, designed specifically for these 
codes within the same overall model code. 
Coupled models refer here to coupling of two 
independent model systems. The advantages of 
integrated modelling are 1) it guarantees 
consistent coupling between the hydrological 
and atmospheric processes 2) it is potentially 
more cost efficient at least in terms of 
computation time. Both MIKE SHE and HIRHAM 
are integrated model systems with dynamic 
coupling being performed internally between 
different process modules. The integrated 
modelling approaches within the meteorological 
and weather prediction community for linking 
hydrology to climate range from the introduction 
of simple parameterisations of the hydrological 
processes such as the simple “bucket” soil model 
used in HIRHAM, the introduction of a hydro-
meteorological interface [26] or the introduction 
of more and more advanced hydrological process 
description in the land surface component of 
atmospheric models [23]. Some of these 
developments have also started from a 
hydrological modelling perspective [25,53]. The 
main disadvantages of this approach are that 
significant investment may be required to 
develop new process descriptions from other 
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disciplines and as a result these are often closed 
frameworks restricted to specific domains.  

 
The alternative of using coupled model systems 
has the advantage that existing codes from 
different scientific domains can be used. 
Coupling can be carried out 1) at a code level 
resulting in a model specific development or 2) at 
interface level by utilizing or developing 
standardized data exchange formats and 
protocols. Within the climate and earth systems 
modelling community, software components that 
link together models and mediate process 
interactions are known as couplers. Examples of 
such couplers being actively used in the climate 
community include the Model Coupling Toolkit 
(MCT) [54,55], ESMF [56] and OASIS [57,58]. 
Essentially, the OASIS couplers allow 
synchronized exchanges of input and output 
fields by means of file exchanges between 
independent physical model components using 
their own native grids. Thus OASIS allows the 
controlled exchange of coupling fields between 
the component models, which remain 
independent executables, and performs the 
transformations and interpolations needed to 
express, on the grid of the target model, the 
coupling fields produced by the source model. 
OASIS is open source and written in a 
combination of C and FORTRAN. Newer versions 
of OASIS provide support for parallel computing 
using the MPI protocol. Similarly MCT allows the 
transmission and transformation of various 
distributed data between components that 
enables the construction of parallel coupled 
models from individual models. MCT also uses 
the MPI communication protocol and is open 
source software written in Fortran 90. These 
couplers primarily target the global climate 
modelling community. The coupling of MIKE SHE 
and HIRHAM is based on the Open Modelling 

Interface (OpenMI) developed within the water 
modelling community in response to the need for 
integrated modelling identified in the Water 
Framework Directive. The standard is however 
more general, enabling linkages between 
different kinds of models developed in different 
scientific disciplines. The OpenMI Standard 
(www.openmi.org) defines an interface that 
allows time-dependent models that are running 
simultaneously to communicate at each time 
step across differences in time step, spatial 
resolution, and discretization [59,60].  

The OpenMI standard interface has three 
functions. Firstly it allows a linkable component 
to be queried about its own capabilities, i.e. 
which items (variables, parameters) in a given 
model can be exchanged and the locations where 
these items are simulated. Compliant models 
implement standardized interfaces (i.e. OpenMI 
Linkable Components) serving as wrappers to the 
underlying model codes and which allow access 
to internal state variables and parameters 
through these interfaces in a predefined way and 
using predefined format. Secondly it allows for 
components to create specific links between 
each other, thereby defining for a specific 
configuration of coupled models which items are 
actually exchanged between models for that 
particular configuration. Thirdly it enables the 
individual models to consume and provide data 
to other models while running. The standard is 
based on direct memory-based data exchange 
between the models on a time step by time step 
basis. This is, from a computational point of view, 
highly advantageous, although this is at the 
expense of high memory requirements, when 
compared to, for example, the use of files for 
data exchange. 

To achieve a dynamic coupling between MIKE 
SHE and HIRHAM, both models were made 
OpenMI compliant. The OpenMI architecture is 
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based on a ‘request & reply’ mechanism which 
requires that the compliant model must be 
initialised before execution and must be able to 
execute a single time step on request, i.e. a 
compliant model allows run-time and time step 
control to an outside entity. While MIKE SHE has 
been made fully compliant according to the 
OpenMI standard, a number of extensions and 
modifications had to be implemented into the 
HIRHAM code to simulate OpenMI compliancy 
for the purposes of the present study. In this 
study the data exchange is restricted to a limited 
number of variables necessary to describe the 
exchange of water and energy between the two 
models. Specifically, the latent heat flux 
(evapotranspiration) and surface temperature 
are simulated by the MIKE SHE SWET on request 
by HIRHAM, where they replace values 
calculated in its LSM, see Fig. 1. HIRHAM 
calculates the radiation and sensible heat 
components of the energy balance. Conversely, 
the simulated air temperature, precipitation, 
wind speed, relative humidity global radiation 

and air pressure simulated by HIRHAM, within 
the shared domain, are passed to MIKE SHE 
SWET.  

 

2.5 Spatial mapping 

The numerical grids used by hydrological models 
and climate models are often quite different 
both in terms of scale and map projections used. 
RCMs generally operate on a grid scales of 5-50 
km, whereas detailed hydrological models often 
tend to operate at scales less than 1 km. In one-
way coupled climate-hydrological modelling 
statistical downscaling methods [61] are 
commonly used to bridge this gap in grid scales 
between hydrological models and climate 
models. Many of these methods play a dual role 
by both downscaling the climate model and 
correcting systematic biases in the climate model 
projections.  

In terms of dynamical two-way coupling of 
independent physical models several groups 
have applied a one-to-one match of grids in 

Fig. 1. A schematic of the HIRHAM-MIKE SHE coupling approach. Both model codes have been extended with OpenMILinkable Components, exposing selected variables to each other within OpenMI. The MIKE SHE code runs on a PC (MSWindows) together with OpenMI. The HIRHAM code runs on a massively parallelized Cray XT5 high performancecomputer system (HPC). 
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hypothetical cases [62]. For practical simulations, 
this effectively means running the climate model 
(or at least the LSM) at very high resolutions in 
the order of 1-2 km over the whole domain or 
using (multiple) nesting of the model within 
itself, to match the grids cell by cell. For meso-
scale simulations this may be extremely 
computationally demanding and/or require new 
climate model formulations. Furthermore in 
coastal regions such as Denmark, the 
hydrological model must be replaced by ocean-
atmosphere models over ocean.  

To address these challenges we have chosen to 
allow the MIKE SHE is model domain to be 
nested, in a configurable way inside the climate 
model, Fig. 2. Outside the overlapping model 
domains the inherent HIRHAM ocean-
atmosphere or land surface scheme are used, 
while inside values of the exchange variables are 
aggregated and disaggregated by a relatively 
simple interpolation (spatially weighted means) 
between the two numerical grids. At the 
boundaries of the MIKE SHE domain values from 
both models are blended to form a relaxation 
zone. MIKE SHE operates on a uniform UTM grid 
across the land surface and in layers in the 
subsurface. HIRHAM on the other hand operates 
on a latitude/longitude grid with a rotated pole, 
where the position of the pole is chosen so that 
the actual grid used in numerical calculations is 
approximately regular and similar to a UTM grid. 
Assuming regularity we therefore adopt a simple 
mapping strategy illustrated in Fig. 2 where the 
part of the HIRHAM numerical grid dynamically 
exchanging fluxes and variables with MIKE SHE is 
superimposed onto a uniform UTM grid based on 
the actual coordinates of the lower left corner 
and upper right corner of the sub grid and the 
approximate cell distance. Naturally, this implies 
that the coupled domain will always be 
rectangular.  

This approach is computationally attractive, 
which is important since high resolution RCM 
simulations over large domains are in general 
quite expensive to run. But larger domains are 
necessary to capture regional (meso-scale) 
processes. Secondly, running RCM simulations at 
grid scales of a few kilometres (i.e. at the scale of 
weather forecast models) often pushes the limits 
of validity of the underlying physical 
parameterizations. Finally by nesting MIKE SHE 
dynamically inside a larger RCM domain provides 
us with a tool to evaluate the feedback to the 
atmospheric also downwind of the catchment. 
On the negative side, using cell by cell matching 
of the grids may provide a higher level of 
consistency at the local level, which may be 
advantageous, for example in direct comparison 
with observations. It should be noted that the 
HIRHAM-MIKE SHE coupling developed can also 
very close approximate cell-by-cell matching by 
increasing the overlapping model domain to the 
full RCM domain and matching the resolution of 
the models.  

 

2.6 Time stepping 

The time steps used in climate and hydrological 
models may also be quite different. The stable 
simulation of the atmospheric dynamics often 
require time steps of the order of a few minutes 
whereas a number of hydrological models 
operate at daily time steps. Within MIKE SHE 
each process operates at its own appropriate and 
often dynamic time steps. Groundwater, for 
example, reacts more slowly with time steps of 
hours or days whereas solutions of the governing 
equations for river hydraulics or unsaturated 
flows may require time steps in the order of tens 
of minutes. Experience has shown that the 
solution of the energy balance equations in the 
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SWET model may require time steps in the order 
of minutes. 

HIRHAM employs a somewhat different internal 
time stepping scheme. Within HIRHAM the 
internal time step (dt) is constant with some 
model components being updated either at ever 
time step or at fixed intervals; constrained to 
integer multiples of dt. The length of the time 
step suitable for climate simulations (e.g. to 
ensure numerical stability) is linked to the model 
resolution in a non-trivial manner. With the semi-
Lagrangian formulation used in HIRHAM a coarse 
estimate of the time step can be made by 
comparing the maximal wind speed to the grid 
size and ensuring parcels of the atmosphere do 
not originate more than two grid cells from the 
target within a time step. For example, a 5 km 
grid cell is constrained by 250 km/h (free 
atmosphere) wind, leading to a time step of two 

minutes which has also proven to work in 
practice.  

In OpenMI one of the coupled models, here 
HIRHAM, is chosen as a trigger and in order to 
proceed, HIRHAM requests the exchange data 
from MIKE SHE. MIKE SHE steps forward in time 
until it reaches the end of the following HIRHAM 
time step. This may take more than one time 
step, depending on the synchronisation of the 
two models and the time step size as indicated in 
Fig. 3. but may also consist of a single MIKE SHE 
time step, as this is dynamic. MIKE SHE requests 
exchange data from HIRHAM from the last 
HIRHAM exchange time step to perform this 
calculation which is equivalent to an explicit 
numerical coupling. For computational reasons, 
however we have added the additional option of 
aggregating values internally within HIRHAM 
over several time steps (N * dt) as opposed to 

Fig. 2. The location of the Skjern Å catchment study area in western Denmark showing the catchment boundary and the(shaded) portion of the HIRHAM RCM where dynamic coupling with MIKE SHE model occurs. The inset (top left) shows the full HIRHAM model domain used in this study. The inset (bottom left) shows the drainage network and the location ofthe discharge gauging stations and the flux measurement sites.
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exposing values at every time step (dt). This was 
done primarily to reduce the frequency of the 
data exchange and hence overhead introduced 
by the exchange but also recognizes the fact that 
the RCM is not expected to capture the 
precipitation dynamics realistically at a resolution 
of a few minutes.  

 

2.7 Computational Platforms 

Coupling the HIRHAM and MIKE SHE modelling 
systems across different platforms and run-time 
environments poses a major technical challenge. 
Current software versions of the MIKE SHE 
modelling system are native to a Microsoft 
Windows platform and run efficiently on a 
powerful PC. The HIRHAM RCM, on the other 
hand, has been developed for a dedicated 

Linux/UNIX platform and the present code is 
optimized exclusively for the DMI Cray XT5 high 
performance computer (DMI HPC). Scheduled 
jobs are submitted and queued until the 
requested number of computer nodes is 
available prior to execution or a fixed upper limit 
for system resources is exceeded.  

