Downloaded from orbit.dtu.dk on: Nov 21, 2018

Key drivers and economic consequences of high-end climate scenarios: uncertainties
and risks

Halsnæs, Kirsten; Kaspersen, Per Skougaard; Drews, Martin
Published in:
Climate Research
Link to article, DOI:
10.3354/cr01308
Publication date:
2015
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit

Citation (APA):
Halsnæs, K., Kaspersen, P. S., & Drews, M. (2015). Key drivers and economic consequences of high-end
climate scenarios: uncertainties and risks. Climate Research, 64(1), 85-98. DOI: 10.3354/cr01308

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Vol. 64: 85–98, 2015
doi: 10.3354/cr01308

CLIMATE RESEARCH
Clim Res

Contribution to CR Special 30 'Effects of extreme global warming in northern Europe’

Published June 17

OPEN
ACCESS

Key drivers and economic consequences of
high-end climate scenarios: uncertainties and risks
Kirsten Halsnæs*, Per Skougaard Kaspersen, Martin Drews
Climate Change and Sustainable Development Group, Department of Management Engineering,
Technical University of Denmark, Building 426, Produktionstorvet, 2800 Kgs. Lyngby, Denmark

ABSTRACT: The consequences of high-end climate scenarios and the risks of extreme events
involve a number of critical assumptions and methodological challenges related to key uncertainties in climate scenarios and modelling, impact analysis, and economics. A methodological framework for integrated analysis of extreme events and damage costs is developed and applied to a
case study of urban flooding for the medium sized Danish city of Odense. Moving from our current
climate to higher atmospheric greenhouse gas (GHG) concentrations including a 2°, 4°, and a
high-end 6°C scenario implies that the frequency of extreme events increase beyond scaling, and
in combination with economic assumptions we find a very wide range of risk estimates for urban
precipitation events. A sensitivity analysis addresses 32 combinations of climate scenarios, damage cost curve approaches, and economic assumptions, including risk aversion and equity represented by discount rates. Major impacts of alternative assumptions are investigated. As a result,
this study demonstrates that in terms of decision making the actual expectations concerning
future climate scenarios and the economic assumptions applied are very important in determining
the risks of extreme climate events and, thereby, of the level of cost-effective adaptation seen from
the society’s point of view.
KEY WORDS: Climate scenarios · Extremes · Risks · Damage and welfare costs · Uncertainties

1. INTRODUCTION
It is well documented that climate change is likely
to influence the frequency and severity of some extreme weather and climate events regionally1 (IPCC
2012). The projected trends in extremes often show a
positive correlation with increasing concentrations of
atmospheric greenhouse gasses; hence, the most severe changes are projected under high-end scenarios
like the RCP8.5 Representative Concentration Pathway (Meinshausen et al. 2011). In this study we address the evaluation of societal risks, recognizing the
fact that despite the inherently low probabilities of
1

‘Extreme events’ are here defined as specific outcomes of
individual or combinations of climate variables belonging
to the tails of a given probability distribution
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extreme events, the economic consequences to society can be very high. Assessing such risks involves
specific methodological challenges related to key uncertainties and to economic assumptions. These are
again related to the multiple elements involved in climate change impact studies, frequently visualized as
a ‘cascade’ of uncertainties (e.g. Wilby & Dessai 2010).
Methodologically, in the cascading picture, uncertainty
propagates through the different interlinked steps
in a ‘top−down’ assessment of climate risks, ranging
from socio-economic scenarios through emission scenarios, global and regional climate model projections,
and impact models to local impacts and possibly
adaptation responses. The uncertainties involved are
however of a different nature dependent on disciplines, modelling tools, and approaches applied (IPCC
2005, Refsgaard et al. 2013). Thus some of the uncer© The authors 2015. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
Publisher: Inter-Research · www.int-res.com
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tainties reflect parameter uncertainties while others
are of a more structural character, such as uncertainties related to economic valuation, risk perceptions
and preferences (Weitzman 2011). All together this
plethora of uncertainties provides a basis for a very
wide range of climate change risk estimates.
The present study explores an integrated methodological framework drawn from the cascading picture
for assessing the risks of extreme climate events with
high consequences, and applies the framework to a
real case study of pluvial flood risks in a medium
sized Danish city. A systematic assessment is carried
out of how risk estimates and uncertainties are related to climate scenario- and impact uncertainties
and, in particular, to economic assumptions. Four different climate scenarios are considered: a reference
case reflecting current climate conditions, a 2°C and
a 4°C scenario corresponding to the RCP4.5 and
RCP8.5 scenarios, respectively (IPCC 2013), and finally a special 6°C climate scenario provided by the
Danish Meteorological Institute (Christensen et al.
2015, this Special). We investigate the economic consequences of extreme events — these are, as mentioned above, considered as part of an integrated assessment where climate and impact models are
linked to economic models. The methodological
framework we use for linking physical and economic
models are inspired by a paper by Weitzman (2011)
describing the role of ‘fat-tailed uncertainty in the
economics of catastrophic climate change’. Weitzman
argues that there are large uncertainties associated
with the probability of extreme events as projected by
climate models as well as deep structural uncertainties related to economic risk evaluations, including
damage cost estimates, discounting, and risk aversion. The latter are key issues in terms of real-life
decision making, i.e. how much society should be
willing to pay for adaptation in a given future climate
scenario, which is often overlooked or severely simplified in many real-life climate change impact assessments. In this study we address the propagation
of uncertainties and test critical assumptions in relation to a case study of urban flooding. Through a combination of climate scenarios, urban flood modelling,
and economic assumptions, we analyse a total of 32
alternative scenario combinations, highlighting the
role of key drivers and economic consequences.

