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Abstract
Climate change risk assessments traditionally follow an analytical structure in which climate
information is linked to impact models, and subsequently to damage models and decision-
making tools. This structure generates a wide cascade of uncertainties that accumulate with
each analytical step, consequently resulting in a wide range of risk estimates. This cascade of
uncertainties can suggest that climate change risk assessments are not very useful in the
context of decision-making regarding climate adaptation. However, many of the uncertainties
revealed in traditionally structured climate risk assessments are not equally relevant to specific
decisions, and presenting wide cascades of uncertainties can mask key decision-making
parameters. In this paper, we show how the cascade of uncertainty relevant to decision-
making can be reduced by applying an uncertainty decomposition approach, which, in study
design, initially identifies the uncertainty cascade elements of particular relevance to the focal
decision-making context. We compare the full cascade of uncertainties that emerge in a
traditional risk assessment based on linked climate scenarios, impact modeling, and damage
cost assessment with the uncertainty cascade generated by a detailed assessment of urban
flooding risks where the focus is on key uncertainties in decision-making on climate change
adaptation. A case study on flooding from extreme precipitation in the Danish city of Odense
is used to decompose major sources of uncertainties in the climate modeling, the hydrological
modeling, and the damage cost assessment. The decomposition approach reduces the focal
range of damage cost estimates by 7–9 M EUR, which corresponds to a 20–24% reduction in
the full uncertainty range without the application of the decomposition approach. Assuming
that damage cost assessments can provide an indication of how much society should be willing
to spend on climate adaptation, a decomposition approach as presented here could assist
decision-makers in increasing the economic effectiveness when investing in protective
measures.
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1 Introduction

Increasing occurrences of and losses from flooding during extreme weather events in recent
decades have assisted in shifting the attention and resources of decision-makers toward a
stronger focus on climate change adaptation. This includes responding to the impacts of
current flood events by increasing investments in adaptive solutions and reducing vulnerabil-
ities (Munich 2017; European Environment Agency 2017; Climate Policy Initiative 2017).
Deciding on the most appropriate measures from an economic and social perspective requires
detailed information from several scientific disciplines, including climate science, hydrology,
engineering, geography, and economics. The multidisciplinary character of such climate risk
assessments accordingly introduces various methodological and practical challenges.

Climate change risk analyses are surrounded by large uncertainties emerging from individ-
ual components of the assessment, including climate models, impact models, and damage cost
models. Together, these generate a cascade of uncertainties that accumulate with each step in
the analysis (Schneider 1983; Moss and Schneider 2000; Wilby and Dessai 2010; Van den
Hoek et al. 2014). A major source of uncertainty in climate risk assessments is related to
climate modeling and climate scenarios: in particular, the probability of extreme precipitation
events is uncertain (Hawkins and Sutton 2009, 2011; Weitzman 2011; Field et al. 2012;
Madsen et al. 2017; Zhang et al. 2017). Other key uncertainties facing decision-making in
relation to urban pluvial flooding are related to the downscaling of precipitation to relevant
geographical scales and to valuations of damage to city assets (e.g., buildings, industry,
transport, ecosystems, health, and cultural and historical assets). Hydrological models used
for flood hazard mapping and damage cost models introduce additional levels of uncertainty
(Wilby and Dessai 2010; Jongman et al. 2012). Taken together, all this forms the basis for a
very wide range of risk estimates (Hawkins and Sutton 2011; Cubasch et al. 2013; Halsnæs
et al. 2015). Accordingly, this can suggest that flood risk assessments are unreliable and that
the technical basis for decision-making on climate adaptation should consequently be consid-
ered weak. However, many of the uncertainties revealed in traditionally structured climate risk
assessments are not equally relevant to specific decision-making issues.

