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Abstract

Flood risk assessments require different disciplines to understand and model

the underlying components hazard, exposure, and vulnerability. Many

methods and data sets have been refined considerably to cover more details of

spatial, temporal, or process information. We compile case studies indicating

that refined methods and data have a considerable effect on the overall assess-

ment of flood risk. But are these improvements worth the effort? The adequate

level of detail is typically unknown and prioritization of improvements in a

specific component is hampered by the lack of an overarching view on flood

risk. Consequently, creating the dilemma of potentially being too greedy or too

wasteful with the resources available for a risk assessment. A “sweet spot”
between those two would use methods and data sets that cover all relevant

known processes without using resources inefficiently. We provide three key

questions as a qualitative guidance toward this “sweet spot.” For quantitative

decision support, more overarching case studies in various contexts are needed

to reveal the sensitivity of the overall flood risk to individual components. This

could also support the anticipation of unforeseen events like the flood event in

Germany and Belgium in 2021 and increase the reliability of flood risk

assessments.
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1 | INTRODUCTION

Floods pose an imminent risk to societies around the
world. In 2020, numerous flood events hit countries of
almost all continents (Floodlist, 2021; floodlist.com). In
the aftermath, these countries suffered from humanitarian
emergencies and economic impacts. The Emergency
Events Database (EM-DAT) of the Centre for Research on
the Epidemiology of Disasters (CRED) recorded economic

flood damage of US$ 651 billion between 2000 and 2019
worldwide. Exactly 1.6 billion people were affected by
floods. Worldwide, no other hazard has affected as many
people (UNDRR & CRED, 2020). Mitigating flood disaster
risk is thus of high societal relevance. Accurate flood risk
assessments, tailored to the specific decision context, are
required to inform mitigation strategies.

Usually, flood risk is conceptualized as the interplay
between the three components: hazard, the flood-exposed
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elements, and their vulnerability toward flooding. The
quantification of each of the components has undergone
substantial development during the last years regarding
the details in their models and data sets, mostly by
increasing the spatial and temporal resolution or a more
in-depth description of processes. For example, inunda-
tion processes are increasingly simulated with very high
space–time resolution allowing them to represent highly
dynamic and local flow situations (de Almeida
et al., 2018). Exposed elements are more and more identi-
fied with object-specific data sets instead of aggregated
land use data (Pittore et al., 2017; Wieland &
Pittore, 2017) leading to increased spatial resolutions of
exposure assessments. Models describing the flood vul-
nerability of economic assets have increasingly incorpo-
rated a wider range of damage drivers (Carisi et al., 2018;
Wagenaar et al., 2018).

An increasing level of detail is usually considered as
an important step toward a more accurate risk assess-
ment (Klijn et al., 2015; Thieken, Kienzler, et al., 2016)
and effective cost–benefit analyses (Woodward
et al., 2014). The influence of changes in a single compo-
nent on the risk is often investigated with sensitivity ana-
lyses. Thomas Steven Savage et al. (2016) and Xing et al.
(2021), for example, quantify the sensitivity of hydraulic
models to different factors, such as the spatial resolution,
finding that the importance varies with the context and
the model output. Bermudez and Zischg (2018) show that
the representation of buildings has a strong influence on
the attribution of water levels to the buildings in micro-
scale flood risk assessments. Schröter et al. (2014) find
that more complex flood damage models show improved
performance and transferability. Some studies investigate
uncertainties and different data sets of all components.
Winter et al. (2019) conclude that different model
assumptions in each component have the potential to
change the risk estimates considerably. Tate et al. (2015)
come to a similar conclusion for the HAZUS model.

Despite these advancements, the flood event in
Germany and Belgium in July 2021 demonstrated that
flood events can still be surprising and tremendously
underestimated in their intensity and potential impacts.
On the July 14, 2021 the low-pressure system Bernd trig-
gered flood events, flash floods, and mass movements in
Germany and its neighboring countries (Dietze &
Öztürk, 2021). In Germany, the event caused 189 fatalities
and 33 billion Euro damage exceeding the impacts of the
flood events in 2002 and 2013 (DKKV, 2022). The event
went beyond the expected flood-prone areas identified by
the flood risk assessment done beforehand in the frame
of the European Floods Directive. Catastrophic events
like these show that risk assessments need to be con-
stantly updated and improved. Yet, the ideal level of

details required for a reliable risk assessment is typically
unknown and the role of additional details on the overall
flood risk is rarely discussed.

In this article, we aim at discussing the details needed
for a flood risk assessment considering three key ques-
tions for guidance.

1. Which processes are relevant in the context at hand?
The essential processes depend largely on the objec-
tives of the risk assessment. It is worthwhile to define
essential processes and to add or remove the ones
with substantial or negligible effects on the outcome.
Hidden processes which are not considered in the
assessment or cannot be described by the models but
could potentially lead to huge impacts and hence
should also be thought of to prevent possible surprises
(Merz et al., 2015).

2. Which (temporal) dynamics are relevant?
Short- and long-term dynamics need to be differenti-
ated here. Short-term temporal dynamics include, for
example, the timing and the rapidness of events and
their effect on the timing of early warning. Another
aspect is the dynamic of several consecutive events
or even events triggering each other (Pescaroli &
Alexander, 2018). These dynamics can have a tre-
mendous influence on the risk and the impacts on
society, for example, through a failure of critical
infrastructure such as bridges. Long-term dynamics
can be changes in the catchment, for example,
through changes in land use, or the societal and nat-
ural systems, for example, with changing precipita-
tion patterns.