2. METHODOLOGICAL FRAMEWORK
Seen from the perspective of a climate change
adaptation decision maker, society should be willing

to pay adaptation costs, which are at least equal to
the avoided costs of climate change impacts. Adaptation costs should be adjusted for residual damages,
up to the point where adaptation costs exceed residual costs. According to this, residual damages are
associated with climate change impacts which either
have very low damage costs or where adaptation is
very expensive.
The avoided costs of climate change in terms of
risks depend on damages as well as on the probability
of a given event2. Adhering to conventional usage of
the term, we define climate change risks as the probability × consequence of a climate change event. For
high consequence events with low probabilities, the
estimated risks will depend on a sort of ‘race’ between
how fast the probabilities of climate events decline,
compared with how fast damage costs increase, when
we are moving further away from the mean (median)
of a climate probability density function.
Climate change impact assessment, e.g. as described by the traditional uncertainty cascade (e.g.
Wilby & Dessai 2010), generally involves integrated
climate modelling and impact assessment. Specifically, future climate events such as temperature and
precipitation extremes, wind storms, droughts, or
combinations of these are used as drivers for impact
assessments. Subsequently, economic consequence
studies address damages to specific sectors, ecosystems, geographical locations, and human assets.
In the present study, damage costs are based on a
bottom−up assessment, where cost parameters are
assigned to different assets which are expected to be
at risk from pluvial flooding; however, the approach
could be easily generalized to other types of high
impact events. Here assets include buildings, historical values, health, infrastructure, and ecosystems.
The costs associated with damages to these assets
are transformed to a measure of ‘willingness-to-pay’
(WTP) reflecting welfare loss, where risk aversion
and equity concerns (given by alternative discount
rates) are taken into consideration.
Fig. 1 illustrates the different logical steps of the
impact assessment. Generally, in terms of describing
the risks associated with a specific combination of
one or more climate variables like temperature, precipitation, wind or sea level, the probability of a specific (possible compound) event is derived from climate projections. The probability may be expressed
2

A climate event should here be understood as a broad terminology covering particular weather events like hot spells,
intensive precipitation, wind storms, etc., which are associated with societal risks
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Probability (%)

mate model projections, whereas the
tails of the pdfs expresses (extreme)
values further and further away from
the mean. As shown in Fig. 2 the tails
of the 2 pdfs differ significantly in their
‘fatness’. While the ‘thin-tailed’ pdf is
heavily centred and symmetric around
the mean, the red ‘fat-tailed’ pdf is
somewhat skewed and lends higher
probability to extremes.
The thin- and fat-tailed distributions
could be derived in different ways. One
could think of the 2 distributions as being derived from 2 different ensembles
Fig. 1. Example structure of climate change impact assessment and risk analysis. of model simulations, e.g. forced by difThe red arrow shows that the first and last step in the assessment are combined ferent climate scenarios (a moderate
scenario like RCP4.5 versus a high scein the form of a probability density function (pdf),
nario like RCP8.5). For some geographical locations
which is typically constructed on the basis of an
and for some variables like temperature and precipitaensemble of climate models. Principally, the pdf protion extremes many authors (e.g. Christensen & Chrisvides a comprehensive description with respect to
tensen 2003, Collins et al. 2012) have thus demonboth frequency and intensity. In practical terms it is
strated that the probabilities of what are considered
far from trivial to construct such a pdf, especially for
extremes under present-day conditions are likely to
compound situations where more than one climate
increase significantly under gradually higher levels
variable is involved. Hence, in some cases, more stylof global warming. This implies that the tails correized shapes of pdfs are therefore used, e.g. in order
sponding to the higher end range of climate scenarios
to explore the tails of the distribution given certain
are similarly likely to be relatively ‘fat’. Distributions
assumptions about uncertainties (Weitzman 2011).
could also be derived from the same ensemble using
To exemplify, consider the 2 stylized pdfs illusdifferent methodologies and/or assumptions, or in the
trated in Fig. 2. The x-axis shows the change in the
case of single or few model simulations, they could be
(anomaly) value of some climate variable, e.g. daily
based on entirely different climate models; hence, the
mean temperature, for a future time period with
difference primarily represents model uncertainty. It
respect to a set control period; the y-axis expresses
could also be a combination of all of the above. Either
the probability of this value, e.g. as inferred from
way, the impact assessment of an extreme event is
single model simulations or an ensemble of climate
likely to be heavily compound on the shape of this
model projections. In this idealized example both dispdf, which of course introduces a significant uncertributions depict a nearly identical central value of an
tainty in terms of determining and quantifying risks.
increase in daily mean temperature of 6°C, which
The perspective of the damage cost assessment in
could be interpreted as the mean (median) of the cliour approach is social welfare3, where the total damage costs is an aggregate measure of the costs to all
individuals of damages to given assets, and total
damages are calculated as the sum of damages in all
sub categories.
In terms of climate change, the uncertainty surrounding future events and the specific character of
extreme events with low probabilities and high conFat tail
sequences suggests that the social welfare function
applied to damage cost evaluation is adjusted to
reflect society’s perspective on uncertain future risks
(Heal & Kriström 2002, Weitzmann 2011). One way to
Climate variable
Fig. 2. Stylized representation of 2 alternative climate variable distributions