Uncertainties are commonly quantified and presented in relation to projections of biophys-
ical parameters such as temperature and precipitation (Stocker et al. 2013). In addition, several
authors have recently estimated and compared the importance of major drivers of uncertainties
over time in these projections, including uncertainties stemming from natural variation, climate
scenarios, and climate models (Hawkins and Sutton 2009, 2011; Kent et al. 2015; Santos et al.
2016; Fereday et al. 2018). However, to the best of our knowledge, there is limited literature
quantitatively examining the importance of uncertainties in the full range of integrated risk
assessments, from climate projections and impact assessments at one end to economic
valuation and decision-making criteria at the other. Halsnæs et al. (2015) reveals a cascade
of uncertainties by conducting a sensitivity analysis on key input variables in pluvial flood risk
assessments, including climate scenarios, damage, and economic assumptions. The study
shows that expectations regarding future climate change and economic assumptions are
equally important in determining the output of the risk assessment. In decomposing the
cascade of uncertainties, it is shown that uncertainties and alternative assumptions applied to
the risk assessment chain result in a very large variation in risk estimates regarding pluvial
flooding, for example, of 1–85M €/y for a medium-size city in Denmark. This suggests that
using such risk estimates as a basis for adaptation decision-making calls for further analysis in
which uncertainties are treated as particularly important.
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In this paper, we are developing and applying an uncertainty decomposition approach,
which in study design initially identifies the uncertainty cascade elements of particular rele-
vance to the focal decision-making context. This approach is used in a case study of flooding
from extreme precipitation in the Danish city of Odense. We investigate the uncertainties
associated with the time horizon of climate projections and demonstrate how uncertainties
relevant to decision-making on adaptation measures can be reduced through the application of
detailed context-specific hydrological models and damage cost data for the Danish case study.
We demonstrate that the selection of relevant context-specific uncertainties can be used to
narrow the climate scenario range and the parameter range in the hydrological and damage cost
modeling, thereby helping reduce the cascade of uncertainties presented to decision-makers.

2 Methods

2.1 Risk assessment framework

In the context of the uncertainty framework presented in this paper, climate change risks are
defined as the probability of a specific climate event multiplied by the consequences of the
event, as shown in Eq. (1):

Risks ¼ damages of the event� probability of the event ð1Þ
This also means that the avoided costs of climate change in terms of risk depend on the level of
damage and the probability of a given event.1

The risks of an event such as urban flooding are thus based on a combination of information
from downscaled climate model outputs and spatially explicit assessments of impacts and
damage costs. In the cost assessment, the consequences are based on the value of the assets
that are expected to be affected by climate events. The perspective of the damage cost
assessment in our approach is that of social welfare,2 where the total damage costs are an
aggregate measure of the costs to all individuals, total damage being calculated as the sum of
the damage in all sub-categories.

Our methodology is based on a very data-intensive spatial representation of potentially
flooded areas and assets. It therefore requires modeling groups and experts from different
scientific disciplines to share outputs and data, given the multidisciplinary character of risk and
adaptation studies. An analytical structure for climate change risk assessments of urban
flooding is presented in Fig. 1. The analysis starts with detailed downscaled information on
current and future climate extremes. Then flood hazard mapping is conducted (e.g., using
hydrological models) to identify potentially flooded areas and is combined with detailed
information about the location and characteristics of physical assets and socio-economic
variables. This provides the basis for calculating damage losses and risks, which are important
in assessing and deciding on appropriate and cost-effective adaptation measures. A main
objective of the geographically detailed integrated modeling is to assess location-specific
flooding and damage costs as a basis for decision-making regarding cost-effective adaptation
measures. Some central models and methods include approaches to the parameterization

1 A climate event should be understood here as a broad term covering particular weather events like hot spells,
intensive precipitation, and wind storms, which are associated with social risks.
2 Social welfare reflects societies’ perspectives, for example, in relation to climate change impacts.
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(intensity/frequency) and downscaling of climate extremes from large-scale climate models,
impact modeling (e.g., hydrological modeling), economic valuations, and damage cost
assessment modeling. A more detailed description can be found in Halsnæs et al. (2015)
and Kaspersen and Halsnæs (2017).

2.2 Decomposing the cascade of uncertainties

In the following, we outline the uncertainty decomposing approach. Starting from the concept
of a cascade of uncertainties, Fig. 2 shows how uncertainties evolve in relation to pluvial flood
damage when climate scenarios, hydrological models, and damage models are combined.
However, not all the uncertainties revealed in Btraditional^ climate impact assessments are
equally relevant to decision-making, and an important aim of the uncertainty decomposition is
to narrow the uncertainty range of risk estimates by examining the critical assumptions in a

Fig. 1 Analytical structure of climate change risk assessments of urban flooding

Fig. 2 a Full cascade of uncertainties, measured as the variation in risk estimates when using different
assumptions regarding climate change scenarios and models, hydrological models, and damage models. b
Reduced cascade of uncertainties and range of focal risk estimates when using the decomposition approach to
reduce range of uncertainties relevant to a decision-making context (the area surrounded by red lines shows the
focal range of damage)
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specific decision-making context. Our approach is inspired by Wilby and Dessai (2010), who
suggest structuring the assessment around critical decision-making issues and address large
uncertainties in climate scenarios by suggesting robust adaptation measures. We will elaborate
further on how an approach focused on decision-making and the uncertainty cascade can
include a context-specific selection of relevant uncertainties in relation to decision-making on
adaptation measures targeting urban flooding. The case study is developed to demonstrate how
the focal range of uncertainties can be reduced in all elements of the risk assessment, including
climate modeling, hydrological modeling, and damage cost modeling.