3. Which spatial and temporal resolution is needed?
The choice of data and methods and their spatial
and/or temporal resolution strongly determine the
processes which can be described and should there-
fore be in accordance with the objectives (e.g., Apel
et al., 2009; Wünsch et al., 2009). This influence has to
be known and possibly alternatives to the chosen data
and methods need to be considered. The spatial
and/or temporal resolution of the results should corre-
spond to the needs of the decision process at hand.

We illustrate the importance of these questions exem-
plarily by selected case studies. These case studies evalu-
ate developments of single risk components and discuss
the relevance of different levels of detail for the final risk
assessment. Despite the typical limitations of case studies
due to their specific conditions such as the study region
or the research questions they were designed to answer,
we think that case studies in conjunction with literature
can be of value for a broader discussion on details in
flood risk assessments.
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In this regard, we consider rainfed flood types,
namely river, pluvial, and flash floods. The case studies
deal with developments (spatial, temporal, process
details) in specific topics from one of the risk compo-
nents, beginning from precipitation, discharge genera-
tion, and hydraulics over exposed assets to damage
processes and finally societies' adaptation to flood events.
Figure 1 gives an overview of the structure of this study.
Each section shortly recapitulates developments in the
last 10–15 years in a brief review in the beginning, fol-
lowed by a case study that shows the relevance of more
details in this domain for flood risk assessments. The lit-
erature search for the reviews is based on searches in the
Web of Knowledge and was driven by the expert knowl-
edge of the authors. The findings of the sections are then
synthesized in a joint discussion.

2 | PRECIPITATION AND
DISCHARGE

Meteorological conditions, particularly precipitation or
snow melt, are the source for the generation of any flood
event. A change in the features of precipitation, for
instance with progressing global change, are likely to
impact the flood types as well (Blöschl et al., 2017;

Bronstert et al., 2002; Kemter et al., 2020; Vormoor
et al., 2015). From long-term observation series with
appropriately high temporal resolutions in Western
Europe (Bürger et al., 2014; Haerter et al., 2010; Lender-
ink & van Meijgaard, 2008), Canada (Panthou
et al., 2014), the United States (Mishra et al., 2012), and
Australia (Hardwick et al., 2010) it was found that
extreme precipitation intensities increase in hourly or
shorter sums by �7% per 1 K warming.

Intensity–duration–frequency (IDF) curves represent
the relation between rainfall duration, intensity, and
local occurrence probability. They provide the informa-
tion required for estimates of extreme discharge to design
drainage systems, protection measures, water, and flood
management structures (Bürger et al., 2021; Chow, 1953;
Ulrich et al., 2020). Usually, these relations are estimated
pointwise and from annual maxima, that is, using data of
a single rain gauge, and they include both short- and
long-lasting rainfall events (from a few minutes up to sev-
eral days). As precipitation means and also extremes are
expected to alter in a changing climate (e.g., IPCC, 2018;
Lehmann et al., 2018), we can expect IDF relations to
change as well. Long records with (sub-)hourly resolution
are necessary as they are typically based on annual
(or monthly) maxima of precipitation sums for minutes
(or at least hours) up to days. Thus, only regional case
studies are available on changing IDF relations in a
changing climate, showing that changes in extremes
depend on the duration of the event, that is, the physical
process behind (e.g., Cheng & AghaKouchak, 2014;
Sarhadi & Soulis, 2017). Furthermore, using seasonal or
even monthly maxima allows a more detailed discussion
of the behavior of extremes of different durations, at least
in the mid-latitudes this separates convective from frontal
processes to a large extend (Ulrich et al., 2021) and gives
rise to more complex models for IDF curves, describing
more details (Fauer et al., 2021). Insights beyond the
regional scale require extensive data sets with a high
spatio-temporal resolution.

Apart from the meteorological conditions, both catch-
ment surface and river hydraulic conditions are further
key elements in the generation and routing processes of
discharge (Rogger et al., 2017). The runoff generation
conditions evolve through a combination of soils, vegeta-
tion, topography, and anthropogenic impacts. Thus,
changes in catchment surface conditions may have a
direct influence on the amount of runoff generated, and
therefore influence flash flood occurrence, frequency,
and magnitude; and are typically of lesser relevance for
river floods (Niehoff et al., 2002; Rogger et al., 2017). In
addition, other mechanisms in the river corridor like
clogging of river cross-sections or culverts by sediment

FIGURE 1 Overview of the sections organized along the flood

risk components hazard, exposure, and vulnerability. The icons

indicate the improvements of details with regard to process, spatial,

or temporal information discussed in the specific sections.
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obstructions, floating debris, and wood at bridges, flow
obstacles in the river course due to landslides or ice
blockages, or failure of flood protection measures, may
aggravate local flooding (Bronstert et al., 2020).

Besides this wide range of processes, there is also a
wide spectrum of methods to estimate the probability of
certain flood discharges, that is, the flood frequency
curve. The spectrum ranges from purely statistical
approaches, based on extreme value statistics
(e.g., Stedinger, 2017) to simulation approaches, either
event-based or based on continuous simulation
(e.g., Falter et al., 2015; Rogger et al., 2012; Winter
et al., 2019). Limiting the discussion to the statistical
approaches, we find that the perspective of the pioneers
of flood frequency analysis (e.g., Gumbel, 1941) has been
considerably widened by regional approaches
(e.g., Hosking & Wallis, 1997), by applying multivariate
analyses (e.g., Chowdhary & Singh, 2019), by exploiting
historical and paleo data (e.g., Kjeldsen et al., 2014), and
by including non-stationarity (e.g., Serago & Vogel, 2018)
and process knowledge (e.g., Viglione et al., 2013). Tak-
ing a catchment-perspective, Merz and Blöschl (2003)
classified more than 11,500 flood events for 490 Austrian
catchments into five process types: long-rain floods,
short-rain floods, flash floods, rain-on-snow floods, and
snowmelt floods. The relative frequency of these types
changes with the flood magnitude.