3

Social welfare reflects society’s perspectives as for example
in relation to climate change impacts
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include this type of uncertainty in economic analysis
is to apply a risk aversion factor. Risk aversion by definition is the reluctance of a person to accept a bargain with an uncertain payoff rather than a bargain
with a certain payoff, and as already pointed out,
extreme consequences of, for example, high-end climate scenarios are by their very nature uncertain.
As a basis for measuring WTP and following IPCC
(Kolstad et al. 2014) we assume a social welfare function (V ), where u(ct) = Vt is the contribution to the
social welfare function of generation t consuming ct .
Since ct is uncertain, we consider the expected value
Eu(ct) of consumption in our social welfare function.
The concavity of the function u combines inequality
aversion reflected in discount rate and risk aversion
to reflect uncertainty:
V =

∞

∑ Eu(ct )d (t )

t =0

(1)

The factor d(t) is a discount factor, which reflects equity in terms of our collective pure time preference for
the present versus the future and an ethical parameter
reflecting equity among present generations following
the prescriptive approach to discounting reflecting
equity concerns (IPCC 2014, section 3.6.2 therein).
We assume a risk aversion factor as defined by
Arrow (1965):
A(v) = −U ’’ (v)/U ’(v)

(2)

where A(v) is the risk aversion associated with a
given social welfare change, and the utility of the
social welfare change is:
U (v ) =

∞

∑u (ct )

t =0

(3)

where U ’(v) and U ’’(v) are the first and second order
derivatives of U(v), respectively.
In the case of a utility function, which is a polynomial of order n, the form of the risk aversion factor
reduces to the expression:
A(v) = nc n −1

(4)

Hence the risk aversion is a constant. There are to
the authors’ knowledge no specific climate change
risk attitude studies suggesting what the level of risk
aversion should be, so instead we consider 2 different
risk aversion factors (i.e. high and low risk aversion)
based on an approach developed by Heal & Kriström
(2002), who suggest to use risk aversion values between 1 and 6 based on risk preferences revealed
among investors.
The risks of climate change impacts may now be
calculated from:

Risks = WTP to avoid event × probability of event (5)
WTP = damage costs × risk aversion factor

(6)

To exemplify how uncertainties and economic assumptions individually and combined influence risk
levels, we apply the methodological framework to
assess flood risks due to very high intensity rainfall in
Odense.

3. PLUVIAL FLOOD RISKS IN THE
CITY OF ODENSE
Odense is the largest city on Funen and the thirdlargest city in Denmark. It has ~172 000 inhabitants
and is an eclectic mix of residential housing, enterprises, industry, recreational areas, historical buildings, etc. The city is located next to Odense Stream
and close to Odense Fjord, thus making the city
centre vulnerable to different kinds of flooding.
Recently, the risk of flooding due to heavy rainfall
was assessed by the local government as the first
step in a large decision-making framework aimed
at developing a detailed climate change adaptation
strategy and action plan4 (Odense kommune 2014,
pers. comm.).
To identify major risk drivers and illustrate the role
of uncertainties as well as the importance of climate
scenario assumptions, damage cost functions, risk
aversion, and discount rates we carry out a sensitivity
analysis, constructing all possible combinations of
these factors (illustrated in Fig. 3). Moving radially
out from the centre of the circle, our starting point is
the choice of climate scenario. The next step is to
combine the climate scenario with 2 different damage assessment approaches. We then apply risk aversion factors of 3 and 1, respectively, where a factor
of 1 implies risk neutrality, i.e. cost estimates are
not adjusted by the risk perception. The factor of
3 represents a ‘middle-of-the-road’ perspective often
favoured by real-life decision makers, effectively
‘averaging’ risks across a range of different (replaceable as well as irreplaceable) assets. Finally, the
alternatives are transformed to levelized costs using
a (moderate) 3% or a (low) 1% discount rate for a
total of 32 combinations. It is evident that the levelized costs are inherently dependent on all parameters in this analysis, e.g. a higher level of risk aversion increases the levelized costs.
4

All Danish local governments are obliged to develop local
adaptation plans, which in the first phase until the end of
2014 are focussing on flood risks
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3.1. Data
The following physical and socio-economic data
are used in the assessments:
• Downscaled climate projections from ArnbjergNielsen et al. (2015, this Special)
• Flood maps for Odense based on urban flood modelling using MIKE Urban/MIKE Flood software
(MIKE By DHI 2014), wherein the city’s topography
and urban drainage system is included; this was
supplied by the municipality of Odense (Odense
kommune 2014, pers. comm.)
• GIS land cover data for Odense from the Danish
Ministry of the Environment (Miljøministeriet 2014)
• Damage cost estimates for roads, railways and
irreplaceable assets from Odense kommune (2014,
pers. comm.)
• Damage cost estimates for houses, basements and
other buildings from Arnbjerg-Nielsen & Fleischer
(2009), Zhou et al. (2012) and Forsikring & Pension
(2014)
• Since no unit damage cost estimates exists for the
service and industry sectors, these were estimated
based on insurance claims (Forsikring & Pension
2014). Likewise, unit damage costs for health and
waterbodies were estimated from Zhou et al. (2012).