Figures 2a and b show a full cascade of uncertainties and a reduced cascade of uncertainties
respectively, to be achieved through a selection of scenario andmodel assumption combinations
that are particularly relevant to decision-making as contextualized by our urban flooding case
study. For example, the reduced range of focal uncertainties can be obtained by focusing the risk
assessment on specific risks and adaptation options, which can help to select the appropriate
time scale of the analysis and to specify the geographical resolution of the flooding and damage
cost assessment. We present an example of a reduced cascade of uncertainties in the results
section. The analytical Bflow^ in Fig. 2 is vertical, and the cascade of uncertainties emerges
when information from climate scenarios and models, hydrological models, and damage
models is combined. There are also, however, uncertainties within each of the three elements
(climate scenarios and models, hydrological models, and damage models). The analysis
therefore also includes elements of horizontal uncertainty. Here, we have used a terminology
reflecting the fact that this paper focuses on urban flooding risks, but the approach illustrated in
Fig. 2 has a generic character and can be applied to risk assessments for various climate events.
In the following, we provide examples of how to address climate scenario and climate model
uncertainties, as well as horizontal uncertainties related to the hydrological and damage
modeling of flooding events based on our case study of extreme precipitation in Odense.

Our analysis of flooding in Odense is an example of the selection of key uncertainty ranges
based on relevance to the decision-making context. In addition, we are adding a new element
in terms of uncertainty analysis for key modeling elements, recognizing that narrowing the
uncertainty range enables a more detailed analysis of key modeling assumptions. Here, the
focus is on the uncertainty ranges of damage cost estimates. In the case study, we therefore
demonstrate how the selection of climate scenarios and of structural improvements to hydro-
logical modeling and damage cost models based on very detailed local spatial information can
reduce uncertainties. We will assess how the time horizon of the climate scenarios influences
the uncertainty range of damage estimates in relation to climate scenarios and model uncer-
tainties. Then, using the Odense case study, we will focus on alternative assumptions regarding
infiltration capacity (hydrological model uncertainty) in different parts of the Odense city area.
Finally, the damage model used in the case study uses alternative values for damage to flooded
buildings. Altogether, the uncertainties are thus reduced by excluding inferior scenarios, data
and model combinations.

3 Results

3.1 Case study area

The city of Odense is the third largest city in Denmark, with a population of about 200,000 as
of September 2016, and it covers an area of ≈ 100 km2. It consists of a mixture of continuous
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and discontinuous residential areas and industrial and recreational zones, surrounded by
agricultural areas and small patches of forest and wetland. It has a unique historic city center
with old buildings and churches. Odense is exposed to flooding from both extreme precipi-
tation and storm surges due to its relatively high degree of urban fabric (i.e., large areas of
impervious surfaces) (Kaspersen et al. 2015), along with a location close to the sea and the
Odense river, which runs right through the city center.

3.2 Climate modeling and scenarios

The current analysis includes an assessment of how the decision-making-relevant cascade of
uncertainties related to climate model projections is influenced by the time horizon of the
analysis. We use two climate scenarios in the assessment to represent a low- and a high-end
range of future climate change impacts. The low end is represented by the Representative
Concentration Pathway (RCP) 4.5 for the analysis, which represents a scenario close to the
temperature target of a 1.5–2 °C increase in global temperatures set by recent international
agreements at COP21 in Paris in 2015 and COP22 in Marrakech in 2016. For this reason,
RCP4.5 is likely to become part of Bplanning scenarios^ for many decision-makers in local
and national administrations. The high end is represented by RCP8.5, which illustrates how the
expected changes in extreme precipitation and subsequently the range of uncertainties could be
influenced by a continuation of current GHG emission trends (Sanford et al. 2014). The
RCP4.5 scenario describes a future with a global increase in the near-surface air temperature of
1.8 °C (1.1–2.6 °C) toward 2100, while the RCP8.5 scenario represents a world where the
increase in radiative forcing suggests an increase of 3.7 °C (2.6–4.8 °C) in 2100 (Meinshausen
et al. 2011; Intergovernmental Panel on Climate Change 2014).