Smith et al., 2018 analyzed unusual floods by means
of the upper tail ratio and identified the vicinity to moun-
tains and intense thunderstorms as driving factors. This
supports the incorporation of process knowledge in flood
frequency analysis (Merz & Blöschl, 2003). For instance,
altered snow-melt processes and increasing rain-fed run-
off are of particular responsibility for changing flood fea-
tures in the European Alps, next to human-induced
changes in the river network (Rottler et al., 2019, 2020).
Yet, the processes we are able to identify and quantify
strongly depend on the kind and the resolution of the
data sets at hand, also shown by the following case study.

2.1 | Case study: The flash flood of
Braunsbach

The case study illustrates the dependence of processes on
data resolution and the consequences for the flood haz-
ard estimation. The flash flood event occurred on May
29, 2016 in a hilly agricultural 6 km2-sized catchment in
Southwest Germany. The event was characterized by
local, short, and extreme rainfall intensities, extreme
rates of catchment runoff, discharge rates, and large
rocky and woody debris in the local creek. The

municipality Braunsbach at the outlet of this catchment
was flooded and severely damaged. The event was ana-
lyzed and reported referring the hydro-meteorological
conditions by Bronstert et al. (2017, 2018), the geomor-
phological consequences by Ozturk et al. (2018), and
regarding damage in the municipality by Laudan et al.
(2017) and Vogel et al. (2017). First, we analyze the mete-
orological conditions followed by an analysis of the run-
off processes.

A nearby rainfall station, providing daily rainfall
values since 1931, measured 105 mm for that day. Based
on the observed data before this event and GEV-distribu-
tion-based extreme values statistics, the exceedance prob-
ability of this 24-h-value was estimated below 0.1%, that
is, a return period of >1000 years. However, including
the observation from May 29, 2016 into the extreme value
statistics yields a return period of about 100 years. These
differing results illustrate the sensitivity of extreme value
statistics to observation record duration. However, a sub-
daily analysis is required for a rainfall–runoff analysis,
because its convective nature also implies a high spatio-
temporal variability of rainfall and runoff. Bronstert et al.
(2018) showed that the rainfall event was much shorter
than a day. To cope with the inherent high spatio-
temporal heterogeneity, all nearby rainfall stations and
rainfall radar data-products provided by the German
Weather Service (DWD) were analyzed using tools pro-
vided by Heistermann et al. (2013, 2015), yielding a con-
sistent and plausible estimate of the extreme rainfall
amount: around 131 mm fell over the 6.3 km2 catchment
in just 2 h (16:00–18:00 UTC), while the main rainfall fell
within only 70 min.

This extreme rainfall intensity (max 1 h-value:
108 mm/h) resulted in the prevalent infiltration of excess
water in the agricultural area, followed by wide-spread
inundation, surface flow, and soil erosion. A so-called
forensic hydrologic analysis yielded a peak discharge esti-
mate of �120 m3/s in the local creek (estimates ranging
between 90 and 135 m3/s, depending on four different
approaches, see Bronstert et al., 2018 for details).
Figure 2 shows the comparison of this value with the
local flood design estimates (FDE), which are suggested
in the online-guidelines of the State authorities
(LUBW, 2015), based on an empirical regionalization of
previously measured flood events. This regionalization
method establishes an empirical relationship between the
measured peak runoff rates at the federal state gauges
and landscape parameters (e.g., geology, slope, soil types,
land use, catchment size). This method does not com-
prise measured rainfall or discharge events of neither
such a rather small spatial scale nor such high recurrence
interval. Consequently, these guidelines yield the 10-year
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flood discharge values with 6 m3/s, the 100-year flood
with 12.6 m3/s, and the 1000-year flood with 22.4 m3/s,
respectively, for the creek under study (see Figure 2).
Thus, the 100-year (1000-year) FDE-value is 8–10 times
(ca., 5 times) lower than the values resulting from the
forensic approach. This illustrates that the peak discharge
of this event was “out of range” compared with the values
obtained from the empirical peak discharge regionaliza-
tion method. The discrepancies between the design
values and the observation estimates of the extreme event
show the strong dependence of design values on the
underlying method and the available database. For local-
ized short events, current databases have only limited
validity for extreme rainfall–runoff conditions. These
databases can be enhanced by the inclusion of historical
events, also from catchments with similar hydroclimato-
logical conditions. For instance, in Braunsbach an event
of a neighboring catchment in 1927 (Vogel et al., 2017)
could be used.

This case study demonstrates the challenges in esti-
mating the probability and magnitude of local and highly
dynamic events. Conventional regionalization approaches

based only on direct measurement data from the relatively
coarse observation networks of rainfall stations and river
discharge gauges may not provide a meaningful hazard
estimation in such cases. Existing observation networks
may miss a high number of such small scale, spatially lim-
ited events. The analysis of radar observations over a
larger domain could support the estimation of extreme
rainfall characteristics (Saltikoff et al., 2019). Detailed
post-event studies of extreme events in ungauged catch-
ments could complement observations from rainfall or dis-
charge gauges to better understand space–time dynamics
and occurrence probabilities of such extreme events, as
demonstrated, for example, by Kunz et al. (2013), Fuentes-
Andino et al. (2017), or Bronstert et al. (2018). Paleo-flood
or paleo-geomorphological proxy data of historical events
could extend the record length (Halbert et al., 2016).
Improvements in data acquisition and understanding of
the process mechanisms of extreme events are required
for a more reliable estimation of their occurrence proba-
bility as well as the associated risk. Future flood risk
assessments in similar catchments should therefore espe-
cially consider key questions 1 and 3.