3.2. Climate projections
Heavy rainfall intensities corresponding to 3 different climate scenarios as well as present day conditions have been reported by Christensen et al. (2015)
and Arnbjerg-Nielsen et al. (2015). The first 2 scenarios were inferred from regional climate projections of
the RCP4.5 and RCP8.5 scenarios for the period
2071−2100 and correspond to a global mean surface
warming at the end of the 21st century of ~2°C and
4°C. Conversely, the last scenario represents an arbitrary future 30 yr time slice, where a global mean surface warming of 6°C is realized (Christensen et al.
2015). Based on the 3 time slices we calculate the
annual probability of rainfall events of a particular
intensity for the different climate scenarios (Fig. 4).
For the scenarios associated with the higher global
mean temperature changes, the probability of specific
high intensity rainfall events is clearly seen to increase relatively, as do the maximum intensities. This
implies that if we consider the frequency of specific
events then the distributions derived from the higher
end scenarios are effectively ‘fat-tailed’ as compared
to the ‘thin-tailed’ distributions derived from lower
scenarios or present-day conditions (Fig. 2).

Fig. 3. Structure of a sensitivity analysis applied to the
pluvial flooding case; 32 different scenario combinations are
shown

Evidently, this is not the whole story, since both
global and regional climate projections are influenced by a wide range of further uncertainties,
including bias, model uncertainty and internal variability, whose relative importance varies with prediction lead time and with spatial and temporal
averaging scale (e.g. Hawkins & Sutton 2009, 2011).
Similarly, empirical-statistical downscaling of precipitation is also affected by considerable uncertainties
and critical assumptions (Sunyer et al. 2014). In this
study, as in many real-life impact assessments, we do
not have sufficient information to strictly decompose
the variance of the climate projections. For simplicity
we instead use the full range of climate scenarios discussed above as sort of a proxy for assigning specific
probabilities to specific precipitation intensities across
scenarios. In general for precipitation Hawkins & Sutton (2011) identify model uncertainty as the predominant source of uncertainty more or less independently of lead time, which suggests that the climate
uncertainty used in this analysis may be deflated.
Recent work by Gregersen et al. (2014) on the other
hand finds that the spread of the projections for Denmark used herein exceeds the observed spread in a
comparable ensemble of regional climate projections
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from ENSEMBLES (van der Linden & Mitchell 2009),
indicating that in this specific case the scenario
uncertainty may at least to the 0th order be considered to be representative of the total climate
uncertainty.
Another important point to consider in the perspective of decision making on climate change adaptation
is the issue of time and learning, e.g. what happens
when the focus moves from low-end climate scenarios with possible moderate impacts to higher-end
scenarios with more severe impacts. Since decisions
about adaptation measures typically will have a
much shorter time perspective than developments in
the climate system, it is important to consider the timing of when risks associated with different climate
scenarios actually can materialise and when given
adaptation is necessary. One way to reflect the time
perspective is to compare the time frame determined
by different climate models of when alternative global
mean temperature changes can emerge. Comparing
the global annual mean temperature projections for
the RCP8.5 scenario of 38 CMIP5 (Taylor et al. 2012)
members compared to the pre-industrial 1881−1910
period, Christensen et al. (2015) for example showed
that around the year 2100 is the ‘earliest’ time when

a 6°C global mean temperature change could be
achieved. Conversely, the same study finds that most
of the projections achieve 6°C before 2130. It is evident that adapting to such high temperature levels
will not be needed until far into the future. If we are
instead to consider high-end scenarios within the
time frame of the 22nd century, it makes sense to
focus on the risks associated with moving from a 4°C
scenario to a 6°C scenario rather than only focusing
on the highest climate scenario.

3.3. Flooded assets

Expected annual probability of events (%)

To estimate the damage costs we combine detailed
modelling of the topography and the urban drainage
system with geographical information in a GIS format. The geographical information includes data on
vulnerable assets in terms of buildings, roads, railways, cultural and historical values, ecosystems, and
human health, and is based on a static picture of
present day city activities and structure. State-of-theart maps describing the likely location and extent
of flooding following alternative extreme precipitation events have recently been produced for Odense
using the MIKE Urban/MIKE Flood (MIKE By
160
DHI 2014) modelling tools. For some assets
like damage cost estimates of buildings in
this assessment step are based on very
140
aggregate general categories of private
houses and commercial buildings. Urban
120
ecosystems or recreational areas are not
included in the assessment, and neither is
100
discomfort to people due to stress associated
with the event or loss of working hours for
80
cleaning up after the flooding. Both of these
could potentially be associated with sig60
nificant costs. The same is the case with losses
associated with disruptions in industrial
activities and business, which have not been
40
taken into consideration because only very
small-scale industrial activities are located in
20
the central city of Odense. Flooding would
therefore not have a large economic impact
0
–1
–1
–1
–1
–1
on these activities. Similarly, losses in busi49 mm d
59 mm d
68 mm d
82 mm d
95 mm d
ness activities and shopping are not included,
Present day
20%
10%
5%
2%
1%
which like in the case of industrial activities
RCP4.5
40%
22%
12%
6%
3%
could tend to cause an underestimation of
RCP8.5
71%
44%
28%
17%
10%
damage costs. It could however be expected
6°
143%
95%
60%
33%
21%
that many business and shopping activities
would be postponed for a few days due to
Fig. 4. Expected annual probability of intense precipitation events
flooding, and that economic losses thereby
for the different climate scenarios: present day, regional climate
projections (RCP) RCP4.5 and RCP8.5, and 6°C increase
would be small.
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It could be argued that basing our damage cost
assessment on a static picture of the city would tend
to underestimate costs because the value of damaged
assets would increase over time. This will certainly
be the case, but there is currently no good methodology available that can be used to make a detailed
projection of city activities, which can merge the
details in our flooding calculations. The present study
uses location-specific information about houses, roads
and other assets, and we cannot project these. A
possibility could be to add a general factor to reflect
increases in the value of city assets over time, and
this would in general work as a multiplier on the
costs and thereby increase the damage estimates. We
have chosen not to do this because the major point of
our study is not to provide accurate cost estimates,
but rather through a sensitivity analysis to demonstrate the importance of key economic assumptions.
We are not really expecting high population growth
in Danish cities, but the value of assets would increase if the current trend of city development
continues.
The total number of buildings and other assets
likely to be affected by different flooding events in
Odense are compiled in Table 1.
We note from Table 1 that the total number of
buildings and basements flooded is clearly increasing with increasing precipitation intensities (maximum event intensities). The same is the case for