To assess the expected change in high-intensity precipitation, an extreme value analysis was
conducted using a change factor methodology to calculate the relative difference in maximum
hourly precipitation intensities between present-day (1986–2005) and future periods (2016–
2035, 2046–2065, 2081–2100) (Fig. 3). Using a partial duration series (PDS) method, three
extreme events per year were selected to derive the extreme value data series used to calculate
the change factors following Sunyer et al. (2015). The intensity of different return periods is
estimated by fitting a generalized Pareto distribution (GPD) to the extreme data series.
Through an analysis of the change factors for the individual grid cell covering Odense and
the surrounding grid cells, we observed a large variation in change factors, and we therefore
decided to rely on the average change factors for Denmark to avoid selecting an abnormal
high/low change factor for further analyses. The presented change factors are therefore
averages of the 41 grid cells covering Denmark. Skougaard Kaspersen et al. (2017) provides
more information on how the extreme value analysis was conducted. General information on
the change factor methodology used in estimating changes in extreme precipitation caused by
climate change can be found in Willems et al. (2012) and Sunyer et al. (2015).

Figure 3 shows how the range in the cascade of uncertainties for extreme precipitation
develops over time for two different climate scenarios applied to Denmark, the RCP4.5 and the
RCP8.5. The change factors were estimated from ten regional climate projections (from the
CORDEX archive), which are based on ten different general circulation models (GCMs) and
are regionally downscaled to a 50-km resolution by the RCA4 regional climate model (RCM).
The inclusion of ten climate projections in the study, rather than a wider range of projections,
reflects our aim of providing a simple representation of our methodological approach. In this
way, we aim to provide insights into the particular relevance of the cascade of the uncertainties
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to decision-making, rather than presenting accurate estimates of the probability of future
extreme precipitation events. This implies that the range of climate factors presented does
not represent the full range which could be derived from a combination of a large number of
GCMs and RCMs. As a result, the range of the resulting risk estimates does not represent a full
range.

The results presented in Fig. 3 show the average changes in intensity for maximum hourly
precipitation with return periods of 5, 10, 20, 50, and 100 years.

As shown in Fig. 3, we observe a change of − 5–19% (combined range of RCP 4.5 and 8.5
within 10th and 90th percentiles) in the intensity of extreme precipitation in the short time
horizon (2016–2035), and − 2–20% and 13–44% toward 2046–2065 and 2081–2100 respec-
tively. Comparable changes are projected for RCP 4.5 and RCP 8.5 in the short and medium
terms while the intensity is projected to increase the most under the RCP 8.5 scenario in the
long term (average changes of 6.7%, 9.8%, and 24.7% for RCP 8.5 in the short, medium, and
long terms and 7.5%, 9.9%, and 13.1% for RCP 4.5). We find that the variation between
climate models and scenarios increases with the time horizon, with larger differences in
projected changes in the long term compared with the short term. In addition, there is only a
limited overlap in the long-term projections of changes in extreme precipitation between RCP
4.5 and the RCP 8.5 based on the ten modeling alternatives. In the short term (2016–2035), the
difference between the projections of change in extreme precipitation in the two RCPs is
relatively small. The small difference in projected changes for RCP 4.5 and RCP 8.5 confirms
that the internal climate variability and model uncertainty is stronger than the climate change
signal for extreme precipitation toward the middle of the twenty-first century while the degree
of climate change becomes increasingly important in the longer terms in line with Hawkins
and Sutton (2011) and Maraun (2013).