Originally, we envisioned porting HIRHAM to a 
stand-alone Linux PC (or possibly a cluster of PCs), 
which could be linked directly to the Windows 
platform running MIKE SHE. In the initial phases 
of testing however, the computational burden 
posed by HIRHAM proved to be beyond the 
capabilities of a stand-alone Linux PC. Opting to 
use the DMI HPC supercomputer instead, we 
subsequently tried to implement the scheme in 
HIRHAM's native run-time environment. 
Unfortunately it proved impossible to implement 

Fig. 3. Schematic of the OpenMI time stepping procedure for the coupled model where Hi is the HIRHAM model statefor the climate model time step ti  and Mi is the MIKE SHE model state for the hydrological model time step tj. ti+1 = ti+ N*dt where dt is the HIRHAM internal time step and N is a configurable integer. (a) HIRHAM as the trigger requeststhe MIKE SHE exchange variables for the next time step ti+1 (b) MIKE SHE requests the HIRHAM exchange variables in order to perform the next time step. As HIRHAM has not simulated the next time step ti+1 the exchange variables arederived from ti (c) HIRHAM provides the requested variables and MIKE SHE performs the next time step. An additional MIKE SHE time step is required in this case (d) HIRHAM provides the requested variables derived at ti (e) the HIRHAMtime step ti+1 is exceeded. The MIKE SHE exchange variables for time step tj+1 of HIRHAM are determined byinterpolation and passed back to HIRHAM (f) the procedure is repeated for the next HIRHAM time step.  
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the optimal memory-based data exchange due to 
security procedures disallowing direct external 
process communication with computer nodes, 
which at run-time restricts HIRHAM to reading 
and writing of files. Likewise, the file system 
directly associated with the DMI HPC 
environment is shielded from the general file 
system. As a result we ultimately developed the 
coupling scheme illustrated schematically in Fig. 
1.  

As shown in Fig. 1 the MIKE SHE and OpenMI 
software reside on a Microsoft Windows PC. The 
input and output exchange items from the two 
models, spatial mapping and time stepping are 
defined and linked through the models’ OpenMI 
Linkable Components (written in C# and using 
the .NET environment) as defined by the OpenMI 
standard. The spatial mapping and time 
synchronization is handled by OpenMI library 
procedures. The HIRHAM Linkable Component 
reads and writes data and semaphore files, 
signalling the status of the coupled model system, 
to a shared run-time directory on the DMI 
network, which is accessible both from the 
Windows and the Linux/UNIX networks using 
SAMBA software (www.samba.org). The arrival 
of new output exchange items from the climate 
model is continuously monitored from within 
OpenMI via updates to the HIRHAM ‘internal 
clock semaphore’ indicated in Fig. 1. 

On the Linux/UNIX side a dedicated script (‘HPC 
comm.’) synchronously moves the exchange 
items from the general file system into the 
restricted run-time environment of the DMI HPC 
and vice versa. This creates a computational 
overhead, which is specific to the current HPC 
environment at DMI. HIRHAM finally waits for, 
(reads) consumes and (writes) produces data 
exchange items as signalled by their availability in 
its native environment. Testing has shown the 
current implementation to be quite robust and is 

working well even in a ‘batch job’ run-time 
environment. The main source of computational 
overhead stems from the file exchanges – see 3. 
Results. 

 

2.8 Study catchment and model setup 

The study area is the 2500 km2 Skjern Å 
catchment located on the western coast of the 
Jutland peninsula of Denmark, Fig. 2. The Skjern 
River emerges in east from the Jutland Ridge and 
flows into a brackish fjord adjacent to the North 
Sea. The catchment is flat with land surface 
elevations of 125 m above sea level in the 
eastern part to sea level at the coast. The area 
experiences a typically maritime climate, with 
prevailing westerly winds, resulting in mild 
winters, relatively cool summers and highly 
variable weather conditions. The mean annual 
temperature, precipitation, reference 
evapotranspiration and river discharges are 
around 8.2 °C, 1000 mm, 570 mm and 470 mm, 
respectively [63].  

The catchment is predominantly rural with the 
following land use distribution: grain and corn 
(55%), grass (30%), forest (7%), heath (5%), urban 
(2%) and other (1%). The surface geology is 
dominated by Quaternary glacial material 
comprising outwash sandy plains and isolated hill 
islands of Saalian sandy till between the plains. 
As a result of the predominantly sandy soils, 
most of the rainfall infiltrates and the discharge 
to the streams is dominated by groundwater 
flow. The water supply is based entirely on 
groundwater with annual average domestic and 
industrial abstractions of approximately 10 mm 
and irrigation abstractions of approximately 20 
mm. In dry summers the irrigation demand can 
be up to 50 mm/year at catchment scale and 
about half of the catchment area is affected by 
irrigation [64]. 
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Since 2007 the catchment has served as a 
hydrological observatory (HOBE). Comprehensive 
field data have been obtained through a broad 
range of often novel measurement techniques 
[64]. In addition, a number of modelling activities 
have been carried out in the catchment over 
several years [65,63,66,67,48,68]. 

The hydrological model used in the present study 
is based on Stisen et al. [66]66 and Larsen et al. 
[68]. It was constructed using the MIKE SHE 
distributed modelling system with 11 
computational groundwater layers and 
horizontal discretization into 500 m grids. The 
soil data have been obtained from 250 m 
distributed soil maps [69] and the land use data 
have been obtained from agricultural statistics. 
The original distributed hydrological model was 
driven by interpolated observation data sets for 
climate variables and calibrated against 
groundwater head and river discharge data 
[65,55]) using PEST [70]. The calibration of the 
distributed hydrological model in the present 
study has been further refined by systematically 
calibrating the parameters in the SWET module 
against latent and sensible heat fluxes at the 
three flux stations representing the most 
predominant vegetation types (grain/corn, forest 
and grass) as well as discharge data from one 
river station [68].  

The HIRHAM set-up uses the parameters derived 
in Larsen et al. [36]. Boundary forcings were 
based on ERA-Interim reanalysis data [71], 
applied every 6 hours. The RCM simulations were 
performed using a resolution of 11 km with 
regular grids and the time step used was 2 
minutes. The HIRHAM model domain size, 
location and resolution were selected based on a 
systematic investigation of model performance 
[36] and corresponds to their SIM7 model run. 
The domain covers an area of approximate 
4000x2800 km from north-west of Iceland to the 

south-east of Ukraine, extending towards the 
west where of the Skjern catchment where the 
majority of weather systems originate, Fig. 2.  

The simulations cover the period May 1 2009 to 
April 30 2010. A short spin-up period of two 
months prior to the 12 month simulation period 
was used. For HIRHAM this is feasible because of 
the short time scales of the atmospheric 
processes and the simplicity of the land surface 
scheme (soil moisture bucket description) 
especially during winter/spring months with 
higher levels of soil moisture. This is not the case 
for MIKE SHE, where the time scales for 
groundwater component in particular are much 
longer and therefore the initial conditions are 
more sensitive to the number of years of spin-up 
time. To obtain suitable initial conditions for 
groundwater MIKE SHE was run in repeated 
loops over a two-year period until equilibrium in 
the groundwater levels was reached. The 
groundwater heads saved from the final iteration 
of this process at the same time of year were 
then used as the initial conditions for the coupled 
simulations. An initial hydrostatic distribution of 
soil moisture in the unsaturated zone was 
assumed. 

 

3. Results 

Climate projections are typically made on a time 
scale of several decades. Therefore an important 
constraint on the feasibility of coupled climate 
hydrology model simulations is the 
computational speed. Even with the use of the 
Cray XT5 platform, the largest contribution to the 
computational load of the coupled system is the 
regional climate model simulations. We found for 
the modelling domains and computational 
platforms used in this study, the execution speed 
expressed in units of hours of wall time per 
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month of simulation time were 3.5 (h/m) and 
0.36 (h/m) for HIRHAM and MIKE SHE 
respectively. 

For the operational configuration used here, the 
computational overhead for coupling depends on 
the network and hard drive speeds and the time 
interval at which data is exchanged between the 
two models. To investigate computational 
performance, the coupled model simulations 
were run over a period of 14 months using data 
exchange intervals ranging from 6 minutes up to 
2 hours. The actual performance is compared 
with the performance of the uncoupled RCM in 
Fig. 4. Increasing the exchange time interval from 
one to two hours does not seem to significantly 
affect the computation speed. However for 
smaller exchange time intervals, the results show 
a very strong dependency on exchange data 
interval, illustrated by the estimated curve. This 
is a combination of the constraint imposed by 
the network speed and variable loading of the 
supercomputer. Running the same model at five 
different times using the same (one hour) data 

exchange interval showed variations of 
approximately 25% in computation speed, Fig. 4. 
The results using 6 and 9 minute exchange time 
interval should only be taken as indicative, as 
these were extrapolated from a single month of 
simulation time.  

While increasing the size of the data exchange 
time step will decrease the computational 
burden it also affects the simulation accuracy. 
Larsen et al. [72] studied the effects on 
simulation results of using different data 
exchange intervals concluding that a 30 minutes 
time step provided a reasonable trade-off 
between accuracy and computational load. The 
results presented here are all based on a 30 
minute data exchange time step. The 
computational overhead for this case is large but 
still acceptable, Fig. 4. 

 

 

 

 

Fig. 4. The run time performance of the implementation MIKE SHE-HIRHAM coupled model for the Skjern Å catchment using DMI’s operational Cray XT5 supercomputer. The run time is expressed in units of hours of wall time per month of simulation time and the results given a function of the data exchange time step (see Fig. 3). The data transfer intervals investigated were 6, 9, 12, 15, 24, 30, 48, 60 (x5), 90 and 120 minutes. The dashed line is the execution time for the regional climate model (HIRHAM) without coupling.  
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3.1 Simulation results for the meteorological 
variables 

Four sets of numerical simulation results are 
presented in this paper; two coupled and two 
uncoupled. The coupled simulations are 
performed with the MIKE SHE-HIRHAM coupled 
model either in two-way mode, where there is 
feedback between the two modelling systems or 
in one-way mode where the MIKE SHE simulation 
are driven by HIRHAM output without feedback. 
These are referred to here as coupled (two-way) 
and coupled (one-way). The uncoupled results 
are either climate simulations using HIRHAM only 
or hydrological simulations using MIKE SHE only. 

Fig. 5 compares the coupled (two-way) MIKE 
SHE-HIRHAM simulation results with the 
(uncoupled) HIRHAM RCM simulation, as well as 
observations. The six hydro-climatic variables 
shown are those exchanged from HIRHAM to 
MIKE SHE. The purpose of this comparison was 
firstly is to demonstrate and verify the numerical 
simulations of the MIKE SHE-HIRHAM coupled 
model and secondly to examine the impact of 
introducing the new hydrological component 
that includes groundwater on the 
meteorological. The observations are station 
data that are bi-linearly interpolated to the grid 
of the HIRHAM model with a resolution of 11 km. 
The comparisons are made as the average for the 
nine RCM cells with full (100%) overlap with the 
hydrological model domain, where coupling with 
MIKE SHE is applied, Fig. 1. The figure shows the 
results for two one-week periods during the 
summer (June 5-11, 2009) and winter (February 
5-11, 2010). For precipitation daily values for the 
entire month are presented. 

We examine first the simulation results (both 
coupled and uncoupled) compared to the field 
observations. The variation of global radiation 
depends primarily on incoming solar radiation 

and the cloud cover hence the higher values in 
the summer (June) and lower in the winter 
(February). The lower values at the end of the 
week in June correspond to a rainfall event seen 
in both the observations and the simulations. 
Most of the discrepancies between the 
uncoupled and coupled simulations occur in the 
latter part of the summer period (June 10-11) 
where a differing rainfall patterns is also seen. 
The dynamical behaviour of the surface pressure 
is well captured by the simulations most 
significant for the winter period. The surface 
pressure variations represent the large-scale 
dynamics of the atmosphere and good 
agreement is expected as this is to a large extent 
controlled by the lateral boundary conditions. 
Simulated uncoupled and coupled wind speeds 
show good overall agreement and reasonably 
captures the observations with the exception of 
the June 10-11 period. Since the wind speed is 
important both for temperature, sensible heat 
and evapotranspiration this is expected to affect 
the water and energy balance between the land 
surface and the atmosphere. 

Similarly both the relative humidity and 
temperature are important variables for the 
water and energy exchanges. While the overall 
magnitude of both these variables is reasonably 
well captured, the strong dynamics in both 
variables observed during June are not fully 
captured whereas the simulations for the 
February period tend to overestimate the 
observed dynamics. It is important to recall that 
RCM’s are formulated to first to capture climate 
means as opposed to short-term dynamics and 
information about the actual state of the 
atmosphere is only supplied at the RCM 
boundaries and via the sea surface temperatures 
(SST)’s. Fig. 6 shows that both the two-way 
coupled model (MIKE SHE–HIRHAM) and the 
HIRHAM (uncoupled) RCM are able to capture 
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the seasonal variation in temperature quite well 
but under-estimate the observed sub-daily 
variability. 