91

roads, railways, etc. In the case of health impacts and
irreplaceable assets such as historical buildings, a
particularly high number of incidences are seen to
appear for precipitation events exceeding a threshold of 30 mm h−1.

3.4. Damage cost approach
Damage cost estimates are based on a number of
different data sources, implying that unit cost data
for different assets may be uncertain. Unit cost data
have been adjusted to common measurement standards (Tables A1 & A2 in the Appendix).
The damage cost assessments are based on 2 alternative methods to exemplify differences in reallife damage assessments. In the traditional ‘damage
curve’ (DC) approach, the modelled surface water
depth is used directly as a measure of severity. Using
the DC approach, damage costs per asset flooded
increases linearly as the water depth increases, until
it reaches a predefined level, where it is assumed
that maximum possible damages occur (Table A1 in
the Appendix). This water depth by assumption
varies between assets and is set to be 50 to 70 cm
in the present study. The selected water levels for
maximum damage were based on European and
American findings in accordance with Jongman et
al. (2012) and Davis & Skaggs (1992).

Table 1. Flooded assets for rainfall events with different intensities. For simplicity, buildings and basements are treated as
uniform categories
Flooded assets

Water depth flooding
threshold (cm)

Buildings
Service and Industry
Multistorage residential
Houses
Leisure house
Basements
Health effects from
basement flooding
Roads
Railways
Waterbodies flooded in
the city with mixed surface
and sewage water
Irreplaceable assets
Ancient monuments
Churches
Conservation worthy buildings
Clergy buildings middle age
Statues and sculptures
Museums

20

Event intensity (mm h−1)
25
30
35

Unit
40

20
20
20
20
5
0.3

59
38
87
108
178
475

94
56
201
229
311
757

174
95
398
419
573
1356

231
103
472
490
569
1397

278
123
576
605
726
1659

No. of buildings

No. of basements
No. of people affected

5
5
20

120
2
29

212
5
31

374
9
41

434
12
43

533
15
46

1000 m2
1000 m2
No. of waterbodies

20
20
20
20
20
20

–
–
10
–
2
–

–
–
22
–
2
–

1
1
58
–
5
4

2
1
60
–
5
4

2
1
74
–
7
5

Buildings
Buildings
Buildings
Buildings
Buildings
Buildings
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Cost ( x 10 6 EUR)

Cost ( x 10 6 EUR yr –1)

10
In the ‘event-driven’ (ED) approach, unit
damage cost is kept constant for all water levED +6°C
els exceeding a certain water depth threshold.
DC +6°C
As assets have different susceptibility towards
the water level required to cause damages, a
ED +4°C
water depth threshold is defined for each asset
DC +4°C
1
type to represent a given asset damage cost,
ED +2°C
and this threshold is constant for all precipitaDC +2°C
tion events (see Table A2). Damage unit costs
are related to the intensity and total amount
ED present day
of precipitation during a precipitation event.
DC present day
As the intensity of the precipitation events
0
20
25
30
35
40
increases so does the total number of assets
–1)
Event
intensity
(mm
h
flooded and the unit cost per damage. The
logic behind this approach is that the likeliFig. 6. Levelized costs of flood damage over a 100 yr period for differhood of assets being flooded with water levels
ent climate change scenarios (+ 2°, + 4°, and + 6°C) using a 3%
above the defined threshold increases with the
discount rate. ED: event-driven, DC: damage curve
amount of precipitation increase. This relationship has been confirmed by available data for
estimates for very intense precipitation, which may
insurance claims from flooding during high-intensity
be more likely in higher-end climate scenarios. It is
precipitation events in Denmark in the period 2006−
important to recognize here that both approaches
2013 (Forsikring & Pension 2014), where it can be seen
depend on the availability of reliable damage cost
that the average insurance claim was 3 to 10 times
data, and that such data in most real-life cases is
higher for damages from high-intensity precipitation
likely to be sparse. Likewise, both approaches ignore
events compared with low-intensity precipitation
the indirect costs of pluvial flooding, which in abevents.
solute terms may be considerable, but which for the
As shown in Fig. 5 the range of damage costs span
purpose of a sensitivity analysis makes them equally
from about 17 million EUR for the smallest precipitagood (or bad).
tion event, to over 300 million EUR for the most intenThe damage costs are transformed to risk estisive event. Cost estimates derived using the ED
mates by multiplying the estimated costs with the
approach start below the DC cost level, but increase
probability of an event happening at a different
more steeply and pass the DC based costs for precippoint in time. From this we calculate net present
itation events of more than 30 mm h−1. This implies
that using the ED approach will generate higher risk
values and corresponding levelized costs5. These
risks are illustrated in Fig. 6 for alternative climate
scenarios. The levelized costs of the damages are
1000
seen to increase for higher precipitation intensities
in the ED approach, peaking at 30 mm h−1 precipitation. In the case of the 6°C scenario, levelized
costs are 3 times higher than for the 2°C scenario.
Furthermore, despite the lower inherent probability
for very intensive precipitation events of 40 mm h−1
100
as compared to events of 30 mm h−1 levelized damages are almost at the same level in both cases
ED
under the ED approach. In the DC approach, where
DC
damages increase until a maximum threshold level,
the levelized costs of the damages reach a maximum
already at 20 mm h−1, after which they decrease
10
faster than in the ED approach.
20
25
30
35
40