Fig. 3 Changes in the intensity of extreme precipitation in 2016–2035, 2046–2065, and 2081–2100 for Denmark
under the RCP 4.5 and RCP 8.5 scenarios (%) relative to the present day (1986–2005). The data give the average
change in intensity for hourly maximum precipitation with return periods of 5–100 years (i.e., average of RP5,
RP10, RP20, RP50, and RP100). Results are shown for RCP averages for all ten GCMs (black dots) and for
individual GCMs (small gray dots). The results are based on regional climate projections using RCA4 regional
climate model downscaling of ten different GCMs: CANESM2, CSIRO, CERFACS, ICHEC, IPSL, MIROC,
MOHC, MPI, NCC, and NOAA (ESGF 2016). The error bars show the range within the 10th and 90th
percentiles
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In cases where the short- to medium-term analysis (2016–2065) of urban flooding from
extreme precipitation is the major decision-making focus, climate scenario uncertainty ranges
from a − 2 to 20% increase in the intensity of extreme precipitation (Fig. 3). The range
increases considerably to 13–44% when extending the analysis toward the end of the
twenty-first century. The findings presented here clearly illustrate that the time horizon is of
major importance for the range of expected changes in extreme precipitation and therefore for
decision-making in relation to climate change adaptation. For example, adaptation measures
with lifetimes < 50 years Bonly^ or measures that can be scaled up over time both flexibly and
at low cost could be designed for a maximum change in intensities of 20% (representing the
high end of the climate scenarios for the 2016–2065 time perspective), while more inflexible
measures with longer lifetimes could be designed for larger increases in precipitation intensi-
ties. Examples of flexible adaptation options (options that can be redesigned over time) to cope
with pluvial flooding hazards in urban areas include green/blue solutions, systems to separate
rainwater and sewage water, surface drainage channels etc., while less flexible adaptation
measures include enlarged sewage pipes. It should be recognized here that the choice of
flexible adaption measures could offer several benefits, in addition to reducing the conse-
quences of uncertain climate projections, as this can also reduce uncertainties over future
flooding damage costs evolving from future urban development (Haasnoot et al. 2013). It
should be noted that the uncertainty range considered depends on the variation in the RCPs
and the models in the ensemble. This does not address all aspects of the larger specific
uncertainties related to projections of extreme precipitation events in the short term, as
discussed by Hawkins and Sutton (2011).

3.3 Hydrological modeling

A simple overland flow model (MIKE 21—DHI) is applied to simulate the occurrences of
extreme precipitation events with a return period (RP) of a hundred years under different
climate change scenarios and time horizons for the city of Odense (DHI 2017). We conducted
13 different simulations with variations in precipitation intensities, corresponding to high-
intensity precipitation with maximum precipitation intensities of 42.9 to 61.4 mm/h and total
precipitation of 59.1 to 84.6 mm over a total duration of 4 h of precipitation. Fig. S1 in the
supplementary materials gives an example of flood hazard maps for RP100 under present-day
climate and RCP 8.5 climate change scenarios. To quantify the impact of various climate
change scenarios on the overall flood risk, simulations are conducted under both present-day
climatic conditions and for two different climate scenarios, RCP4.5 and RCP8.5 (Meinshausen
et al. 2011). To simulate the surface water flows during precipitation, we used the EU-DEM as
input to the MIKE 21 overland flow model. The EU-DEM has a spatial resolution of 25 m and
is freely available for the European continent (EEA 2013).

Two alternative sets of assumptions on soil infiltration values were applied to the hydro-
logical model, which also increased the total number of flood model runs to 26. One scenario
uses uniform soil infiltration rates for all locations, while another uses location-specific values
with different values for each grid cell. Both infiltration data sets (uniform and location-
specific) are calculated based on data for Denmark on the hydraulic conductivity of the upper
soil layer (0–25 cm) in fully saturated soils (Kortforsyningen 2017a). In a city like Odense,
actual infiltration rates are relatively low in the city center, primarily due to the presence of
high areas with impervious surfaces, leading to high runoff levels for a given precipitation
event. On the other hand, the outskirts of the city have lower building densities (and thus
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degrees of imperviousness) and will be characterized by relatively low runoff rates compared
to those for the city center.

Using uniform infiltration values for the whole city results in the level of flooding in the city
center of Odense being under-estimated, and vice versa in the outskirts of the city. City centers
are often characterized by compacted soils and higher proportions of impervious surfaces
compared to surrounding areas (peri-urban areas or city outskirts), both resulting in elevated
runoff volumes during heavy precipitation in central parts of many major cities (Weng 2001;
Yang and Zhang 2011). On this basis, assuming equal infiltration capacities for an entire urban
area does not accurately reflect the capacity of the surface to infiltrate water, resulting in
underestimates of flooding in the city center. This is problematic for decision-making regard-
ing investments in adaptation measures, as it implies that damage estimates do not accurately
reflect flooding at different locations. In addition, the difference in simulated flood levels when
using detailed and coarse infiltration data will influence economic assessments of building
losses derived from spatial damage cost assessments and flood hazard maps. Using detailed
spatial information on infiltration rates therefore reduces the decision-making range in the
cascade of uncertainties.