While perhaps the most important variable for 
both the hydrological and climate community, 
precipitation is notoriously difficult to predict. 

Fig. 5. Simulatedand observedmeteorological variables averaged overthe couplingdomain for twoone weekperiods, (5-11June 2009; and5-11 February2010), corresponding to summer andwinter conditions, respectively. Thesimulated variables arederived from theMIKE SHE-HIRHAM coupled modeland from the(uncoupled) HIRHAM RCM. 
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The rainfall producing processes are inherently 
chaotic which means that even if the occurrence 
of a rainfall event is correctly predicted, the 
volume, timing and location of rainfall producing 
storms and fronts may not be. As mentioned 
earlier there are well-known deficiencies in 
representing the small scale processes to 
correctly capture local precipitation extremes. 
For RCM’s there is a general tendency to 
simulate too much persistent light rain [73] and 
correspondingly to underestimate the number of 
dry days, which can be seen in both June and 
February. It should be emphasised however that 
the comparisons made here are a verification 
measure rather than a true performance 
indicator. The simulations carried out here are 
essentially weather hindcasts whereas the 
purpose of a RCM is to be able to capture the 
long-term climate statistics over a number of grid 
cells [74]. From a climatological perspective it is 
the statistics of the events and not individual 
events that measure the ability to simulate 
climate and climate change. 

For most of the meteorological variables 
examined here, the coupled MIKE SHE-HIRHAM 
and (uncoupled) HIRHAM RCM simulations 
generally give similar results. This is perhaps not 
too surprising since both sets of simulations 
include land surface-atmosphere feedbacks and 
the same representation of the atmospheric 
physics. The differences are, however, compared 
to the RCM, that the coupled model includes 
both a higher resolution land surface simulation, 
a different evapotranspiration description (SWET 
versus “bucket” model) and surface 
water/groundwater interactions. We find some 
differences in the short-term dynamical 
behaviour for relative humidity and to a lesser 
extent for the temperature for February, Fig 5. 
Differences in simulated individual events occur 
between the uncoupled and coupled simulations 

for both the summer and winter period, Fig. 5. It 
is more interesting in the context of climate 
change to examine the monthly average rainfall. 
The two simulations predict different amounts of 
precipitation and a different temporal 
distribution in the precipitation in the summer 
months (JJA), Fig. 6. The monthly precipitation 
values for June 2009 for 44 (mm), 56 (mm) and 
56 (mm) for the observations, coupled and 
uncoupled model respectively. Closer 
examination of Fig 5 reveals that the differences 
in June arise from a few large summer rainfalls 
events in the uncoupled simulations. 

Significant differences in precipitation are 
expected to have a direct influence on the 
catchment flows however the catchment water 
balance depends on the difference between 
precipitation and the actual evapotranspiration. 
The coupled model shows higher monthly 
averages for both precipitation and 
evapotranspiration compared to the uncoupled 
RCM (and the observations) for July and August. 
Furthermore, the coupled model shows generally 
higher monthly evapotranspiration from May to 
October, see Fig 6.  

 

3.2 Energy fluxes 

Fig. 7 compares energy balance through the 
fluxes of latent heat, sensible heat and soil heat 
simulated by the coupled model with 
observations for the one week summer period 
June 5-11, 2009 presented in the previous 
section. The observations of latent and sensible 
heat fluxes are derived from eddy correlations 
measurements taken at three locations with 
different land use types; agriculture, forest and 
meadow. The latent and sensible heat fluxes 
were measured using eddy-covariance sonic 
anemometers and the soil heat flux was 
measured using hukseflux plates at 5 cm depths 
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[75]. Latent and sensible heat fluxes were gap-
filled and corrected according to data quality 
using the Alteddy software 3.5 (Alterra, 
University of Wageningen, the Netherlands). 

The (two-way) coupled MIKE SHE-HIRHAM 
simulations appear to capture the 
evapotranspiration (latent heat) fluxes 
reasonably well but in many cases only part of 
the observed dynamics are correctly captured. 
For example, the (two-way) coupled model 
appears to represent the sub-daily behaviour of 

the evapotranspiration (latent heat) reasonably 
well at the beginning of the week. However, the 
differences between the simulated weather; 
cloud cover, temperature, humidity, onset and 
amount of rainfall, compared to the observed 
weather may account for the differences in the 
evapotranspiration dynamics seen for June 9-11 
for the agricultural and forest sites. This may not 
be the only explanation; however, as simulations 
carried out using (uncoupled) MIKE SHE driven by 
the weather observations shows a different 
behaviour rather than an improvement in the 

Fig. 6. Comparison of simulations and observations for (a) hourly temperature (b) monthly average temperature(c) monthly average precipitation (d) monthly average evapotranspiration, for the period May 1, 2009-April 302010. The simulated variables are derived from the MIKE SHE-HIRHAM coupled model and from the (uncoupled)HIRHAM RCM. The simulations and observations of temperature and precipitation are averaged over the coupleddomain, see Fig 5. The observations of evapotranspiration (d) are shown for a single flux station (Voulund) andthe corresponding RCM simulations from the grid cell containing this station. 
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simulations. The low simulated evaporation 
rates, in comparison to the observations, 
simulated on June 9-11 at the agriculture site and 
to some extent at the forest site are consistent 
with the occurrence of rainfall in the simulations 
that are not found in the observations (Fig. 5). 
This is not the case for the meadow site, 
however. 

Fig 7. also shows the evapotranspiration 
simulated by MIKE SHE-HIRHAM with one-way 
coupling. The one-way coupling corresponds to a 

conventional climate change analysis in water 
resources where the MIKE SHE model is driven by 
the climate model (HIRHAM) simulations of the 
six input variables; global radiation, surface 
pressure, wind speed, relative humidity, 
temperature and precipitation (see Fig. 1 and 5). 
An important difference however from 
conventional studies is that there is now a 
physically consistent land surface scheme across 
the two models. The two-way coupling includes 
feedback from the land surface through the 

Fig. 7. Simulated and observed energy fluxes for the three flux measurement sites for the one week period June 5-11,2009 for measurement sites over the predominant land use types; agriculture, forest and meadow. The simulatedvariables are derived from the MIKE SHE-HIRHAM coupled model first using two-way coupling and then one-waycoupling where MIKE SHE model driven by HIRHAM simulated climate variables without feedback. Uncoupledsimulations obtained by driving the MIKE SHE model using observed data are shown for comparison. 
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surface temperature and evapotranspiration 
(latent heat) flux. These fluxes are in turn linked 
to the subsurface (and river) in the hydrological 
model. During the daytime, we find differences in 
both the magnitude and short-term dynamics 
through of the evapotranspiration fluxes but a 
clear pattern in these differences is not obvious. 
The two-way coupled model exhibits night time 
variation in evapotranspiration that is not seen in 
the observations nor is it seen in the either the 
uncoupled MIKE SHE or the one-way coupling. It 
is also important to recognise that the 
uncertainties in the flux estimates can be 
significant. Larsen et al. [68] showed the sum of 
latent, sensible and soil heat fluxes to equal 71-
76 % of the measured net radiation for the three 
measurement sites. Some of this error could 
however also arise from the net radiation 
measurements.  

The sensible heat flux is consistently under-
estimated in all simulations particularly for the 
forest site where these turbulent fluxes are 
expected to be largest due to the larger 
roughness. However Larsen et al. [72] suggest 
that this is likely due to errors in the 
observations. There are only small differences in 
the one-way and two-way coupled simulations of 
sensible heat flux. This is perhaps not surprising 
as the sensible heat flux is controlled primarily by 
the turbulence calculations performed, in both 
cases, by HIRHAM. For comparison we show the 
results of an uncoupled MIKE SHE simulation 
where the distributed hydrological models is 
driven directly by observed climate variables. For 
these simulations the sensible heat flux is 
calculated, in a similar manner, by the 
hydrological model rather than the climate 
model but the results are quite similar further 
indicating that the observation errors may be 
significant for the forest site.  

The uncoupled MIKE SHE simulations of latent 
heat and soil heat flux show a much greater 
variation in the magnitude of the simulated 
fluxes in comparison with the simulations using 
hydro-meteorological driving variables from the 
RCM. The fact that the RCM-driven simulations 
exhibit less variability which is likely to be a result 
of both the larger scale used in the RCM and the 
process formulations used for climate 
projections. In terms of climate change it is 
important to examine the monthly average 
evapotranspiration, see Fig 6. The coupled 
simulations simulate higher monthly 
evapotranspiration than both the observed and 
uncoupled simulations from May to September.  

The results shown in Fig 6 are however for a 
single HIRHAM cell. Fig. 8 compares the spatial 
distribution of the mean daily evapotranspiration 
for the simulation period June 5-11 for the 
uncoupled MIKE SHE and the coupled MIKE SHE-
HIRHAM simulations with both one-way and two-
way coupling. The uncoupled MIKE SHE model 
driven by observation data shows the highest 
evapotranspiration rates for this summer period. 
The simulations based on the meteorological 
variables simulated by the HIRHAM show 
generally lower rates but two-way coupled 
evaporation rates match more closely the 
observation driven simulations for this period. 
Clearly the magnitude of the evaporation fluxes 
obtained, using the same SWET model 
formulation, are quite different depending on 
whether it is driven by observations or by (one-
way) RCM variables. While future work will 
investigate the underlying causes of these 
differences, the effect of then using another 
evapotranspiration model in the hydrological 
component that is different from the RCM land 
surface scheme can be expected to further 
confuse the issue. This figure also illustrates the 
higher resolution in water and energy fluxes that 
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can be achieved in the coupled modelling 
approach to better capture the variability within 
the catchment. In all three cases, the highest 
rates are found close to the river network where 
the groundwater table is closest to the surface.  

The important question, in terms of assessing the 
impact of climate change on water resources, is 
how the differences in the simulated 
precipitation and evapotranspiration affect the 
catchment water balance, as reflected, for 
example, in the catchment flows. 

 

3.3 Catchment runoff 

Fig. 9 compares the daily and monthly flows 
simulated by the coupled model run in both the 
two-way mode and the one-way mode with the 
measured discharge on the two main branches of 
the Skjern River at the Gjaldbaek and 
Soenderskov stations.  Soenderskov represents 
outflow from the southern tributary 
corresponding to a catchment area of 500 km2 

while Gjaldbaek represents an area of 1550 km2 
on the main river, see Fig 2. The simulations 
appear generally to underestimate the baseflow 
levels during the spring and summer months and 
therefore generally under-estimate the runoff 

volume. Further calibration including 
groundwater information as well as improving 
the groundwater initial conditions will probably 
rectify these differences.  

The accumulated flows from uncoupled MIKE 
SHE simulations driven by observation data show 
similar behaviour which indicates that the source 
of these differences are in the model rather than 
the driving variables.  

The most important observation from Fig. 9 is 
that even though large differences in the 
summer rainfall and evapotranspiration are 
found between the one-way and two-way 
coupling, the differences in the summer flows are 
small. Physically any differences in the net 
precipitation during summer will change the 
recharge to groundwater which may first appear 
as flow changes months or even years later. For 
the Gjaldbaek station on the main river, the 
dynamic two-way coupling appears to simulate 
consistently higher flows during the winter. The 
reverse is the case for Soenderskov but the 
differences in accumulated discharge are smaller. 
These discharges suggest the water balance for 
this groundwater-dominated catchment is not 
strongly affected by introducing groundwater-
land surface-atmosphere feedbacks. This may be 

Fig. 8. The simulated spatial distribution of mean daily evapotranspiration for the period June 5-11, 2009, see Fig 7. The uncoupled simulation were obtained by driving the MIKE SHE model using observed data while the one way coupled modelsimulations were obtained by driving the same model using HIRHAM results as input. The two-way coupled simulations include dynamic feedback between the groundwater, the land surface and the atmosphere.  
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in part due to the fact that even though 
differences in both the precipitation and actual 
evapotranspiration occur, differences in the net 
precipitation (precipitation – actual 
evapotranspiration) may be small. Furthermore, 
a catchment acts as a low pass filter so that 
despite the noise or variability in precipitation 
and potential evapotranspiration, the catchment 
runoff response is often much smoother and for 
groundwater dominated catchments will extend 
over longer time scales.  