Event intensity (mm h–1)
Fig. 5. Estimated total damage costs due to high-intensity
precipitation events in Odense, Denmark, using the damage
curve (DC) and event-driven (ED) approach

5

The levelized costs are the net present value transformed to
constant annual costs by integrating over a time frame of 100 yr
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100

Cost ( x 10 6 EUR yr –1)

Cost ( x 10 6 EUR)

1000

100
ED - WTP
DC - WTP
ED
DC
10
20

25

30

35

Event intensity (mm

Discount rates between 1 and up to 6% have been
suggested for climate change costing studies based
on different theoretical arguments; See Arrow et
al. (1996) for a detailed discussion

20

25

30

35

40

Fig. 8. Levelized costs of flood damage over a 100 yr period
under a 6°C scenario and discount rates of 1 and 3% under
the damage curve (DC) and event-driven (ED) approach

highest risks vary from about 85 million EUR down to
less than 1 million EUR. In terms of decision making,
it is however important to notice that most of the combinations of economic assumptions and climate scenarios assess the risk to be between 7 and 30 million
EUR yr−1, while only 4 out of the 32 combinations really stand out and go far beyond a 30 million EUR yr−1
risk level. The high risk cases exclusively correspond
to the high-end 4 and 6°C climate scenarios, a risk
aversion factor of 3 and a low discount rate of 1%.

Cost ( x 10 6 EUR yr –1)

Adding a risk aversion factor as suggested by
Weitzman (2011) to reflect people’s attitudes towards
risk will increase the costs (Fig. 7). We apply an
absolute risk aversion factor of 3. In terms of WTP this
also triples the costs, and the same upwards shift in
costs is observed in the levelized costs.
Fig. 8 shows the levelized costs for the 2 damage
functions under the 6°C scenario applying both a
low (1%) and a medium high (3%) discount
rate6. Levelized costs are almost 3 times
100
higher again, depending on a 1 versus a 3%
discount rate.
In this way the actual level of risks associated with flooding from extreme precipitation
75
in Odense can vary significantly depending
in near equal parts on climate scenario assumptions, damage cost approach, and cost
assumptions. The importance of these factors
50
is assessed systematically in the next section.

The risks measured as levelized costs for
all the 32 scenario combinations are shown
in Fig. 9. The costs for the lowest and the

ED 1%
DC 1%
ED 3%
DC 3%

Event intensity (mm h–1)

3.5. Risk aversion and discount rates

3.6. Sensitivity analysis

10

1

40

h–1)

Fig. 7. Total damage costs during high-intensity precipitation events in Odense, Denmark. WTP (willingness-to-pay) =
event-driven (ED) or damage curve (DC) costs with a risk
aversion factor of 3
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Fig. 9. Risks represented by levelized costs over a 100 yr period calculated
for all 32 scenario combinations (see Fig. 3). Red: + 6°, blue: + 4°, and
purple: + 2°C climate scenario combinations; green = present day
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The wide range of risk estimates as presented
in Fig. 9 is a result of a combination of climate scenarios and economic assumptions; below we separately
examine the importance of these 2 set of assumptions
in order to further shed light on key uncertainties.
Starting with the climate scenarios, Fig. 10 shows the
range of risk estimates by scenario. It is here clear
that going beyond a 2°C climate scenario has large
implications on risk estimates.
As previously stated, it is important from a decision-making point of view to consider the magnitude
and uncertainties of damage estimates when we
move from, for example, a 2°C to higher end scenarios, and timing here is important in relation to
planning perspectives of adaptation. Recent climate
simulations suggest that a 4°C increase could be
achieved already around 2050 if current high GHG
emission pathways continue. Hence depending on
the timeframe of the actual adaptation considered, it
may be highly relevant, within a timeframe of up to
2100, to assess options in the context of risks when
moving from a 4°C scenario to a 6°C scenario.
Applying alternative economic assumptions to
the damage cost assessment expands the range of
risk assessment for the climate scenarios. We further
examine the role of the economic assumptions
keeping the climate scenario constant at the 6°C
level. As exemplified in Fig. 11, the choice of discount rate and risk aversion factor can both have a
high impact on risk levels. For example, for a precipitation intensity of 30 mm h−1 the risks are found
to vary between ~10 and 85 million EUR. Moreover,
given the assumptions we have applied in this case
study, a combination of high risk aversion and high
discount rate actually yields the same results as a
combination of low risk aversion and low discount
50
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Fig. 10. Range of levelized costs given different climate
scenarios and precipitation levels