3.4 Damage modeling and scenarios

Assessing the damage costs of flooding in Odense involves a structural development of the
damage cost model in relation to building damage costs. Here, we compare the application of
uniform building property values per square meter flooded house area with location-specific
values reflecting the actual property values and what is potentially at stake in the case of
flooding. Location-specific information on flooding damage is a key input to decision-making
on adaptation options (Chambwera et al. 2014). Two alternative sets of assumptions have been
used for the building values in the damage function: uniform property values for all buildings
are assumed in one scenario, while location-specific property values in the flooded areas are
used in the other scenario. The building property values are provided by the Danish Nature
Agency under the Ministry of Environment and Food of Denmark (Kortforsyningen 2017b).
The values of individual buildings in the database are summarized as 100 × 100 m grid cells to
maintain confidentiality (Fig. 4). Building values are calculated from the official property
valuations of the Danish Tax Authority (Danish Tax Authority 2017). To benefit from the
higher resolution of the flood hazard maps, we calculated the average building value per
square meter for each 100 × 100 m grid cell prior to the overlay analysis of the flood maps with
the building value data.

Figure 4 gives the property values of buildings in different parts of Odense. It shows a large
difference between the values in the central parts of Odense compared with the outskirts. This
relationship between city-center proximity and property values is representative of property
values in many cities both in Europe and globally (EUROSTAT 2017). The damage model is
based on a comprehensive assessment by Kaspersen and Halsnæs (2017) of the flooding
damage to a range of assets in Odense, including buildings, health, transport infrastructure,
cultural and historical assets, and ecosystems.

Damage costs are calculated by means of a two-step procedure in the damage cost model.
Initially, we combine flood hazard maps, showing the depth and extent of flooding during
specific events, with information on the locations and areas of individual buildings. The
resulting output is an estimate of the total area of buildings flooded, with specific inundation
depths. This information is then combined with a depth-damage function for buildings in
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Denmark to estimate the total damage costs to buildings. Finally, we assume that flood damage
to buildings does not begin until an inundation depth of 10 cm is reached, and that the damage
percentage increases logarithmically toward a maximum of ≈ 80% for ≥ 450 cm of surface
water. The depth-damage function applied here is in line with the findings of Jongman et al.
(2012), who observed a similar relationship between inundation depth and maximum damage
for urban areas in Europe. Figure 5 gives the damage costs caused by inundated areas in
Odense during an extreme precipitation event corresponding to a 100-year return period under
present-day climatic conditions. A maximum intensity of approximately 40 mm/h and a total
volume of rainfall of 59 mm characterize this precipitation event. The difference in damage
cost estimates associated with our scenarios for uniform (Fig. 5a) versus location-specific (Fig.
5b) building properties is illustrated in Fig. 5c.

In terms of the geographical location of the two different damage cost scenarios, we find a
clear tendency to underestimate damage in the central parts of Odense, and vice versa for the
outer parts of the city (see Fig. 5 and Fig. S2 in supplementary materials), compared with
estimates based on data for location-specific building property values. Using location-specific
building property values rather than uniform values for Odense changes the damage cost
estimate by − 11–1% depending on the type of infiltration data used (see Table S2 in
supplementary materials).

Fig. 4 Building values (EUR/m2) for the city of Odense, averaged for 100 × 100 m grid cells (data description:
Klimatilpasning.dk (2017); data download: Kortforsyningen (2017b))
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The total damage cost for the flooding event is (a) 38.2 M € when using uniform
building property values and (b) 39.3 M € when using location-specific building property
values. The relatively small variation in total damage costs found in the two alternatives
can partly be explained by the limited elevation differences in Odense, implying that
flooding during extreme precipitation will be widespread across the entire urban area and
will thus include areas with both high and low building values. The total damage cost
estimate for the entire city, however, is not the most important information for decision-
making purposes, since optimal investments should reflect the fact that the adaptation
costs of a location-specific measure are less than or equal to the associated damage
reduction for that specific area.

Comparing the damage cost estimates based on the different types of infiltration data
reveals an increase in damage costs of 9–23% when using location-specific infiltration data
compared to using uniform values. There will, however, be larger local differences. Adding up
over- and underestimated damage costs tends to even out substantial local differences, which
are important when damage cost estimates are used as a basis for adaptation decisions for
different parts of the city (Fig. 5). As a result, key uncertainties for decision-making may be
masked.