4. Discussion  

New modelling tools are required to address the 
challenges of assessing the impact of climate 
change coupled with human activities including 
climate adaptation on water resources. Bates et 
al. [1] argue that “feedbacks between land use 
and climate change (including vegetation change 
and anthropogenic activity such as irrigation and 
reservoir construction) should be analysed more 
extensively; e.g., by coupled climate and land-use 

Fig. 9. The top panel shows the simulated and observed daily discharges at the Gjaldbaek and Soenderskov siteson the Skjern River for the period May 1, 2009 – April 30, 2010. The simulated hydrographs are derived from theMIKE SHE-HIRHAM coupled model with one way (without feedback) and two way (with feedback) exchange.The corresponding accumulated flows are shown for the same period together with the accumulated flowsderived from the (uncoupled) MIKE SHE hydrological model driven by observed climate variables. Thecorresponding figures underneath show the monthly average flows.  
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modelling”. This requires models capable of 
simulating interactions between the climate and 
the land surface and between the subsurface and 
the land surface including the important 
feedback mechanisms. It requires models that 
can represent the lateral movement of water in 
river systems and in the subsurface along river 
valley systems and their interactions [76]. For 
practitioners it also requires the ability to 
represent human interventions such as the 
introduction of irrigation systems, new reservoirs 
or new operation strategies for these reservoirs, 
modification of the flow and flood regimes by 
river control structures, the conjunctive use of 
surface water and groundwater and so on not 
currently included in the hydrological 
components of most climate models. The 
development of such comprehensive end-to-end 
modelling systems is however still in its infancy.  

The study presented here is a step towards 
developing such tools, exploiting the OpenMI 
modelling interface to take advantage of the 
powerful modelling capabilities that already exist 
in the climate and hydrological modelling 
communities. While Goodall et al [29] recently 
proposed a design for coupling for coupling the 
Community Atmosphere Model (CAM) and the 
Soil and Water Assessment Tool (SWAT) with 
OpenMI using Web Services, this is to our 
knowledge the first operational application of a 
climate-hydrological modelling coupling of this 
type.  

The most important advantage of this 
development path is that we can exploit the 
investment already made in developing efficient 
and practical tools in the climate and 
hydrological modelling communities. This makes 
it possible to investigate new problems such as 
the feedback between groundwater and the 
climate that have received limited attention to 
date. It also means that that current tools 

capable of representing land use change and 
human interventions like conjunctive use of 
surface and groundwater, the effect of irrigation 
reservoirs, etc. that are important for climate 
adaptation can be readily incorporated. The 
coupled HIRHAM-MIKE SHE tool developed here 
provides a wide range of such capabilities that 
can be used to explore a number of different 
aspects of this general problem.  

Simulations using the coupled HIRHAM-MIKE SHE 
tool have been compared to measured 
meteorological and hydrological variables to 
provide an, albeit subjective, verification the 
coupled model. The coupled model was able to 
provide a credible and reasonable imitation of 
both the atmospheric and hydrological 
components of the real world system which we 
are interested in applying the model to. This 
work represents a first analysis of the 
significance of atmospheric land surface 
interactions over Denmark. 

However, a number of challenges remain that 
need to be addressed particularly if we are to use 
such coupled models in practical cases. There are 
large disparities between the spatial and 
temporal process scales among the different 
hydrological and atmospheric processes. As 
described earlier there is a lower limit for the 
minimum grid cell size for climate modelling, 
below which the process descriptions currently 
used are no longer appropriate. On the other 
hand, it is necessary to capture the fine scale 
variations in surface characteristics such as 
vegetation type, soil moisture etc. which can vary 
considerably over short distances and which are 
relevant for the atmospheric fluxes of sensible 
and latent heat. This can be tackled by employing 
aggregation (upscaling) and disaggregation 
(downscaling) methods to map the exchange of 
variables across different scales, introducing sub-
grid process algorithms or allowing smaller grid 
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cells in the LSM compared to the atmospheric 
components as we have done here. However, the 
scale dependency of such coupling is largely 
unexplored. We have not in this study explored 
the impacts of using different modelling scales, 
or different aggregation or disaggregation 
strategies or the boundary effects when coupling 
over a limited area but we have, however, now a 
tool that enables us to explore these effects. 

One important aspect of this is representation of 
precipitation processes at the proper scales and 
over suitable domains. To properly capture the 
meso-scale precipitation processes of, for 
example, frontal systems may require a large 
climate model domain and carefully designed 
boundary conditions or dynamical downscaling 
may be required. By comparison the relevant 
domain size for the hydrological model is the 
catchment of interest, which is typically a much 
smaller domain. Rasmussen et al. [77] point out 
that many of the published studies comparing 
coupled and uncoupled simulations have been 
performed at the same resolution over the same 
domain. However this is achieved at the cost of 
extremely large computational cost.  

In the coupled model formulation presented 
here it is possible to maintain different spatial 
resolutions in the climate simulations and the 
hydrological simulations to represent the 
cascade of scales. From a practical point of view 
the ability to couple over a limited area has the 
advantages that large-scale climate processes 
such as large frontal systems can be represented 
while higher resolution hydrological simulations 
can be carried out at the watershed scale. 
Downstream feedback effects on the atmosphere 
from the land surface can be investigated. For 
areas such as Denmark where the maritime 
influence on climate is strong, the ocean-
atmosphere interactions which are sensitive to 

temperature changes can be represented by the 
RCM.  

In a similar manner, the hydrological and climate 
models operate at different time steps. 
Therefore any coupling must be based on 
adaptation or temporal 
aggregation/disaggregation to achieve both a 
computationally efficient and physically accurate 
exchange of shared states and variables. Further 
efforts are required however to determine 
appropriate time steps within the OpenMI, in 
particular as the coupling is essentially explicit 
and this may have a strong influence on non-
linear feedbacks.  

In its current configuration we have seen that 
computational load of the coupled model is 
highly dependent on the data exchange time 
interval with a significant overhead for small 
exchange time steps. One strength of OpenMI is 
that it permits exchange of data on a time step 
by time step basis, to provide as tight as possible 
integration of processes, in each of the coupled 
models. For performance reasons the exchange 
in our case is only executed on a larger data 
exchange time interval. Experience from 
hydrological modelling indicate that the 
overhead for coupling OpenMI components 
running on the same computer or the same 
computer system is typically less than 10%, i.e. 
the coupled simulation only uses 10% more time 
than running the coupled models individually in 
sequence. This is the case even when exchanging 
data based on the time step of each of the 
coupled models. The overhead here is 50% or 
more is a direct result of moving to an 
operational HPC system to achieve acceptable 
run times and the security protocols and policies 
restricting data communication to file exchange. 
While this is acceptable in such an initial 
investigation more efficient strategies will be 
explored in the future.  
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Potential coupling techniques, in order of most 
efficient to the least efficient include:  

• The models sharing a process space, and 
exchanging data directly within that process 
space. 

• The models running on the same system, 
communicating directly through a high 
performance internal network. 

• The models running on different systems, 
communicating directly through high 
performance external networks, using e.g. 
TCP/IP internet socket technology 

• The models running on different systems, 
communicating through web services, using 
http technology [29] 

Each of these will require different further 
development of both MIKE SHE and HIRHAM: 

• Replacing the current OpenMI compliant 
wrapper around the HIRHAM executable, 
utilizing files for data exchange, with an 
OpenMI compliant wrapper that can extract 
data directly from the HIRHAM simulation 
state while running. 

• Creating a version of MIKE SHE that can run 
on Cray XT5 system. Parts of MIKE SHE can 
already run on Linux systems, however parts 
are still missing.  

If both these actions are completed, the most 
efficient coupling techniques can be used, and 
coupling overhead would be negligible compared 
to the usual computation time. If only the first 
action is completed, direct coupling over network 
would be possible, the overhead of which will be 
highly dependent on the available hardware. 

From a scientific perspective, an important 
motivation for considering coupled climate 
hydrology models is that the integration of 
dynamic land-surface, atmospheric and 

hydrological processes especially the exchange of 
water and energy fluxes at the land 
surface/atmosphere interface produces non-
linear feedbacks. An area of considerable interest 
is the effects of climate change on groundwater 
and the interactions and feedbacks from ground 
water via the soil or river systems which has 
received only limited attention in the literature. 
The work of Maxwell et al. [17] shows a clear link 
between water table depth and the atmosphere. 
In a recent review, Taylor et al. [6] point out that 
the links between climate and groundwater are 
complicated by the continuing growth of rain-fed 
and irrigated agriculture and that managed agro-
systems will not respond to changes in 
precipitation in the same manner as natural 
systems. This can best be addressed by models 
that can link changes in surface water and 
groundwater exchanges with climate change and 
anthropogenic change. This is an important gap 
given the value of groundwater as a water 
resource and as a buffer to climate variability and 
climate change. 

In the present study we found that embedding 
the MIKE SHE model with physics-based SVAT 
model into the HIRHAM RCM produced 
differences in both the simulated precipitation 
and evapotranspiration when compared to the 
original RCM. However in examining the resulting 
runoff response we found that the differences 
were small when comparing simulations with and 
without feedback between the groundwater-land 
surface-atmosphere systems. Theses flow 
simulations were also shown to be similar to 
conventional hydrological simulation performed 
using observed climate data as the driving 
variables. We can suggest several potential 
reasons for this. Firstly even though there are 
significant changes appear in the precipitation 
and evapotranspiration, these are strongly linked 
so the resulting changes in the net precipitation 
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are less significant. This result may reflect the 
sensitivity or lack of thereof in our hydrological 
model. Finally, this may arise from the fact that 
groundwater-dominated catchments are less 
sensitive, at least in terms of runoff. In particular, 
the response of groundwater-dominated 
catchments to precipitation and 
evapotranspiration may occur over longer time 
scales than the single hydrological year examined 
here. Further work to examine the flow response 
over several decades and the impact of 
interaction between the surface water and 
groundwater is required. 

 

5. Conclusions 

In this paper we have designed, developed and 
demonstrated a fully dynamic two-way coupling 
between a comprehensive hydrological 
modelling system MIKE SHE, and a regional 
climate modelling system, HIRHAM. This tool is a 
first step towards an end-to-end system to 
simulate the interactions between the climate 
surface water groundwater coupled to human-
induced changes. 

Three sets of climate simulations were carried 
out over the Skjern catchment. The first set was 
performed using the coupled MIKE SHE-HIRHAM 
model developed in this study. Comparing these 
results to both climate observations and to the 
results of the second set of simulations using the 
HIRHAM RCM we were able to verify the ability 
of MIKE SHE-HIRHAM to produce plausible 
simulations for the climate variables of interest. 
We also found that by replacing the HIRHAM 
LSM with MIKE SHE gave rise to changes in the 
simulated rainfall over the catchment, which 
were particularly significant in the summer. 
Whether this is a result of the differences in the 
evapotranspiration formulation, the higher 

resolution of the land surface processes or the 
introduction of a groundwater component will 
require further analysis to determine. Nor can 
this result be seen in isolation. For example in 
the summer months, July and August, the 
coupled MIKE SHE-HIRHAM model simulates 
higher values of both precipitation and 
evapotranspiration compared to the HIRHAM 
RCM (and the observations).  

Comparing the coupled MIKE SHE-HIRHAM 
simulation results to both of the energy fluxes 
observations and to conventional hydrological 
simulations using MIKE SHE we were able to 
verify the ability of MIKE SHE-HIRHAM to 
produce plausible simulations for the energy 
fluxes between the land surface and the 
atmosphere. By embedding MIKE SHE in HIRHAM 
we were able to represent at a higher resolution 
the spatial distribution of evapotranspiration 
within the catchment, particularly the higher 
rates in the riparian areas where the 
groundwater table is close to the surface.  

A third set of climate simulations was performed 
using a one-way, rather than a two-way coupling 
between MIKE SHE and HIRHAM, to examine the 
potential impact of feedback between the 
atmosphere, the land surface and groundwater. 
The comparison of the energy fluxes during the 
summer, where the largest differences would be 
expected did not show any consistent differences 
in the dynamics. The higher summer evaporation 
rates in the two-way coupling may well be a 
result of the higher simulated precipitation.  