40

h–1)

rate. This is a coincidence based on the choice of
assumptions. From Fig. 11 only the combinations of
a high risk aversion factor and a low 1% discount
rate result in risks above the 30 million EUR yr−1
level, which as previously stated is the maximum
level for most of the scenario combinations that are
included in the full range of the sensitivity analysis
as shown in Fig. 9.
In conclusion it can be said that the alternative climate scenarios, as included in Fig. 10, show a variability of the risk estimates from ~15 million EUR yr−1
as the highest estimate for the 2°C scenario to about
80 million EUR yr−1 for the 6°C scenario. Keeping the
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Fig. 11. Levelized costs of risks for the 6°C scenario with risk
aversion factors 1 and 3 (risk), and 1 and 3% discount rates
(DR)
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Fig. 12. Levelized climate risks and stylized climate risk reduction curves by adaptation for the 6°C climate scenario.
Scenario numbers: from the 32 combinations in Fig. 3
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Fig. 13. Levelized costs for different climate scenarios using
the event-driven (ED) damage assessment method. The risk
aversion factor increases from 1 to 2 as climate change increases in the willingness-to-pay (WTP) measure, with a 3%
discount rate. NPV: net present values

6°C scenario constant and then alternatively varying
the economic assumptions on risk aversion and discount rate as shown in Fig. 11 provides an almost
similar range of risk estimates; so given our assumptions it can be concluded that the set of climate scenarios and economic assumptions influence the risk
estimates in a very similar way.

4. DISCUSSION
In the present study we frame climate change risk
assessments in terms of how much society should be
willing to invest in adaptation measures based on
willingness-to-pay measures. The focus here is on a
local geographical area, defined by specific climate
change risks as exemplified by the case study discussed in the previous sections. Since decision
makers in a local context cannot through their own
adaptation actions influence atmospheric GHG concentrations significantly, we can assume that they
have to consider, at a given point in time, climate
change scenarios as a reality. In this construction
of the decision-making issues, it is relevant to compare the costs of adaptation with the risk reduction
achieved by adaptation assuming that a given climate scenario is emerging. The objective function for
decision making can then be formulated as:
Climate risks = adaptation costs +
residual damages after adaptation

(7)

where the right-hand side of the equation represents
climate risk reductions by adaptation. Residual dam-

95

ages are included in the calculation in order to reflect
that the costs of adaptation at some point can increase to a level where the benefit of risk reduction
by adaptation is smaller than the costs. Using the
same format as in Fig. 9, picturing the risk of all 32
scenario combinations, the decision-making issue for
a given climate scenario objective, e.g. a 6°C scenario, could be as illustrated in Fig. 12. Adaptation
costs should be less than or equal to the avoided
damages (represented by the risk curves), and the
decision maker can then compare adaptation cost
curves with the risk curves. When adaptation costs
intersect the risk curves, the benefit of implementing
adaptation to protect against a high event intensity
level is less than the adaptation costs. The straight
lines exemplify stylized alternatives of climate risk
reduction curves by adaptation and are merely for
illustrative purposes.
The recommended risk management levels will of
course depend on the exact shape of the adaptation
cost and residual damage curves, which were not
estimated in this study. As drawn in Fig. 12 in most
cases the optimal risk management level will be at a
precipitation level of around 30 mm h−1. It is primarily
with assumptions of high risk aversion and low
discount rate that the recommended safety level
exceeds this.
To put the decision-making perspective into a
larger context, i.e. in terms of climate change mitigation perspectives, the risk reduction in terms of urban
flooding can also be seen as a measure of the benefits
of avoiding the consequences of alternative climate
change scenarios. For illustrative purposes, Fig. 13
shows risk estimates for moving from no climate
change to a 2°, 4°, and 6°C climate change scenario.
We assume here that the risk aversion factor applied
to the willingness-to-pay assessment increases linearly from 1 to 2 when we are on a trajectory to a 6°C
climate scenario. However, one might also argue for
the risk aversion factor to increase with global mean
temperature change due to ambiguity in relation to
future uncertain high consequence events (Weitzmann 2011).
Confronting the climate change risk estimates
with the mitigation issues illustrates that by considering different levels of temperature change, the
risk function will be convex in shape, while adding
a risk aversion factor, which is increasing with temperature, clearly results in a much faster increase
in the risk curves. Applying similar assumptions in
a global decision-making context would thus point
to the conclusion that a more ambitious level of climate change mitigation should be implemented.
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That said, the actual shape of damage curves as
well as risk aversion factors for different vulnerable
assets will of course vary.

more related to different theoretical concepts of risk
aversion and discounting, and the sensitivity analysis
illustrates what the consequences of these different
uncertainties could be.