4 Decomposing the cascade of uncertainties in estimating flood damage
costs for buildings in Odense

Based on the scenarios for extreme precipitation outlined in Sections 3.2 and 3.3, flood
damage to buildings was assessed by combining flood hazard maps (Fig. S1 in supplementary
materials) with a depth-damage function and information on location-specific building values.
We will now decompose the uncertainty ranges of the associated damage cost estimates for the
range of uncertainties estimated in Sections 3.2–3.4.

Figure 6 shows the damage cost range, assuming that the present-day climate con-
tinues, for the RCP 4.5 and RCP 8.5 scenarios in the short, medium, and long terms

Fig. 5 Flood damage costs to buildings during present-day extreme precipitation using location-specific infil-
tration rates with a return period of 100 years using a uniform buildings values, b location-specific buildings
values, and c the difference (average minus specific) in damage costs between using average and specific
buildings values. Flood damage costs for blue-colored areas are underestimated when using average building
values, and conversely for red-colored areas
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respectively. The high/low climate factors (gray/black colored dots) refer to the lowest/
highest changes in precipitation intensities in RCP 4.5 and RCP 8.5 combined
(theBRCP4.5 and RCP8.5^ columns in Table S1 in the supplementary material show
the combined range). The four gray and black dots represent the different combinations
of infiltration and building property values. The full range is calculated using the 10th
and 90th percentiles of the projected changes in precipitation intensities, which represent
low and high climate change respectively, combined with all combinations of infiltration
and building property value data (the error bars in Fig. 3 highlight the 10th and 90th
percentiles). The Bbest guess^ is calculated using the best available infiltration and
building property value data combined with the full range of climate factors (10th to
90th percentiles). In general, we find that flood damage increases over time, as does the
uncertainty in the climate projections, especially in the longer term, reflecting that the
variation between climate models (GCMs) and scenarios (RCPs) increases over time.
This implies that the differences in damage costs between low and high climate change
factors increase toward the end of the century compared with the short term. The results
of the analysis of flood damage to buildings show a full range of damage costs of 43.3 M
EUR to 87.2 M EUR in the long term (2081–2100) compared to 27.0 to 59.9 EUR in the
near future (2016–2035) for the RP100 precipitation event (Fig. 6). The full-range mean
increases from 43.1 to 65.1 M EUR during the same period. It should be noted that the
lower range of the damage cost estimate has a slightly higher value when the time
horizon of the analysis goes up to 2100, but the major difference compared with a shorter
time perspective is that the high end of the damage cost estimates increases dramatically
over time. This reflects the large increase in the occurrence and intensity of precipitation
events over time. Returning to the discussion in Section 2.2 BDecomposing the cascade
of uncertainties,^ it is worth considering how much of the total cascade of uncertainties
illustrated conceptually in Fig. 2a and b which has actually been reduced in the analysis
of the Odense case study. One way to determine this is to assess how the range of flood
damage estimates is affected in the context of the assumptions we have applied in our
case study.

Damage costs were calculated for each climate scenario, time horizon, and alternative
applications of the hydrological model and the damage cost model. The result is a pair of
alternative combinations of assumptions about precipitation events, uniform versus
location-specific infiltration rates, and uniform versus location-specific building property
values. If we then consider the combined use of assumptions about location-specific
infiltration rates and location-specific building property values as the Bbest-guess^
estimate of damage costs, based on Fig. 6, we can identify how much our decomposition
approach has reduced the damage cost uncertainty. This is illustrated in Table 1, where
the reduced range is called a Bbest-guess^ range. Table 1 also shows that the damage cost
range achieved by applying our decomposition approach indicates that the Bbest-guess^
range of the estimates increases the lower end of the damage costs compared with the
Bfull range.^ The Bbest-guess^ mean is approximately 7–8% higher than the full-range
mean. For all time horizons, the decomposition approach reduces the focal range of
damage cost estimates by approximately 7–9 M EUR (the difference between the full-
range and best-guess range columns in Table 1). This corresponds to a reduction of 20–
24% of the range compared with the full range. In addition, we examined the impact of
the uncertainties of individual parameters on the variation in the full range of damage
costs: that is, uncertainties in climate change, infiltration, and building property values
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(Table 1). The climate change scenarios are the largest contributor to the uncertainty of
the damage cost estimates, and the relative importance of this factor increases strongly
with time. Assumptions about infiltration rates are the second most important factor, but
there is no time factor built into our analysis either for this factor or for the building
property value factor.