From a hydrological perspective, it is of interest 
to understand how the introduction of different 
evapotranspiration process descriptions or the 
introduction of the groundwater component or 
the assumption to neglect feedback to the 
atmosphere will affect the catchment water 
balance and the resulting flows. The comparison 
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of flow simulated by MIKE SHE using observed 
climate variables with flows simulated using the 
HIRHAM simulations of the same climate 
variables (in both one-way and two-way mode) 
do not show any substantial differences. One 
explanation is that while changes appear in the 
precipitation and evapotranspiration, the 
changes in the net precipitation and therefore 
the water balance, are less significant. It may also 
reflect a lack of sensitivity in the hydrological 
model description or in the catchment itself. In 
particular, the response of groundwater-
dominated catchments to precipitation and 
evapotranspiration may occur over longer time 
scales than the single hydrological year examined 
here. 

In Denmark groundwater represents more than 
98% of the total national water resources. There 
is currently an important research gap in our 
understanding interaction between climate 
change and groundwater together with human-
induced changes. Globally groundwater is 
important both as a water resource and as a 
buffer against climate changes and variability. 
Managed groundwater systems are expected to 

respond over longer time scales and differently 
from natural systems to climate change.  
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1 – Abstract 

In recent years research on the coupling of 
existing regional climate models and 
hydrology/land surface models has emerged. A 
major challenge in this emerging research field is 
the computational interaction between the 
models. In this study we present results from a 
full two-way coupling of the HIRHAM regional 
climate model over a 4000x2800 km domain in 
11 km resolution and the combined MIKE SHE-
SWET hydrology and land surface models over 
the 2500 km2 Skjern river catchment. A total of 

26 one-year runs were performed to assess the 
influence of the data transfer interval (DTI) 
between the two models and the internal 
HIRHAM model variability of ten variables. In 
general, the coupled model simulations exhibit 
less accurate performance than the uncoupled 
simulations which is to be expected as both 
models prior to this study have been individually 
refined or calibrated to reproduce observations. 
Four of six output variables from HIRHAM, 
precipitation, relative humidity, wind speed and 
air temperature, showed statistically significant 
improvements in RMSE with a reduced DTI as 
evaluated in the range of 12 to 120 minutes. For 
these four variables the perturbation induced 
HIRHAM variability was shown to correspond to 
47 % of the RMSE improvement when using a DTI 
of 120 minutes compared to a DTI of 12 minutes 
and the variability resulted in large ranges in 
simulated precipitation. Also, the DTI was shown 
to substantially affect computation time. The 
MIKE SHE energy flux and discharge output 
variables experienced little impact from the DTI. 

2 – Introduction 

On a global scale the future climate is expected 
to experience a general warming due to the 
anthropogenic greenhouse effect, which will 
result in an increase in the frequency of extreme 
events such as heavy precipitation events and 
droughts (Solomon et al. 2007; Stocker et al. 
2013). From a management perspective, 
knowledge of the future climate conditions in 
terms of both trends and extremes is essential. 
The ability to achieve realistic projections of both 
present and future climate depends largely on 
the ability to numerically simulate the processes 
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of hydrology, energy and ecology and the related 
interactions between the atmosphere, the land 
surface and the subsurface. These processes are 
unambiguously tied together (Rodriguez-Iturbe 
2000; Sridhar et al. 2002; Overgaard et al. 2006; 
Wang et al. 2012), their interaction is highly 
complex (Pan and Mahrt 1987; Pahl-Wostl 2007; 
Bates et al. 2008) and further, it is paramount 
that the resulting prediction uncertainty must be 
taken into account (Giorgi 2005; Collins et al. 
2012).    

The effort of modelling a combination of 
atmospheric, surface and subsurface processes 
has been performed in a broad range of studies 
over the years utilizing still more complex model 
codes. By coupling vegetation and hydrology 
processes using the Lund–Potsdam–Jena 
vegetation model (LPJ GUESS), Gerten et al. 
(2004) obtain more realistic global reproductions 
of evapotranspiration and runoff compared to 
stand-alone hydrological models, and argue that 
the coupling of processes can account for rising 
CO2 levels not simulated when using hydrological 
models alone. Similarly Yan et al. (2012) 
successfully simulate global evapotranspiration 
with an energy based vegetation and water 
balance land surface model. Several studies deal 
with the influence of surface hydrology, 
vegetation and land use change on atmospheric 
processes. Seneviratne et al. (2006) show land-
atmosphere coupling processes to be of 
significant importance to temperature variability 
for 2070 to 2099. Zeng et al. (2003) highlight the 
considerable influence of land surface 
temperature and moisture heterogeneities on 
simulated RegCM2 regional climate model 
sensible (H) and latent heat (LE) fluxes as well as 
the precipitation pattern, and Cui et al. (2006) 
show a substantial change in ECHAM5 general 
circulation model predictions as a consequence 
of projected changes in vegetation. Harding et al. 

(2011) puts these issues in a wider climate 
change perspective, identifying a grand challenge 
to the hydrological and climate communities to 
both reduce uncertainties related to how these 
findings impinges our understanding of the 
future and how to communicate them to a wider 
society. 

Current climate models include only a simplistic 
surface and subsurface description of hydrology 
processes and similarly hydrological models 
generally include atmospheric processes in a 
surface-near layer in the scale of meters. More 
recent studies have therefore focused on the 
effort to combine model codes each representing 
a component in the total simulation of 
atmospheric, land surface and subsurface 
processes as well as ocean processes. Of these, a 
few studies have focused on coupling a climate 
model with a combined land surface and 
hydrological model. Maxwell et al. (2007) study 
the coupling of the ARPS mesoscale atmospheric 
model (Xue et al., 2000; Xue et al., 2001) and the 
ParFlow hydrological model (Kollet and Maxwell 
2008) for a 36 hour period over the Little 
Washita catchment in Oklahoma, USA, by using 
combined Parflow and CLM Common Land 
Model (Dai et al. 2003) runs for spinup. Rihani 
(2010) uses the same combination of models and 
catchment to address the effects of terrain, land 
cover etc. for a period of 4 days. In another study, 
Parflow is coupled with the WRF atmospheric 
model (Skamarock et al. 2008) and the NOAH 
land surface model (Ek et al. 2003) for 48 hour 
idealized and semi-idealized runs (Maxwell et al. 
2011). Rasmussen (2012) studies the HIRHAM 
regional climate model (Christensen et al. 2006) 
and the MIKE SHE hydrological model (Graham 
and Butts 2005) with the SWET land surface 
scheme (Overgaard 2005) in one-way coupled 
mode where output from the regional climate 
model is transferred to the hydrological model 
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over the FIFE test domain in Kansas, USA, for the 
period May to October 1987. In that study over 
the FIFE domain, data is exchanged over an area 
represented by a single 0.125 degree HIRHAM 
grid cell. Two more recent studies couple the 
MM5 regional climate model (RCM) and the 
PROMET land surface model Zabel and Mauser 
(2013) and the CAM atmosphere model and the 
SWAT hydrology model (Goodall et al. 2013) 
respectively. 

To our knowledge, no studies have been 
reported on long term simulations (more than a 
few days) with couplings between a regional 
climate model and a 3D groundwater-surface 
water hydrological model using catchments 
larger than a single regional climate model grid 
point. 

An issue when systematically evaluating climate 
model results is the inherent model variability 
causing varying simulation outputs with only 
minor changes to the model setup either 
artificially induced by perturbing initial conditions 
such as the timestamp of model start, initial and 
boundary condition perturbations (Giorgi and Bi 
2000) or by altering the domain location (Larsen 
et al. 2013a). Giorgi and Bi (2000) show 
precipitation over regions in China, especially 
during the summer and for high precipitation 
events, to be highly sensitive to perturbations of 
initial and boundary conditions with a bias of 5-
10 % of the average precipitation. Deser et al. 
(2012) stress that the high levels of climate 
model variability should be taken into account 
for twenty-first century climate projections. 
Similarly, Alexandru et al. (2007) used the CRCM 
Canadian regional climate model (Caya and 
Laprise, 1999) over five domains for twenty 
perturbed runs each to assess model variability in 
precipitation. In general at least 10 members 
were needed to reproduce correct seasonal 

means although this number was seen to be 
largely dependent on the domain size.   

The current study utilizes a fully coupled model 
setup based on the HIRHAM regional climate 
model (RCM) and the MIKE SHE hydrological 
model combined with the SWET land surface 
model for the 2500 km2 Skjern river catchment in 
Denmark. The coupled setup is developed to gain 
benefit from including the interactions between 
both modeling systems and is described in detail 
in Butts et al. (2013). As a new research task we 
have examined the specifics of the coupling of an 
RCM and a hydrological model with respect to 
the influence of the data transfer interval (DTI) 
between the two models since this strongly 
influences computation time. We also evaluated 
the importance of the internal HIRHAM model 
variability by assessing the sensitivity of the 
simulation results to perturbations of boundary 
and initial conditions. 

3 – Method 

3.1 – Study area 

The climate and hydrological models used in this 
study each covers areas within the range of their 
typical deployment. The data exchange between 
the models occurs at the overlapping grid cells 
with the hydrological catchment nested within 
the climate model domain (figure 1).  

The HIRHAM regional climate model (RCM) 
version 5 (Christensen et al. 2006) covers a 
domain area of approximately 2800x4000km2 
from northwest of Iceland to southern Ukraine 
(figure 1) and is in a resolution of 11 km on a 
rectangular grid. Approximately 60 % of the 
latitudinal stretch is located west of the Skjern 
catchment wherefrom most weather systems 
originate. 
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The MIKE SHE model setup covers the Skjern 
catchment area of 2500 km2 (figure 1) located in 
the western part of the Jutland peninsula. Skjern 
River emerges in the central Jutland ridge at 
approx. 125 m above sea level and has its outlet 
into the Ringkøbing fjord. The Jutland ridge also 
constitutes the maximum elevation of approx. 
130 m. Two general soil classes can be 
distinguished within the catchment, one being 
sandy soils generated by the Weichsel ice age 
glacial outwash, and the other being till type soils 
from the previous Saalian ice age. For the period 
2000-2009 the average annual measured 

precipitation is 940 mm while the undercatch 
corrected precipitation (Allerup et al. 1998) 
amounts to 1130 mm. The corresponding mean 
annual air temperature is 9.3 oC whereas 
minimum and maximum monthly means reach 
2.1-17.3 oC. The catchment land use is divided 
between 61 % agriculture, 24 % 
meadow/grass/heath, 13 % forest and 2 % other.  

3.2 – Observed input and validation data 

Within the catchment measurements from three 
flux towers, placed over agricultural, meadow 
and forest surfaces, are used for calibration of 

Figure 1. Location of HIRHAM regional climate domain within Europe, MIKE SHE catchment within Denmark, threepoint measurement sites, and location of five evaluation domains.
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the hydrological model. These all measure key 
climatic variables such as latent (LE), sensible (H), 
soil heat fluxes (G), radiation components, 
soil/air temperature, precipitation, wind speed, 
soil moisture and groundwater table.  The latent 
and sensible heat fluxes is measured above the 
vegetation using eddy-covariance sonic 
anemometers, and the soil heat flux is measured 
using hukseflux plates at 5 cm depths. Latent and 
sensible heat fluxes are gap-filled and corrected 
according to data quality using the Alteddy 
software 3.5 (Alterra, University of Wageningen, 
Wageningen, the Netherlands) as described in 
Ringgard (2012) where up to 45 % of the data are 
replaced. For the periods 21 July-16 August and 
24 August-28 October, 2009, no data are 
recorded at the agricultural site and is therefore 
being replaced by data from the forest site. 
Discharge measurements (Q) from the three 
discharge stations Ahlergaarde (1055 km2), 
Soenderskov (500 km2) and Gjaldbaek (1550 km2) 
are also used for point validation.  

To drive the MIKE SWET module six climatic 
variables are needed. Daily precipitation (PRECIP) 
data are derived from gauge stations which have 
been kriging interpolated to a 500 m grid size as 
described in Stisen et al. (2011a) and further 
dynamically corrected to account for 
precipitation gauge undercatch (Allerup et al. 
1998 and Stisen et al. 2011b). The remaining five 
variables; air temperature (Ta), wind speed (WS), 
relative humidity (RH), surface pressure (Ps) and 
global radiation (Rg) are based on climatic 
measurement stations which have been 
geographically and temporally interpolated to 
produce hourly 2 km datasets (Stisen et al. 
2011b). For the validation of the coupled model 
setup the six distributed variables have been 
bilinearly interpolated to match the exact grid of 
the HIRHAM setup allowing for grid-by-grid 
calculations. 