FIGURE 2 Flood

hydrographs for the local creek

in Braunsbach (resulting from a

forensic approach based on

distributed rainfall-runoff

modeling) for runoff coefficients

varying between 0.65 and 0.85.

The local flood design estimates

(FDE) for the 10-year, 100-year,

and 1000-year floods are also

shown (Adapted from Bronstert

et al., 2018).
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3 | HYDRAULICS

Hydrodynamic models convert river discharges into
inundation characteristics. The literature offers a wide
range of options of how to consider inundation processes.
The spectrum ranges from the numerical simulation of
complex processes, including for example dike breaches,
transport of debris, and intricate urban flow situations,
using numerical solvers (1D–3D) to the estimation of
flood extent using simple GIS analyses. In terms of
space–time dynamics, the spectrum extends from local,
highly resolved (dx � 5 m) to global (dx � 1 km) resolu-
tion, and from highly resolved dynamics (dt � sec) to sta-
tionary approaches ignoring the event dynamics.
Inundation characteristics that are typically quantified
and further used as input in risk models are inundation
extent and water depths. In some cases, additional hazard
characteristics are estimated, in particular flow velocity,
inundation duration, or the rate at which the water rises
(De Moel et al., 2009).

Most flood risk assessments apply hydrodynamic sim-
ulation, typically employing 1D, 2D, or 1D/2D schemati-
zations. The 2D approaches are generally needed to
reproduce the complex flow paths generated in urban
environments (Costabile et al., 2020). Thanks to model-
ing advances and the increase in computational resources
and data availability, it is now feasible to perform 2D
simulations at very high resolutions (even decimeters)
(de Almeida et al., 2018; Sanders & Schubert, 2019). Flex-
ible meshes are increasingly used, allowing a fine spatial
resolution in areas that show highly dynamic flow situa-
tions (Savant et al., 2019). Complex situations can be
modeled, for example, levee breaches (Dazzi et al., 2019)
or due to the interaction of wood, eventually entering the
stream pulled out by landslides, bank erosion and debris
flow, and the existing man-made structures in urbanized
areas, such as bridge piers (Persi et al., 2018).

The 2D inundation simulation is typically based on
the shallow water equations, but demand for computa-
tionally efficiency has led to the development of simpli-
fied approaches. Two widespread simplifications are
“zero inertial” or “diffusive wave” approximation and
“local inertial approximation.” Another widely used fam-
ily in urban areas is based on the shallow water equations
with porosity—and different porosity approaches
(Costabile et al., 2020). During the last decade global
hydrodynamic river routing models have increasingly
been developed and implemented, for instance, for conti-
nental or global flood risk assessments. An example is
CaMa-Flood (Catchment-based Macro-scale Floodplain
model; Yamazaki et al., 2013) which uses simplified shal-
low water equations to represent river routing and flood-
plain inundation, typically based on grid cells with

spatial resolution of a few kilometers to tens of kilome-
ters (e.g., Wing et al., 2020).

A considerable amount of studies compare the perfor-
mance of different simulation approaches, including the
sensitivity to space–time resolution, using benchmark
tests and real-world flood events. Examples are Hunter
et al. (2008), Apel et al. (2009), Fewtrell et al. (2011), Neal
et al. (2012), Neelz and Pender (2013), Falter et al. (2013),
Kvočka et al. (2015), Papaioannou et al. (2016), Afshari
et al. (2018), and Costabile et al. (2020).

There is no general consensus of how detailed an
inundation model should be to provide reasonable results
(Costabile et al., 2020). This is not surprising as the
choice of the level of detail depends on the context of the
study, for example, purpose and aim, available resources,
and expertise. For instance, 2D approaches are needed to
develop emergency activities based on logistic operations
and road accessibility (Arrighi et al., 2019). Besides the
modeling approach the consideration of structures and
infrastructures in the model set-up could deserve more
attention and is thus the focus of our case study.

3.1 | Case study: How much do dikes
matter in risk estimations?

Here we present a case study on the consideration of
embankments in risk analyses on the mesoscale in Lower
Saxony, a federal state in Germany. Flood hazard maps
produced according to the European Floods Directive
(2007/60/EC; EC, 2007) are publicly available as GIS vec-
tor data sets. These official 100-year flood hazard maps
(HWG) were compared with the 100-year flood scenario
calculated by the model LISFLOOD and provided by the
European Joint Research Centre in 2013 as raster data set
with a grid cell size of 100 � 100 m (Adelphi et al., 2015),
which, however, neglected embankments. For the com-
parison and the subsequent loss modeling the spatial res-
olution of the hazard maps was harmonized to a
common grid cell size. For this, the HWG data was con-
verted to a raster file with a resolution of 100 � 100 m.
To ensure that the respective grids of the two maps over-
lapped, the grid conversion of the HWG map aligned the
grids with those of the LISFLOOD map. In addition, the
water levels were classified in the same way, that is,
<0.5 m; 0.5–1 m; 1–2 m; 2–4 m; and >4 m according to
the official flood hazard maps.

For the damage estimation, the Flood Loss Estimation
Model for the private housing sector (FLEMO-ps;
Thieken et al., 2008) was adapted to the water level clas-
ses mentioned above, that is, new mean damage ratios
were empirically derived for the new water level classes.
In comparison to Thieken et al. (2008), who solely relied
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on data from the 2002-flood, a much broader empirical
data set was used containing more than 2000 damage
cases in the residential sector from six river floods that
occurred in Germany between 2002 and 2013 (see
Thieken et al., 2017). In addition, the asset map of Kleist
et al. (2006) was updated to the building stock of 2011
and adjusted to prices of 2015 by a building price index.
Asset values were spatially allocated as shown by Thie-
ken et al. (2006) using CORINE land cover data. The loss
model was applied to both hazard maps.