Climate scenario uncertainties are particularly important to draw to the attention of
decision-makers when adaptation options with a long lifetime and inflexible designs
are being considered. Furthermore, it is important to recognize that future trends in
city development and thus the vulnerability and values of different assets have not
been taken into consideration in our approach due to difficulties in establishing future
scenarios for location-specific city activities. Such city development scenarios should
include a dynamic development of the assumptions about infiltration rates and build-
ing property values over time to reflect trends in city development and economic
growth.

Fig. 6 Variation in damage costs to buildings during flooding from extreme precipitation with a 100-year return
period (RP100) using different assumptions about the time horizon of climate change scenarios, climate model
projections, building property values, and infiltration data. Damage costs are estimated for four periods:
present-day, 2016–2035, 2046–2065, and 2081–2100. The individual circles represent different assumptions
regarding climate scenario and models, building property values, and infiltration. Gray/black circles represent a
low/high degree of climate change and refer to the lowest/highest values in precipitation intensity in the BRCP4.5
and RCP8.5^ column in Table S1 in the supplementary material, which represent the 10th and 90th percentiles of
the ten GCMs. The solid gray and black circles highlight the Bbest-guess^ estimates for building damage costs,
where location-specific building values and location-specific infiltration are used. The Bbest-guess^ range is
shown as the variation between the solid gray and black circles, while the full range represents the total variation of
all estimates
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5 Conclusions

This paper has identified critical analytical steps and assumptions that can help select and
understand the uncertainties surrounding the damage cost estimates that are most relevant to
key decision-making issues on urban flooding risks from extreme precipitation. The approach has
been applied to a case study of flooding caused by extreme precipitation in the city of Odense.
Decision-making as a framing of uncertainty analysis lays down its own context-specific bound-
aries for the uncertainties, which is important to address. In the case of urban flooding, the short- to
medium-term time frame is important to decision-makers, and the uncertainty range arriving from
climate scenarios and models is relatively small compared with longer time frames. Some
adaptation measures, however, have a long lifetime and are difficult to adjust over time, and it
is in this case important to take a wider range of uncertainties spanning a longer time frame of
climate models and RCPs into consideration. Adding more detailed location-specific data on soil
infiltration rates to the hydrological model and location-specific building property values further
reduces the cascade of uncertainties surrounding damage cost estimates. Including more accurate
localized information on flooding and damage costs can be particularly important in making
subsequent assessments of the adaptation options to be implemented in specific areas in order to
meet the criteria of cost-effectiveness. In the specific configuration of our uncertainty decompo-
sition exercise, the climate scenario range proved to be a very important uncertainty component in
the long term. Finally, it should be recognized that the cascade of uncertainties considered in this
paper is only a subset of the full range of uncertainties surrounding risk estimates. Some very basic
assumptions used in estimating damage costs, like the choice of discount rate and the monetary
values applied to damage estimates, will also imply an increase in the cascade of uncertainties,
which would be very relevant to consider in more detail in relation to decision-making on climate
change adaptation. Furthermore, major uncertainties also arise from the dynamic trends in city
development that influence asset values and infiltration rates.

Table 1 Damage cost estimates for buildings in Odense for different time horizons and assumptions regarding
climate change, infiltration, and building property values corresponding to Fig. 6. The full range is calculated
with the 10th (low) and 90th (high) percentiles of the climate factors. The best-guess range is the estimated
damage costs when using location-specific infiltration/building property values together with low/high climate
factors respectively (range within the damage cost estimates marked with black circles in Fig. 6). The impacts of
parameter uncertainties are calculated as the total variation in damage estimates when using location-specific
compared to average values for infiltration and building property values and low/high climate factors (climate
change). Percentages in brackets are the share of the total variation for each parameter; climate change,
infiltration, and building property values

Full range BBest-guess^
range

Impact of parameter uncertainties on variations in full
range of damage costs

Climate change Infiltration Building property
values

Continuation of
present climate

31.7–39.1 M € 39.1 M € – 5.3 M € (71%) 2.1 M € (29%)

Short-term climate
change 2016–2035

27.0–58.9 M € 33.9–58.9 M € 23.6 M € (74%) 5.9 M € (18%) 2.4 M € (8%)

Medium-term climate
change 2046–2065

29.5–59.9 M € 36.8–59.9 M € 21.9 M € (72%) 6.0 M € (20%) 2.5 M € (8%)

Long-term climate
change 2081–2100

43.3–87.2 M € 52.3–87.2 M € 33.2 M € (76%) 7.5 M € (17%) 3.1 M € (7%)
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