3.3 – MIKE SHE 

The present study uses the Windows-based MIKE 
SHE hydrological model capable of handling all 
key hydrological processes in the land-surface 
part of the hydrological cycle such as 
evapotranspiration, snow melt, channel flow (the 
MIKE 11 component), overland flow, unsaturated 
flow, saturated  flow as well as irrigation and 
drainage (Graham and Butts 2005). 

The SWET SVAT (Soil-Vegetation-Atmosphere 
Transfer) model component is included in the 
coupled setup. The SWET component is included 
to handle the vegetation and energy balance 
processes occurring in the land-surface interface 
stretching from the root zone and into the lower 
atmospheric boundary layer (Overgaard 2005). 
The SWET energy-based model component is 
established on the basis of the Penman-Monteith 
equation (Penman 1948, Monteith 1965) but is 
modified to a two-layer system with resistance 
from both soil and canopy based on Shuttleworth 
and Wallace (1985) and also modified to include 
energy fluxes from ponded water and vegetation 
interception storage (Overgaard 2005). A 
limitation to the current SWET model under 
Danish conditions is that snow 
accumulation/melt is not included. 

In the current setup the MIKE SHE model is based 
on the Danish national water resources model 
(DK-model) (Stisen et al 2011a, Stisen et al. 2012, 
Højbjerg et al. 2013) in 500 m resolution using 
geology modifications according to Stisen et al. 
(2011a). The model setup includes eleven 
computational layers and an extensive river 
network and is implemented with a basic 
(maximum) time step of 1 hour which is reduced 
by MIKE SHE during precipitation events. The 
setup was comprehensively calibrated against 
measurements from three discharge stations and 
latent and sensible heat fluxes at three 
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measurement sites representing agriculture, 
forest and meadow surfaces as described in 
Larsen et al. (2013b). The calibration against 
these variables was performed for an optimal 
representation of the overall water balance as 
well as water and energy exchange with the 
atmosphere.  

3.4 – HIRHAM 

The climate model used in the present coupling 
study is the HIRHAM regional climate model 
version 5 (Christensen et al. 1996; Christensen et 
al. 2006) used by the Danish Meteorological 
Institute (DMI). HIRHAM is based on the 
atmospheric dynamics from the HIRLAM HIgh 
Resolution Limited Area Model used for 
operational weather forecasting (Undén et al, 
2002) and physical parameterization schemes 
from the ECHAM5 general circulation model 
(Roeckner et al, 2003). HIRHAM is hydrostatic 
and is typically implemented in resolutions of 5-
50 km – here 11 km as previously mentioned. 
HIRHAM model boundaries in the present study 
are constituted by ERA-Interim reanalysis data 
(Uppala et al. 2008) and the model time step was 
120 sec. The derivation of the domain is 
described in Larsen et al. (2013a) where seasonal 
precipitation and temperature were assessed for 
eight domains of varying size and resolution.   

3.5 – Coupling code 

An obstacle in developing the coupling code in 
the present study was the differing computing 
platforms between MIKE SHE and HIRHAM based 
on Windows and Linux respectively. To facilitate 
communication across these platforms the Open 
Modelling Interface (OpenMI, www.openmi.org) 
code was used on the Windows workstation side 
and both MIKE SHE and HIRHAM were made 
OpenMI compliant. On the Linux side 

modifications to the HIRHAM code as well as an 
additional stand-alone code controlling the data 
exchange was developed. The OpenMI is created 
to facilitate the communication between existing 
time-dependent model codes running 
simultaneously and to handle differences in time 
step, model domain, resolution and 
discretization (Gregersen et al. 2005; Gregersen 
et al. 2007).  

The OpenMI and Linux/HIRHAM coupling code 
served four general functions: 1) To serve as 
control on timing between models so that data is 
stored from one model waiting for the other to 
reach the point in time of specified data 
exchange. 2) To define which variables to be 
exchanged in both directions and to handle 
potential unit conversion factors, offsets and 
aggregation types. 3) To handle the spatial grid 
structure of each model and transfer the data 
based on a selected spatial interpolation 
mapping. 4) To collect and interpolate data for 
each separate model time step to be exchanged 
between models at each data exchange time 
step based on the differing time steps in the two 
model codes, including MIKE SHE’s varying time 
steps during precipitation events. 

As both modelling platforms include numerous 
variables in 2 or 3 dimensions, the exchange of 
data between the models are selected within the 
modelling scope of using the HIRHAM climate 
forcing as input to MIKE SHE/SWET as well as 
transferring energy and water fluxes in the 
opposite direction.  Therefore the HIRHAM to 
MIKE SHE transfer includes the driving variables 
necessary for the latter: PRECIP, RH, WS, Rg, Ta 
and Ps. From MIKE SHE the variables LE and 
surface temperature (Ts) is transferred of which 
Ts is used to calculate H within the HIRHAM code. 
The spatial mapping in this study was based on 
the weighted mean method where each grid cell 
contributes relative to the land share fraction.      
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The standard OpenMI method for data exchange 
is based on memory. However, due to safety 
regulations regarding network data exchange at 
the location of model execution, the current 
setup is constrained to the exchange of data files 
on a shared drive visible to both the Windows 
and Linux model setups. This network file 
transfer generates a significant increase in 
execution time when data exchange is made 
frequently (Butts et al. 2013). Therefore, there is 
a need to analyse the possible gain in the model 
coupling performance with increased data 
transfer interval (DTI) as a trade-off to the 
increase in computational load. 

3.6 – Simulations 

All model simulations were performed for the 
one-year period from 1 May 2009 to 30 April 
2010 with a spinup period from the beginning of 
March to 30 April 2009. A total of 26 model runs 
were used in the present study falling into four 
main simulation categories: 

• Transfer interval (TI): Eight two-way fully 
coupled simulations were performed varying 
the DTI between the HIRHAM and MIKE SHE 
models between 12 and 120 min. These DTI 
values were chosen within the limit of certain 
time step restrictions in MIKE SHE and the 
feasibility of executing model runs within the 
time slots allocated by DMI’s 
supercomputing facility. The TI runs used 1 
March 2009 as starting day. 

• HIRHAM uncoupled variability (HUV): Eight 
HIRHAM uncoupled simulations were 
performed each starting one day apart from 
1 March to 8 March 2009. 

• Coupled variability (CV): Eight two-way fully 
coupled simulations having a 60 min DTI 
were performed using the 1 March to 8 
March 2009 starting dates as above. 

• MIKE SHE data source (MSDS): To assess the 
influence of data source on MIKE SHE 
performance two MIKE SHE simulations were 
performed. One in uncoupled mode using 
the PRECIP, RH, WS, Rg, Ta and Ps 
observation data and one in one-way 
coupled mode using HIRHAM model output 
with a 30 minute DTI without data transfer 
back to HIRHAM.  

The eight successive uncoupled HIRHAM runs will 
all show varying geographical and temporal 
patterns of, in particular, precipitation. With 
differing precipitation the water available for 
evapotranspiration and the energy balance is 
altered, and therefore attention should be given 
to which simulations are compared. For all 
models runs output from HIRHAM was assessed 
on the basis of the six climatic variables PRECIP, 
RH, WS, Rg, Ta and Ps since these were available 
and also used as MIKE SHE SWET input for 
uncoupled runs. Likewise, MIKE SHE simulation 
output was assessed on the basis of point 
measurement of LE, H and G at the agricultural, 
forest and meadow sites (figure 1) as well as 
discharge from three gauging stations.  

Figure 2 outlines the data flow and simulation 
categories. As the Skjern Catchment exhibits an 
irregular shape as dictated by the flow patterns a 
varying level of overlap were seen between the 
HIRHAM grid cells and the hydrological 
catchment (figure 1). The PRECIP, RH, WS, Rg, Ta 
and Ps HIRHAM output analyses were therefore 
performed for five evaluation domains using 
distinct criteria to select these: 

• Dom1: Cells of 100 % overlap (9 cells) 

• Dom2: Dom1 + the cells of 50-100 % overlap 
(23 cells)  

• Dom3: Dom2 + the cells of 0-50 % overlap 
(30 cells)  
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• Dom4: Dom3 + cells located immediately 
downstream of the catchment with regards 
to the dominant western wind direction (42 
cells) 

• Dom5: Cells located downstream of the 
catchment alone with wind directions 
between north-west to south-west (4 cells)  

For HIRHAM output the evaluation was 
performed on all five test domains by calculating 
a single root mean square error (RMSE) value for 

each full model simulation. For MIKE SHE output 
the RMSE was performed on the point data only. 
The RMSE was calculated on the basis of each 
hourly (RH, WS, Rg, Ta, Ps, LE, H and G) and daily 
(PRECIP and Q) simulation output against the 
corresponding observation for all six HIRHAM 
and four MIKE SHE variables: 

n

OBSSIM
RMSE ti titi −

= ,

2
,, )(

 

Figure 2. Flow chart of the data flow and analyses performed in the present study and a legend of the variablesmentioned in the study. 
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where SIM and OBS are the simulated and 
observed values respectively, i and t are location 
and time respectively and n is the total number 
of data points. To assess the output variability 
from each of the three simulation groups 
involving HIRHAM (TI, CV and HUV) simulation 
box plots with the 25th and 75th percentiles 
including whiskers to the most extreme data 
were created. 

Similar to the RMSE calculations the mean 
absolute errors (MAE) were assessed to gain 
more information on the expected 
improvements for simulations with a more 
frequent DTI: 

n

OBSSIM
MAE ti titi −

= , ,, ||
 

where the terms correspond to the RMSE 
calculations. The MAE calculations were 
performed for the TI simulations for each of the 
six HIRHAM variables at the five test domains 
and the four MIKE SHE variables at point scale. 
Least square fit linear trend lines were then fitted 
to the 12-120 min DTI MAE values for each of the 
test domains and point scale output and for each 
variable. The mean absolute and percentage 
change in MAE based on the trend lines from the 
120 min to the 12 min data points were then 
calculated. Also, correlation coefficients on the 
basis of the trend lines were calculated to detect 
statistical significance at a 95 % two-tailed level. 
The HUV and CV simulation groups reflect similar 
initial conditions as induced by the perturbations, 
but differ by having the CV simulations including 
the two-way coupling. These simulations were 
therefore used to test for statistical significance 
of the coupling. A simple two-sample t-test was 
performed for each of the test domains and 
variables for the HUV and CV simulations to test 

the hypothesis of these simulation groups having 
unequal means.    

4 – Results 

4.1 – HIRHAM output 

4.1.1 - Data transfer interval (DTI) 

Of the six HIRHAM output variables, the four 
variables of PRECIP, RH, WS and Ta show a 
significant decrease in RMSE with decreasing DTI 
in the fully two-way coupled mode simulations 
whereas Ps RMSE results are less affected and Rg 
results are unaffected (figure 3). Of the four 
variables showing simulation improvements with 
decreasing DTI only some include substantial 
absolute RMSE improvements and exhibit a high 
degree of correlation in the range of DTI values. 
Based on the linear trend line averages, RMSE 
improvements of 1.1 mm/day, 1.1 %, 0.2 m/s and 
0.3 deg. C. are seen for PRECIP, RH, WS and Ta 
respectively whereas the Ps RMSE improvement 
is 0.1 hPa (figure 3). Corresponding values for 
MAE are 0.3 mm/day, 0.8 %, -0.1 m/s, 0.2 and 0.0 
hPa. These absolute improvements correspond 
to changes between the 120 and 12 min 
simulations averaged for the four significant 
variables of 10.1 % for RMSE and 7.2 % for MAE 
with the highest relative improvements for 
PRECIP and Ta and the lowest for Ps (table 1). 
The least square fit linear trend lines of these five 
variables show correlation coefficients between 
0.58 and 0.98, whereof Ps is not significant, and 
Rg shows no correlation (-0.03) (Figure 3). For 
the same five variables, PRECIP, RH, WS, Ta and 
Ps, there is a specific order in the resulting RMSE 
trend line locations with the largest RMSE values 
for Dom1, Dom2 etc., decreasing down to Dom5.  
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The coupled setup execution time as a function 
of DTI is shown in figure 4. Only a moderate 
increase in execution time is seen in the range of 
60-120 minutes DTI values whereas a sharp 

increase is seen from DTI values of around 15-30 
minutes.  