The comparison revealed that the official 100-year
flood hazard maps inundated areas of 1596 km2 affecting
343 municipalities, while the comparable LISFLOOD sce-
nario delivered 2485 km2 (i.e., 156%) affecting 400 munici-
palities. Based on the official 100-year flood hazard maps
the estimated damage amounted to €1023 million in
Lower Saxony, while LISFLOOD resulted in €2065 mil-
lion, that is, 202%. It should be noted, however, that the
differences between the two hazard maps are not consis-
tent in all of Lower Saxony. Figure 3 reveals that damage

estimates based on LISFLOOD are lower in comparison
to the official hazard maps in 104 municipalities, which
are mainly located in upstream areas. In 304 municipali-
ties, the damage based on the LISFLOOD flood hazard
map exceeded the damage estimated with the official
hazard maps, on average by €2.4 million. This pattern
illustrates that in lowland river systems embankments
play a key role for the inundation and associated risk
estimates.

This case study illustrates that the consideration or
negligence of embankments considerably affects the esti-
mated extent of inundated areas (by a factor of 1.5 in this
case) and subsequent loss estimates (by a factor of 2).
Depending on the decision problem at hand it has to be
decided whether such big differences are still acceptable
when applying a coarse hydraulic model on the regional
scale. This refers especially to key question 1. The case
study illustrates that particularly along lowland rivers,
embankments must not be ignored in hydraulic model-
ing. However, accurate data on embankments are often

FIGURE 3 Differences of damage estimates in municipalities in Lower Saxony, Germany based on flood maps provided by the

European Joint Research Centre (JRC; computed with LISFLOOD without embankments) and the official hazard maps HWG, which are

publicly available and consider embankments). Areas in red indicate higher damage estimates based on LISFLOOD, while areas in green

indicate higher damage estimates with HWG flood maps.
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unavailable. Hence, in doubt, whether efforts should be
increased to gather data on dike locations and heights or
better hydraulic models, dikes seem to play a more
important role, particularly for scenarios of frequent
floods up to the design level of the dikes (see Merz &
Thieken, 2009). This is underlined by findings that these
frequent scenarios influence the expected annual dam-
age, which is the most used risk metric, more than
extreme scenarios (Merz et al., 2009; Merz &
Thieken, 2004).

4 | EXPOSURE DATA SETS

The estimation of the elements and their asset values
exposed to the hazard is the next essential step in risk
assessments. Typically, data sets and methods with differ-
ent levels of detail are used at different spatial scales
(de Moel et al., 2015). Traditionally, land use data is used
at mesoscale (Kreibich et al., 2016), while gridded values
of the gross domestic product (GDP) can be used at the
global scale (Ward et al., 2013). Recent advancements in
exposure data arising from data sets like the OpenStreet-
Map (OSM) (Pittore et al., 2017; Wieland & Pittore, 2017)
enable object-based approaches to estimate flood damage
to buildings (Sieg, Vogel, et al., 2019) or infrastructure
(Bubeck et al., 2019; Kellermann et al., 2016) across spa-
tial scales. These data sets can also be used to assess the
risk of multiple hazards to infrastructure at the global
scale (Koks et al., 2019) and buildings at the local scale
(Prahl et al., 2016).

One limitation of the newly available data sets is the
accuracy of the objects (e.g., building footprints or
roads) as well as their completeness. The local geometric
accuracy of roads can be over 90% compared with refer-
ence data sets (Chehreghan & Ali Abbaspour, 2018),
while the completeness of roads is over 80% globally
(Barrington-Leigh & Millard-Ball, 2017). Building foot-
prints showed high similarities to authority data,
although with a lower level of detail (Fan et al., 2014).
Regional studies on the completeness of buildings in the
last years report a coverage of 25% in regions of
Germany in 2011 and 57% in regions of Italy in 2017
(Brovelli & Zamboni, 2018; Hecht et al., 2013). In gen-
eral, the level of completeness of roads and buildings
varies strongly from region to region (Barrington-
Leigh & Millard-Ball, 2017; Brovelli & Zamboni, 2018;
Hecht et al., 2013), but was observed to increase over
the last years (Chehreghan & Ali Abbaspour, 2018).
Hence, the accuracy and completeness of the data sets
should be considered and checked before applications in
flood risk estimations to avoid underestimations of
exposed objects.

Next to a consistent mapping of exposed objects, the
consistent estimation of exposed asset values is crucial
for risk assessments. Using land use datasets requires a
disaggregation of asset values from a larger scale
(e.g., country-wide values) to areas with a specific use
(e.g., Chen et al., 2004; Kleist et al., 2006). Wünsch et al.
(2009) illustrated that it is more beneficial to invest in
higher-resolved land use data than in more sophisticated
disaggregation methods. A study comparing different
methods of building asset estimation in Switzerland sug-
gests the use of methods based on individual building
data rather than land use data (Röthlisberger
et al., 2018). In this case, building asset values need to be
calculated per object. This can also be done by disaggre-
gating values to building footprints (Wu et al., 2019).
Paprotny et al. (2020) provide a European-wide database
for asset values of private households. Company assets
can be disaggregated by statistics on employees and asset
values of companies on larger scales (Sieg, Vogel,
et al., 2019). Consequently, it has become feasible to use
highly resolved spatial exposure data at various spatial
scales promising a more accurate flood risk estimation.
The following case study quantifies the differences
between two exposure data sets with different degrees of
detail.