5. CONCLUSIONS
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A methodological framework for integrated assessment of climate change impacts and welfare consequences has been developed and applied to a case
study of urban flooding due to extreme precipitation
in Odense. The approach distinguishes climate scenario uncertainties related to climate signals as such
and to the probability of tail events with high consequences, while combining this information with alternative economic assumptions for damage functions,
risk aversion, and equity as reflected in discount rates.
A systematic sensitivity analysis including 32
scenario combinations demonstrates that alternative
climate scenario assumptions as well as economic
assumptions together result in risk estimates with a
very large variation. We find that a major source of
uncertainty relates to the climate scenario uncertainty, in particular related to the probability of tail
events associated with high consequences to society.
The economic assumptions, particularly on risk aversion factor and discount rate, are both very important
and contribute to a very large variation of risk estimates. Furthermore, the actual level of damage costs
associated with different levels of precipitation intensity is important in determining the risk levels. The
latter is a challenge to impact modellers, and the
accuracy of damage cost studies could benefit from
the availability of more context-specific studies on
impacts on physical assets, human welfare, and risk
perception, and on how the full range of economic
activities in the city could be affected.
In the context of uncertainty and decision making,
the results of the sensitivity analysis seen from a climate modelling perspective and from an economic
perspective can be interpreted in different ways.
Uncertainties related to the climate scenarios reflect
both the state of current climate modelling and statistical downscaling approaches applied to the case
study, as well as more general uncertainties related
to global decision making on climate change mitigation and future temperature levels. In terms of adequately eliciting these uncertainties in an integrated
framework, an ensemble of comprehensive model
experiments, specifically designed to decompose the
variance, which take into account key factors such as
the scenario and model uncertainty is required. The
uncertainties related to the economic estimates are
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APPENDIX
Table A1. Assumptions for flood damage cost calculations using the damage curve (DC) approach
Unit costs

Surface water depth

Unit

Buildings
Service and industry
Multistorage residential
Houses
Leisure house

10 cm
69 418
45 561
16 667
833

20 cm
138 835
91 122
33 333
1667

30 cm
208 253
136 684
50 000
2500

40 cm
277 670
182 245
66 667
3333

50 cm
347 088
227 806
83 333
4167

60 cm
416 506
273 367
100 000
5000

70 cm
485 923
318 928
116 667
5833

Basements

2.5 cm
9

5 cm
18

10 cm
35

15 cm
53

20 cm
70

30 cm
106

50 cm
176

EUR/m2

Roads
Railways

2.5 cm
9
44

5 cm
18
88

10 cm
35
176

15 cm
53
264

20 cm
70
352

30 cm
106
528

50 cm
176
881

EUR/m2
EUR/m2

Health

0.15 cm
11

0.3 cm
22

1 cm
72

5 cm
361

10 cm
722

20 cm
1444

50 cm
3610

EUR/person

Waterbodies flooded in the city

10 cm
16 667

20 cm
33 333

30 cm
50 000

40 cm
66 667

50 cm
83 333

60 cm
100 000

70 cm
116 667

Irreplaceable assets
Ancient monuments
Churches
Conservation worthy buildings
Clergy buildings middle age
Statues and sculptures
Museums

10 cm
33 333
333 333
33 333
33 333
33 333
333 333

20 cm
30 cm
66 667
100 000
666 667 1 000 000
66 667
100 000
66 667
100 000
66 667
100 000
666 667 1 000 000

40 cm
133 333
1 333 333
133 333
133 333
133 333
1 333 333

50 cm
166 667
1 666 667
166 667
166 667
166 667
1 666 667

60 cm
200 000
2 000 000
200 000
200 000
200 000
2 000 000

70 cm
233 333
2 333 333
233 333
233 333
233 333
2 333 333

EUR/building
EUR/building
EUR/building
EUR/building

EUR/waterbody
EUR/building
EUR/building
EUR/building
EUR/building
EUR/building
EUR/building
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Table A2. Assumptions for flood damage cost calculations using the event-driven (ED) approach
Unit costs

Maximum event intensity (mm h−1)
25
30
35

Water depth
threshold (cm)

20

Buildings
Service and industry
Multi-storage residential
Houses
Leisure house

20
20
20
20

87 972
45 689
43 718
1315

182 821
113 967
55 192
2324

277 670
182 245
66 667
3333

372 520
250 523
78 141
4342

467 369
318 801
89 616
5352

Basements

5

33

47

67

87

100

EUR/m2

Roads
Railways

5
5

167
33

233
47

333
67

433
87

500
100

EUR/m2
EUR/m2

Health

0.3

446

624

892

1159

1337

EUR/person

Waterbodies flooded in the city

20

33 333

46 667

66 667

86 667

100 000

Irreplaceable assets
Ancient monuments
Churches
Conservation worthy buildings
Clergy buildings middle age
Statues and sculptures
Museums

20
20
20
20
20
20

66 667
666 667
66 667
66 667
66 667
666 667

93 333
933 333
93 333
93 333
93 333
933 333

133 333
1 333 333
133 333
133 333
133 333
1 333 333

173 333
1 733 333
173 333
173 333
173 333
1 733 333

200 000
2 000 000
200 000
200 000
200 000
2 000 000
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Unit
40

EUR/building
EUR/building
EUR/building
EUR/building

EUR/waterbody
EUR/building
EUR/building
EUR/building
EUR/building
EUR/building
EUR/building
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