Figure 3. HIRHAM outputRMSE statistics for each ofthe test domains for thecoupled TI simulations.Linear trend lines are shownwith RMSE as a function ofDTI as well as the averagetrend line correlationcoefficients where thesignificant correlations on atwo-sided 95 % confidencelevel are underlined.      
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4.1.2 – HIRHAM model variability 

Figure 5 shows the output variability for each of 
the TI, CV and HUV group runs for each of the 
five test domains Dom1-Dom5. For PRECIP, RH, 

WS and to some extent Ta the largest variability 
is seen for the two-way coupled runs (TI). The RH 
and WS 60 min DTI coupled (CV) and uncoupled 
(HUV) runs show almost negligible variability. The 
PRECIP and Ta simulations show a reverse 
pattern between HUV and CV where the largest 

Figure 4. Model execution time inhours of wall time as a function ofDTI. DTI steps of 6, 9, 12, 15, 24, 30,48, 60 (eight CV runs), and 120minutes were used whereas 6 and 9minutes DTI values wereextrapolated from unfinished runs.For comparison the dashed line isthe execution time for the uncoupledHIRHAM runs (HUV). The figureoriginates from Butts et al. (2013).  

Table 1. Absolute and percentage change in MAE and RMSE between the largest (120 min) and smallest (12 min) DTIbased on the average value of the linear trendlines of either the five test domains (HIRHAM output) or the measurementsites (MIKE SHE output). Also shown is the absolute variability from the CV and HUV runs defined as the minimum valuesubtracted from the maximum for the 60 min DTI averaged between test domains (HIRHAM output) or measurementsites (MIKE SHE output) for each tested variable.
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variability is seen for the CV simulations for 
PRECIP whereas the opposite is seen for Ta with 
a larger HUV variability. For the same variables, 
PRECIP, RH, WS and Ta, a general decrease in 
RMSE is seen for the coupled TI and CV 
simulations with increasing test domain number 
from Dom1 to Dom5. For the HUV simulations 

this pattern is seen to some extent for PRECIP 
only. The Rg and Ps variables show comparable 
levels of variability between the TI, CV and HUV 
simulations groups. For Rg the RMSE values 
increase with test domain number whereas the 
opposite is the case for Ps. 

Figure 5. RMSE variabilityfor the TI, HUV and CVsimulations for each of thefive test domains. The dotsrepresent the median value,the box plots represent the25-75th percentiles and thewhiskers represent theentire data range.   



Page | 136  

Morten A.  D.  Larsen,  Integrated Cl imate and Hydrology Model l ing,  PhD thesis,  University of  Copenhagen, 2013  

By comparing the 120 to 12 DTI improvement for 
the TI simulations based on the linear trend lines 
with the variability from the HUV simulations it is 
seen that the variability on average makes up 

47 % of the TI improvement for the four variables 
PRECIP, RH, WS and Ta. The corresponding 
number when comparing TI with CV is 46 %. 

Figure 6. Precipitation sum curve (mm) for the evaluation period 1 May 2009 to 30 April 2010 for thefive test domains and the TI, HUV and CV simulations as well as the observations. Also given are thesimulated mean values, the span in the period sum for each plot group (minimum value subtractedfrom maximum value) and the observed mean values. 
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For the two-sample t-test between the HUV and 
CV Simulations the variables PRECIP, RH, WS and 
Ta all fulfilled the hypothesis of belonging to two 
separate populations with significance levels of 
98.2% or above. For these four variables, 
although all were highly significant, there was a 
clear pattern of falling significance with 
increasing test domain number corresponding to 
a lesser degree of coupling. Other than for the 
test for Ps at the Dom5 test domain showing a 
similar significance of 97.2 %, the hypothesis was 
rejected for the remaining variables (Rg and Ps) 
and test domains with significance levels of 
48.3 % or below. 

A more detailed plot of the simulated PRECIP for 
each run, for each of the TI, HUV and CV 
simulation groups and for each test domain is 
shown in figure 6. Several tendencies are evident: 
As seen in figure 3 the PRECIP decreases with 
increasing domain number for all three 
simulation groups. This decrease is strongest for 
the two-way coupled TI and CV simulation groups 
which also show the highest PRECIP levels 
compared to the uncoupled HUV simulations. 
Compared to the observation period with the 
PRECIP sum of 892 mm across the test domains, 
TI and CV consequently overpredict PRECIP with 
mean period sum values across both simulations 
and domains of 1004 mm and 1027 mm 
respectively, whereas HUV underpredicts with a 
period sum of 868 mm. With regard to timing 
there is a tendency for the main part of the TI 
simulation variability to derive from events in the 
fall months of 2009 whereas most of the HUV 
and CV variability occurs in early 2010 events. 

In addition to comparing simulation statistics and 
precipitation sum curve plots, the HIRHAM 
output variables for all 24 TI, HUV and CV 
simulations are simply plotted against time to 
assess and compare their temporal patterns. An 
example is shown in figure 7 with hourly values 

for the period 10 July-18 July, 2009, except for 
precipitation with daily values for all of August, 
2009. A large spread is seen for precipitation 
amounts for individual days increasing with the 
mean intensity especially for 3, 10, 15, 17 and 20 
August whereas reasonable agreement is seen 
between the simulations in the prediction of 
most dry days. For the remaining five variables, 
RH, Ta, Ps and especially WS and Rg, the period 
with low pressure and precipitation, 10 July to 12 
July, exhibits a fair amount of spread between 
the individual simulations, whereas the 
remaining period, 13 July to 18 July, shows a 
higher degree of consistency within each 
simulation group (TI, HUV and CV) especially in 
terms of dynamics. For the PRECIP, RH, WS and 
Ta variables the coupled simulations groups of TI 
and CV clearly deviates from the HUV simulations 
in terms of the timing, dynamics and absolute 
levels. Of these, the most noticeable difference is 
the daytime RH and night time Ta which are 
notably higher and lower, respectively, for the 
HUV simulations.  

4.2 – MIKE SHE output 

As for the HIRHAM simulations, the MIKE SHE 
RMSE results are plotted as a function of DTI 
(figure 8). LE shows a general improvement in 
RMSE with a higher frequency of exchange 
(smaller DTI), strongest for agriculture and forest. 
Corresponding correlation coefficients between 
RMSE and DTI of 0.83, 0.55 and 0.13 are seen for 
agriculture, forest and meadow respectively. 
Conversely H shows general decreases in RMSE 
results with increased DTI and with correlation 
coefficients of -0.80 to -0.83. To some degree LE 
and H thereby reflects an inverse signal which 
could be expected for a situation of no overall 
improvement since these components together 
are the major contributors to the energy balance. 
No clear trend between DTI and RSME results is 
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seen for both G and Q and the corresponding 
correlation coefficients are generally low.  

For LE an absolute improvement of 1.9 W/m2 in 
both MAE and RMSE is seen from the 120 to 12 
min trend line average data points corresponding 
to 6.9 and 4.5 % for MAE and RMSE respectively 
(table 1). Overall the one-way coupled and 
uncoupled MSDS simulations are superior to the 
TI simulations with the exception of agricultural 
LE and G and meadow G. The HIRHAM climate 
model variability as represented by the CV 
simulations produces a resulting MIKE SHE RMSE 
total output span of 1.5 W/m2, 1.5 W/m2, 0.7 
W/m2 and 2.2 m3/s for LE, H, G and Q as an 
average of the three surfaces and the three 
discharge stations (figure 8). By comparison the 
TI simulations induce a spread in the 
corresponding results of 3.7 W/m2, 3.8 W/m2, 4.5 
W/m2 and 1.3 m3/s respectively.   

The variations in the MIKE SHE output for four 
variables LE, H, G and Q for the CV and TI model 
runs are shown in figure 9. Also here there is no 
distinct pattern distinguishing the TI and CV 
simulation group results. The 10-12 July period 
shows larger variations in predicted flux output 
reflecting the variability in the HIRHAM 
simulations.  Using either observation data or 
HIRHAM data as driving input for MIKE SHE 
(MSDS runs) however resulted in substantial 
variations in the results. As expected due to the 
change in driving data, the uncoupled 
(observation data input) runs resulted in shifts in 
LE, H and G values for both peaks (daytime) and 
lows (night time) most obvious for G. The one-
way coupled run output (HIRHAM data input) to 
some extent, especially for night time LE and G, 
however resembled the observation data input 
run more than the TI and CV runs.  

Figure 7. The six HIRHAM output variables assessed in the present study in the 10-18 July period (precipitation is 1-31 Augustto match the period in figure 9 with a higher dynamic in discharge) for all 24 TI, HUV and CV runs and for Dom1 (nine cellmean). The legend colouring reflects the overall simulation group (TI, HUV or CV) whereas each simulation is in the colour shadeas in figure 6.   
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5 – Discussion  

5.1 - Impact of coupling 

The motivation for performing this coupling 
study is to include the land surface-atmosphere 
interaction between the RCM and the 
hydrological model. Our hypothesis is that the 
RCM will benefit from the more detailed 

representation of the surface and subsurface 
processes provided by the dedicated hydrological 
model as compared to the much more simple 
land surface schemes on which climate models 
usually rely on. Similarly, we expect that the 
hydrological model would benefit from the 
better representation of the horizontal 
redistribution processes in the atmosphere 
offered by the dynamic coupling with the climate 
model. In this regard, the results in the present 

Figure 8. MIKE SHE output RMSE statistics for each of the three flux tower measurement sites and the three dischargestations for the TI, MSDS and CV simulations. For the TI simulations linear trendlines are shown with RMSE as afunction of DTI as well as the average trendline correlation coefficients where significant correlations on a two-sided95 % confidence level are underlined. Also, the variability of the perturbed CV simulations is shown.      
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study show a statistically significant impact for 
four of six climate variables in using a fully two-
way coupled climate-hydrology model setup 
compared to the individual models alone. The 
degree of coupling impact is related to the 
degree of coupling with the highest significance 
levels occurring centrally in the catchment 
(Dom1) and a smaller effect downstream (Dom5).  

 

 

5.2 - Performance of coupled versus uncoupled 
model 

As shown above the performance of the coupled 
model simulations (TI and CV) is generally poorer 
than the uncoupled model simulations (HUV). 
This is not surprising. Even though it is based on 
basic physical principles the HIRHAM RCM has 
been refined over the years to better reproduce 
observations. Moreover, the model configuration 
(domain extent and grid size) with the best 
performance in terms of simulating precipitation 

Figure 9. Four MIKE SHE output variables for the period 10-18 July (discharge is 1-31 August) for the TI, CV and MSDSruns and for Dom1 (nine cell mean). The legend colouring reflects the overall simulation group (TI, CV and MSDS) andeach simulation has the same colour shade as in figure 6.  The individual flux sites are shown for LE only. Notice the y-axisshifts to accommodate more sites.     
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and air temperature as well as in representing 
the atmospheric circulation patterns has been 
selected in Larsen et al. (2013a). Likewise, MIKE 
SHE SWET has been subject to rigorous inverse 
modelling to assess parameter values (Larsen et 
al. 2013b). With the coupling the existing land 
surface scheme in HIRHAM is replaced by MIKE 
SHE SWET over the Skjern catchment. Calibrating 
complex models comprising several processes 
often introduces compensational errors (i.e. 
providing the right answer for the wrong reason) 
in the different model components in order to 
ensure that the model fits observational data as 
well as possible. When the existing land surface 
scheme in HIRHAM is replaced by MIKE SHE 
SWET it will inevitably provide different results 
and as the new coupled model is not calibrated 
simulation results are likely to be poorer. The 
ability of model calibration to compensate for 
biases in other model components is well 
documented (Graham and Jacob 2000; Stisen et 
al., 2012). The question of how to calibrate a 
complex coupled climate-hydrology model 
system as presented here, in a two-way coupled 
mode, is outside the scope and time-frame of 
this work. This task is computationally extensive 
and would require far-reaching additional code 
to include automatic inverse modeling. Even with 
manual calibration improved coupled simulations 
results may possibly remain inferior to the 
uncoupled results. That said the fact that the 
coupled model performance is poorer when the 
land surface scheme is replaced by an elaborate 
scheme (MIKE SHE SWET) that is well calibrated 
against observational data suggests that some of 
the other HIRHAM components could be 
improved. This should be investigated further, as 
there is a perspective here in learning from the 
coupled model to improve the HIRHAM 
parameterisations. 