4.1 | Case study: Differences between
exposure data sets in Germany

To illustrate the difference between exposure data sets we
compare asset values of companies exposed to a 100-year
flood event in Germany based on OpenStreetMap data
and land use based Basic European Asset Map (BEAM)
(Mueller et al., 2013). The BEAM data set provides mone-
tary asset values per area units. The data set is derived by
socio-economic statistics from the EUROSTAT database
and enhanced CORINE land use data. The CORINE land
use data is enhanced with data from the Urban Atlas
(2021) (a Copernicus land monitoring service) which
increases the spatial resolution in urban areas. In addi-
tion, linear infrastructure was added.

For this analysis, we used OSM objects and BEAM
areas with a predominant use of commercial or industrial
activities and public services to estimate assets for compa-
nies and OSM objects and BEAM areas with a predomi-
nant use for residential purposes to represent private
households. The flood-prone areas are taken from the
flood hazard map for Europe with a 100-year return
period (Dottori et al., 2016). Both data sets are spatially
intersected with the flood-prone areas and only asset
values within these areas are considered as exposed. Net
asset values in the exposed BEAM areas categorized as
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buildings and inventory assets per square meter of indus-
try and service are taken for the companies and those cat-
egorized as building and content assets per square meter
of private households are taken for the residential asset
values. Buildings located within the flooded area and
whose type is related to companies (e.g., commercial, ser-
vice, or retail) or residential are taken from the OSM data
sets. The asset values of buildings and equipment of the
companies is estimated based on official statistics from
the national accounts (VGR des Bundes) and the German
Federal Statistical Office. Content asset values of private
households are taken from Paprotny et al. (2020), The
assets for OSM data are estimated with the unit scaling
method following the approach of Sieg and Thieken
(2022). These values are compared with the land use
based Basic European Asset Map (BEAM as of 2012)
(Mueller et al., 2013). Both values are given as net asset
values.

Figure 4 shows a comparison of the exposed asset
values for companies and residential objects per federal
state in Germany. The factor indicates how much higher
the asset values estimated by the respective data set are
in comparison to the other data set. The estimation of the
assets of the OSM data set is based on a sampling scheme
resulting in a distribution of asset values. The 10th, 50th,
and 90th percentile of the distributions are indicated by
different saturation levels of the black lines.

The estimated assets and areas of OSM and BEAM
show differences up to a factor of 15 for companies

considering the median value of estimated assets for
OSM data only and up to a factor of 2 for assets of resi-
dential objects. The exposed assets of companies derived
from the BEAM data sets are larger in all federal states.
Asset values of residential objects show less differences
between the two data sets with factors between one and
two. Yet, the BEAM data set tends to estimate the asset
values higher than the OSM data sets. For the whole of
Germany the absolute numbers of net asset values
exposed to a (static) 100-year flood are calculated for the
BEAM data set to around 366 billion Euro for companies
and 191 billion Euro for residential areas. OSM data
showed exposed asset values of around 92 billion Euro
for companies and 176 billion Euro for residential
objects. Exposed company assets from the BEAM are
therefore 3.95 times higher compared with the company's
assets determined by means of the OSM data. Assets from
private households are estimated 1.08 times higher with
BEAM than with OSM data. Consequently, the choice of
exposure data sets with different spatial resolutions and
hence different asset estimation methods does affect the
estimated exposed areas as well as the exposed asset
values. These differences strongly propagate to risk and
damage estimates. This effect varies between different
sectors (e.g., the commercial sector and the residential
sector). In the case of the federal state Lower Saxony, for
example, the choice of the exposure data set has, with a
factor of 3.8 for companies and 1.3 for private house-
holds, about the same influence on the damage estimates
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FIGURE 4 Comparison of exposed net asset values for companies (areas which are predominately used for commercial or industrial

activities and public services) and or residential objects to a 100-year flood event per federal state in Germany calculated with

OpenStreetMap (OSM) and the Basic European Asset Map (BEAM) data sets. The factors show how much higher the estimated exposed net

asset values of one data set are compared with the other.
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as the consideration or negligence of embankments,
which resulted in a factor of 2 (Section 3.1).

In conclusion, the analysis showed that the use of
exposure data sets with different levels of detail results in
very different estimates of assets and areas exposed to a
100-year flood event. This finding is transferable to
regions with a similar degree of completeness of the OSM
data. The choice can therefore have a tremendous impact
on the estimation of risk. The impact is comparable to
the consideration of dike lines. It can be assumed that
the OSM data is at least for the estimation of exposed
areas more accurate due to the higher spatial resolution.
The estimation of the assets plays an important role, too.
However, the effects of exposure mapping and asset esti-
mation on flood risk assessments are rarely quantified.
General recommendations considering the choice of
exposure data and asset estimation methods for the use
at different spatial scales and various purposes
(e.g., future flood risk assessments or near-real time flood
damage estimation) cannot yet be made. This example
shows that key questions 1 and 3 need to be answered for
exposure data sets, too.

5 | DAMAGE ESTIMATION AND
PROCESSES

The description of damage processes by flood loss estima-
tion models ranges from single-variable depth-damage
functions to probabilistic multivariable models (de Moel
et al., 2015; Gerl et al., 2016; Merz et al., 2010). Depth-
damage functions only use water depth to determine
flood damage, and are individually set up for various
objects or land-use units commonly separated according
to their use or sector (Natho & Thieken, 2018; Penning-
Rowsell et al., 2013). Multivariable damage models use
impact and resistance variables to estimate flood damage
and are also commonly developed separately for different
sectors like manufacturing or services (Kreibich
et al., 2010; Sieg et al., 2017).

The observation that damage processes and conse-
quently damage driving factors differ between sectors
and building uses goes back to Grigg and Helweg (1975),
and is the basis for the standard approach to develop sep-
arate flood damage models for each sector (e.g., Molinari
et al., 2020). The emergence of detailed empirical data
sets and sophisticated statistical data mining approaches
over the last decade allow us to identify the main drivers
of flood damage (Merz et al., 2013; Rözer et al., 2019; Sieg
et al., 2017; Vogel et al., 2018). Besides the most impor-
tant variable, that is, water depth, also return period, con-
tamination, inundation duration, flow velocity, different
indicators for building size, and precautionary measures

were identified as important variables determining flood
damage of residential buildings (Merz et al., 2013; Mohor
et al., 2020; Vogel et al., 2018) and respective multivari-
able damage models for residential buildings have been
developed (Kreibich et al., 2017; Schröter et al., 2014).

For companies, damage processes vary across eco-
nomic sectors and assets like buildings, equipment, and
goods and stock (Sieg et al., 2017). However, generally,
again water depth is the most important damage driver;
in addition, contamination, company size, and precau-
tionary measures are important (Sieg et al., 2017).
Accordingly, multivariable loss models for companies
were developed (Kreibich et al., 2010; Schoppa
et al., 2020; Sieg, Vogel, et al., 2019; Sultana et al., 2018).
In contrast, damage processes, and consequently damage
models, are quite different for agricultural crops, for
which the most important damage drivers are the crop
type, flood timing during the year, and with less impor-
tance the inundation duration, whereas other parameters
such as water depth and flow velocities play a minor role
(e.g., Citeau, 2003; Dutta et al., 2003; Förster et al., 2008).

New property level datasets collected after flood
events also allowed us to investigate and quantify the
mitigation effect of private precautionary measures in
detail (Hudson et al., 2014; Kreibich et al., 2005; Poussin
et al., 2015). However, only few flood damage models
take precautionary measures into account as a damage
determining variable, although doing so supports tempo-
rally dynamic flood damage and risk modeling and
enables the evaluation of integrated flood risk manage-
ment. Early examples of multivariable models consider-
ing precautionary measures for private households and
companies are the FLEMOps and FLEMOcs models
(Kreibich et al., 2010; Thieken et al., 2008). Other multi-
variable models followed, for example, tree-based models
(Carisi et al., 2018; Hasanzadeh Nafari et al., 2016;
Kreibich et al., 2017) and Bayesian network-based models
(Lüdtke et al., 2019; Paprotny et al., 2020; Vogel
et al., 2012; Wagenaar et al., 2018). However, tree-based
models are not well suited to capture differences in pre-
caution, while FLEMOps and the Bayesian network-
based model BN-FLEMO are very well capable of captur-
ing differences in precaution (Sairam et al., 2019).

Flood damage processes also differ between different
flood types, like riverine, dyke breach, groundwater, plu-
vial or flash floods, which show significantly different
hazard characteristics (Kreibich & Dimitrova, 2010;
Laudan et al., 2017; Mohor et al., 2020). Thus, specific
models were developed separately for different flood
types, for example, for groundwater floods (Kreibich &
Thieken, 2008), coastal floods (Naulin et al., 2019;
Suppasri et al., 2019) or pluvial floods (Blumenthal &
Nyberg, 2019; Spekkers et al., 2014; Van Ootegem
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et al., 2015, 2018). In contradiction to this notion a proba-
bilistic residential loss model for different flood types was
suggested for Europe recently (Paprotny et al., 2020).
However, data-driven studies, for example, by Mohor
et al. (2020, 2021), illustrate that flood-type specific
models are more reliable than models that try to capture
all flood types.

Availability of detailed multidimensional datasets
needed for multivariable damage models is still scarce in
many regions limiting their widespread application. In
addition, overfitting can become a problem, when multi-
variable models trained only with data from one region
are transferred to another. For the example of a transfer
of damage functions between two regions in Italy, Ama-
dio et al. (2019) show that simple expert-based damage
functions can outperform sophisticated multivariable
damage models if their transferability is not carefully
evaluated. Bayesian approaches in combination with het-
erogeneous empirical data sets have been used to
improve the spatial and temporal transferability of empir-
ical damage functions by accounting for the full parame-
ter distributions estimated from the data in one region to
inform the application in another region (Wagenaar
et al., 2018). The use of probabilistic approaches with dif-
ferent degrees of complexity is also subject of the follow-
ing case study.

5.1 | Case study: Pluvial flood loss
modeling

This case study uses a fully probabilistic modeling
approach for a consistent quantification of uncertainties
associated with pluvial flood loss estimation for residen-
tial buildings (Rözer et al., 2019). Here the focus is on
investigating differently detailed damage process descrip-
tions, and how these influence the uncertainty associated
with a pluvial flood loss estimation.

A Bayesian zero-inflated beta regression, a Bayesian
parametric model based on a Gaussian response distribu-
tion and a non-parametric model based on the Random
Forest algorithm are used to predict the relative loss to a
building by pluvial flooding. The three model types are
fitted as uni- and multivariable models, so that both, the
effect of model type as well as the effect of additional pre-
dictor variables on the predictive performance are investi-
gated. The univariable models use water depth as the
only predictor reflecting the standard in flood loss estima-
tion (see above). All multivariable models use the same
predictors, namely water depth, inundation duration,
contamination (yes/no), multifamily home (yes/no),
household size, and knowledge about flood hazard of the
respective household. The additional predictors have

been selected from a set of 44 potentially loss-influencing
variables using the average rank of variable importance
measures from an ensemble of four different supervised
learning algorithms (linear penalized regression and non-
linear regression tree models). This approach ensures a
robust selection of the most important loss-influencing
variables by minimizing the bias from the selection of a
specific class of models (e.g., linear models). Water depth
was consistently identified as the most important predic-
tor, followed by inundation duration. This is followed by
household size, knowledge of flood hazard, contamina-
tion, and multifamily home, which have a high average
rank but larger variation in ranks between the four differ-
ent models, indicating a lower predictive power depend-
ing on the variable importance measure.