5.3 – Test domains 

There is a clear tendency, for the coupled 
HIRHAM output (TI) from the five test domains of 
increased RMSE levels with a higher fraction of 
coupled cells (figure 3), with the exception of Rg 
results. An important consideration in this regard 
is however the specific location of each of the 
domains within Denmark (figure 1). For the 
uncoupled HUV simulations the pattern of 
increased RMSE values with the same test 
domains as for the TI simulations is seen for 
PRECIP. Therefore it is not possible to directly 
relate the share of MIKE SHE influence on the 
HIRHAM simulations to the results. An additional 
cause of the pattern of higher RMSE levels for 
test domains located in central Jutland (Dom1 – 
Dom4) as compared to the eastern Dom5 could 
be related to certain geographical biases in the 
precipitation as often seen in RCM’s, including 
HIRHAM (Jacob et al. 2007, Polanski et al. 2010). 
Corresponding biases for temperature have also 
been found (Kjellström et al. 2007, Plavcová and 
Kyselý 2011). van Roosmalen et al. (2010) 
showed the HIRHAM model (version 4) to 
produce higher precipitation and temperature 
biases over the central Jutland ridge compared to 
the rest of Denmark and also found HIRHAM to 
locate simulated rainfall maximum too far 
towards the North Sea compared to the 
observation maximum more inland in Jutland. 
Proximity to the coastline has also been shown to 
affect precipitation results from HIRHAM (Larsen 
et al. 2013a) and thereby the available water 
affecting the energy balance budget. In this 
regard the test domains Dom2 and specifically 
Dom3-Dom4 is located close to Ringkøbing Fjord 
which could also contribute to the higher RMSE 
levels of these compared to Dom5.  

 



Page | 142  

Morten A.  D.  Larsen,  Integrated Cl imate and Hydrology Model l ing,  PhD thesis,  University of  Copenhagen, 2013  

5.4 - Scale of variables 

An essential consideration in the analysis of the 
HIRHAM performance is the local to regional 
scale in which the atmospheric variables are 
affected by the land surface. The Skjern River 
catchment covers an area of approximately 
70x50 km. In this study the hypothesis is that 
areas in the proximity of the catchment and up 
to 25 km downstream of the catchment (in 
relation to the dominant wind direction) may be 
affected by the model coupling. This corresponds 
to atmospheric scales from smaller mesoscale to 
microscale.  It could be argued however that the 
effect of the coupling, although tested on 
regional scales below 100 km, could likely be 
imposed regionally on top of larger scale 
atmospheric phenomena such as larger 
mesoscale and synoptic scale features. In this 
regard global incoming solar radiation (Rg), by 
and large affected by cloud cover and therefore 
upstream larger meso- and synoptic scale 
conditions, shows no effect of the coupling 
scenario as the RSME pattern resembles a 
somewhat random pattern as a function of DTI, 
test domain and model variability (figure 3). Kaas 
and Frich (1994) however show changes in cloud 
cover to be correlated to surface temperature. 
Similarly surface pressure (Ps) would be 
connected with larger scale weather systems and 
sea surface temperatures (Køltzow et al. 2011) 
and is seen to be constrained to some degree by 
lateral boundary conditions (Seth and Georgi 
1998, Diaconescu et al. 2007, Leduc and Laprise 
2009) but is highly influenced by domain 
characteristics (Larsen et al. 2013a). It is thus 
likely that the Ps RMSE improvement with DTI, 
although modest in absolute terms, is connected 
to small scale coupling effects imposed on larger 
scale atmospheric patterns.  The variables RH, 
WS and Ta all vary in spatial scales down to 
microclimate far below the resolution of HIRHAM 

and even MIKE SHE and the improved results 
with a more frequent DTI is therefore anticipated 
to some extent. Also PRECIP, in particular 
convective rainfall, can be seen at grid scales 
below the HIRHAM resolution (Casati et al. 2004).  

5.5 – Data transfer interval (DTI) 

As most variables in the present study exhibit 
some degree of improvement with a lower DTI 
the relation between computation time and DTI 
(figure 4) is highly relevant for studies of longer 
periods, as improved performance of the coupled 
setup is constrained by a corresponding increase 
in computation time. Similar to this study 
Maxwell et al. (2011) tested the transfer timing 
of data between the Parflow hydrological model 
and the WRF atmospheric model in a 48 hour 
idealized constructed setup. The simulations 
were performed by using four transfer intervals 
of 5, 10, 60 and 360 seconds, where WRF used a 
constant time step of 5 seconds (nonhydrostatic 
model) and the time step in Parflow varied with 
the transfer interval. Good water balance results 
were obtained for transfer rates up to 12 times 
that of WRF (60 seconds) whereas the results for 
transfer interval of 360 second deteriorated. 
Even though a smaller time step was used in WRF 
than in HIRHAM in the present study (5 seconds 
compared to 120 seconds) the results of Maxwell 
et al. (2011) correspond reasonably to our results 
where a transfer rate of 12 times that of HIRHAM 
would correspond to a 24 minute DTI.         

5.6 - Perspectives for further use  

In this paper we demonstrate the feasibility of a 
full dynamical coupling between a regional 
climate model (HIRHAM) and a distributed 
hydrological modelling system (MIKE SHE) at very 
different scales. Scientifically, the current proto-
type gives us an adequate tool to investigate how 
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improved representations of surface and sub-
surface processes impacts projections of 
atmospheric circulation and vice versa for a wide 
range of problems, e.g. with respect to extreme 
dry and wet periods in a present and future 
climate as well as the hydrological response to 
climate change scenarios when feedbacks are 
considered. The long-term perspective of these 
efforts naturally points towards the development 
of comprehensive regional earth system models 
with improved and more physically consistent 
descriptions of regional climate processes than 
current climate models, potentially leading to 
better and more realistic regional climate change 
projections. A particularly important aspect of 
modelling, not only the influence of climate onto 
the hydrological regime but also the 
anthropogenically induced changes may be 
assessed, which have been shown to have a 
substantial effect on the local to regional climate 
(Durieux et al. 2003; Cui et al. 2006). A next 
incremental step would therefore be to explore 
the effect of land use change using the coupled 
climate-hydrological model system, which is able 
to include interaction and feedback mechanisms 
of the entire water and energy cycle, rather than 
to rely on existing statistical measures in the 
assessment of causes and effects. In most cases 
such analyses is likely to involve much larger 
hydrological model catchments. While there are 
no technical limitations to this task, this is equally 
likely to incur an increase in the hydrology model 
construction and calibration effort. On the other 
hand, this work clearly indicates that using the 
described methodology there could be significant 
advantages in applying the coupled model 
approach on a larger geographical scale than as 
shown. By extending the coupled domain in size 
would for example serve to minimize 
inconsistencies at the edge of the shared model 
domain, caused by uncoupled and semi-

overlapping grid cells which blend the physical 
descriptions of the coupled model setup and 
HIRHAM, respectively. This might in turn improve 
the simulation of Rg, the only variable in this 
work showing little or no change due to the 
coupling, due to improved larger-scale surface 
temperature descriptions and which is known to 
affect cloud cover (Kaas and Frich 1994).  

Computationally, we show that it is feasible to 
run simulations using coupled models dedicated 
to different types of computing systems, in this 
case a high performance computer and a 
personal computer. Moreover, we have 
demonstrated that transient coupled climate-
hydrology simulations at the decadal scale or 
longer is well within reach. The present proto-
type implements a number of technical decisions 
inherent to the computing environment available 
for this study and more work is needed in order 
to reduce computation times, e.g. 
implementation of a more efficient memory-
based data transmission schemes as prescribed 
in the OpenMI standard. In its current form the 
coupling approach, however, may easily be 
generalized to other computing environments.  

In terms of further model development this work 
suggests that several steps may be undertaken to 
improve the coupled model performance. Firstly, 
better calibration of the full two-way coupled 
modelling system is needed. Hydrology models 
are generally highly calibrated based on detailed 
present-day measurements and long-term 
projections of the hydrological response in a 
future climate are thus likely to push the 
hydrology models out of their comfort zone. 
Conversely, climate models are, in general, not 
strongly calibrated, creating a mismatch across 
both scales and accuracy, which might be offset 
by improved inter-model calibration for more 
physically consistent model output and 
ultimately for improved confidence in climate-
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hydrology projections. Secondly, while in this 
study we directly link model variables using an 
OpenMI interface, the present framework could 
easily be extended by imposing empirical 
downscaling and bias correction methods to 
further improve model compatibility across time 
and spatial scales.  Lastly, as mentioned above, to 
improve model performance during winter time 
as well as the applicability of the coupled system 
to other climatic regions, snow melt could be 
included in the MIKE SHE / SW ET module, which 
in turn should induce an obvious improvement in 
winter periods with snow. 

The 75-99 mm and 52-134 mm spans in total 
period PRECIP amounts from the HUV and CV 
simulations respectively, differing within groups 
only by perturbated starting conditions, clearly 
reflect the high variability in simulated PRECIP as 
also shown in several studies (Casati et al. 2004; 
van de Beek et al. 2011; Larsen et al. 2013a). 
Future studies within the field of coupling a 
regional climate model and a hydrology model 
therefore require an assessment of the amount 
of impact truly induced by the coupling as 
opposed to that caused by climate model 
variability. In this regard, even though this study 
as of now is the only full scale real catchment 
case climate/hydrology study to use a full year 
evaluation period, further benefit is gained by 
longer period simulations to include a range of 
conditions. 

6 – Conclusions 

This study presents the performance of the fully 
two-way coupled setup between the HIRHAM 
RCM and the combined MIKE SHE/SWET 
hydrological and land surface models. Especially 
the influence of the data transfer interval 
between the models (DTI), the domain of 

coupling influence and the HIRHAM model 
variability was assessed.  

Of the six HIRHAM output climate variables, 
precipitation, relative humidity, wind speed and 
air temperature (PRECIP, RH, WS and Ta) showed 
significant improvements in RMSE with a reduced 
DTI in the evaluated range of 12 to 120 minute 
DTI’s. Statistically significant differences by 
performing the coupling were also seen for these 
same four variables as they were shown to derive 
from two different populations when comparing 
similar perturbed runs of HIRHAM uncoupled 
runs (HUV) with two-way coupled HIRHAM runs 
(CV). The improvement for precipitation is 
highlighted with regard to the potential in the 
coupled setup as this is considered one of the 
most difficult variables to simulate. Going from a 
DTI of 120 minutes to 12 minutes decreased the 
average RMSE for these significant variables with 
10.1 %. In this regard, the computation time was 
shown to increase rapidly with a lower DTI as a 
model month corresponds to 4-5 real hours with 
a 60 minute DTI where the corresponding 
duration is 10-16 hours for 12-24 minute DTI 
values. The global radiation and surface pressure 
variables (Rg and Ps) were shown to have little to 
no impact from the coupling. Little to no 
improvement in the MIKE SHE output variables is 
seen for decreased DTI values as the 
improvement in latent heat flux (LE) is in the 
same range as the sensible heat flux (H) decline. 

The uncoupled and coupled HIRHAM model 
variability as induced by perturbing the HIRHAM 
runs with varying starting dates were shown to 
correspond to 47 % and 46 % respectively of the 
average improvements in RMSE and MAE for the 
four significant variables when going from a 120 
minute to a 12 minute DTI. Similarly significant 
variations were seen in the simulated 
precipitation where the eight two-way fully 
coupled simulations with 12 to 120 minute DTI 
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values (TI) produced precipitation spans during 
the one year period of 108-170 mm for the five 
test domains. Similarly the uncoupled (HUV) and 
coupled (CV) simulations with model variability 
induced by perturbation showed precipitation 
spans of 75-99 mm and 52-134 mm respectively. 
For all of these, the resulting span increased with 
a higher degree of coupling, whereof a certain 
share of this pattern may be attributed to well-
known geographical HIRHAM bias over the 
central Jutland ridge. The HIRHAM model 
variability as transferred to the MIKE SHE model 
in the 60 minute DTI CV simulations were 
substantially higher for discharge than for the LE, 
H or soil (G) heat fluxes. 

In general the coupled modeling results (TI and 
CV) are generally poorer than the uncoupled 
results (HUV). This is not surprising as each of the 
models over the years, also prior to the study, 
have been separately refined or calibrated to 
reproduce observations. These calibrations are 
likely to have compensated for errors in the 

separate and complex model components to 
ensure a proper data fit. We propose that the 
replacement of the land surface scheme in 
HIRHAM, as introduced by MIKE SHE, and the 
change in data input in MIKE SHE, as introduced 
by HIRHAM, causes this deterioration. The 
calibration of the coupled setups is outside the 
time-frame and scope of the present paper, 
however we see a great potential for further 
improvements when these are applied.      
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