All six models are trained and validated with a local
training data set based on data collected after pluvial
flood events in Germany (Rözer et al., 2016). The Gauss-
ian model is fit using Bayesian ordinary least square
(OLS) regression with weakly informative priors both in
the uni- and multivariable setting. The RandomForest
model is fit using the original RandomForest algorithm
by Breiman (2001) with 2000 independent trees. For the
Beta model a Bayesian logistic regression is fit to deter-
mine the probability of no damage (zero-inflation) fol-
lowed by Bayesian beta regression with a beta-distributed
response function. The models are then used for a proba-
bilistic estimate of residential building losses of over
304,000 buildings in Harris County, including the city of
Houston (Texas, USA), due to extreme pluvial flooding
during Hurricane Harvey at the end of August 2017.

The investigation reveals significant differences in the
performance of the models depending on the use of addi-
tional predictors, the choice of response distribution, the
ability of the model to account for zero-loss cases, and
the spatial scale of the analysis, when compared against
reported damage (Figure 5). The uncertainty of pluvial
flood loss modeling on building level can be significantly
reduced by 47% when using a zero-inflated beta distribu-
tion (Beta) instead of normal response distributions with-
out sacrificing the reliability (Rözer et al., 2019). Using
water depth as the only predictor results in an underesti-
mate of the prediction uncertainties, meaning a low accu-
racy of loss estimates. A combination of additional
predictor variables and zero-inflated Beta regression
models improve the loss estimation in two ways, (a) by
increasing the accuracy of the loss prediction through a
more realistic representation of uncertainties when
aggregating estimates and (b) by improving the precision
through a better detection of cases where inundation
affected the building but did not cause any building loss.
This indicates that the ability of households to prevent
direct losses should be included in loss models.
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Commonly specific loss models for different sectors
and flood types are developed to map the different dam-
age processes. Only few flood damage models take resis-
tance aspects like private precaution or building material
into account as a loss-determining variable. However,
doing so improves the description of the damage pro-
cesses. Probabilistic multivariable loss models are
improving the description of the stochastic damage pro-
cesses and inherently provide quantitative information
on uncertainty associated with both the random hetero-
geneity of input data and the model structure. This facili-
tates better risk communication and informed decision-
making. Regarding key question 1, the damage models
should be chosen according to the identified relevant pro-
cesses for the risk assessment.

6 | CAPACITY AND ADAPTATION

In recent international terminology, disaster risk is
defined “[…] as a function of hazard, exposure, vulnera-
bility, and capacity” (UNDRR, 2021). While hazard, expo-
sure, and vulnerability are frequently considered in risk
estimates as highlighted in the previous sections, it is
unclear how to quantitatively consider capacities. High
capacities decrease risk and therefore counteract hazard,
exposure, and/or vulnerability as was recently outlined
by Simpson et al. (2021) in the context of climate change.
This interaction challenges the conceptual model setup.

Capacities can be qualitatively addressed, for exam-
ple, by the capital approach and have as such been
assessed within communities (Keating et al., 2017) or a
large company like the Austrian Railways (Otto
et al., 2019). Such studies highlight strengths and weak-
nesses of the risk management system in place, but fail to

quantify how much flood risk is reduced by certain mea-
sures or policy interventions. Therefore, different risk
management strategies (which require certain capacities)
on how to adapt to flooding and to reduce the risk, are
commonly considered by (static) scenarios (e.g., Molinari
et al., 2021; Thieken, Cammerer, et al., 2016). Scenarios
are used to assess costs and benefits of specific risk reduc-
tion strategies and measures to find cost-effective solu-
tions. The effect of the measure itself is integrated in the
assessment of either hazard (e.g., when building new
dikes), exposure (e.g., when strengthening spatial plan-
ning or zoning policies), or vulnerability (e.g., by altering
stage-damage curves or more sophisticated loss models).
For example, the damage reduction by wet flood-proofing
amounts to 35%–50% and to 22%–65% for dry flood-
proofing (Kreibich et al., 2015). In this context wet flood-
proofing mitigates damage although water has entered
the building, for example, by flood-adapted use or mate-
rials, while dry flood-proofing aims at preventing water
entry, for example, by sealed walls or water barriers;
property-level adaptation is used as an umbrella term.
Typical costs of measures are provided by Aerts (2018).
Microscale approaches have been recommended for
detailed outcomes (de Ruig et al., 2020; Molinari
et al., 2021) creating evidence that the implementation of
property-level flood adaptation pays off (e.g., Attems,
Thaler, Genovese, & Fuchs, 2020; de Ruig et al., 2020;
Kreibich, Christenberger, & Schwarze, 2011). Hence, risk
communication aims at motivating flood-prone residents
to take up such measures (Attems, Schlögl, Thaler,
et al., 2020; Attems, Thaler, Snel, et al., 2020;
Heidenreich et al., 2020).

While a cost–benefit-analysis helps to inform deci-
sions on investments in new measures, scenario-based
approaches fail to capture temporal dynamics within the

FIGURE 5 Absolute direct building structure damage estimates in billion US$ for three different model types (RandomForest,

Gaussian, and Beta) in their univariable (hollow; water depth only) and multivariable (solid) versions. Bars indicate the median absolute

loss, boxes the 90%, and whiskers the 98% interval of the absolute direct building loss for Harris County, Texas. The red dashed line

represents the officially reported absolute building structure damage based on data from the US Federal Emergency Management Agency

Housing Assistance Program (FEMA) (Adapted from Rözer et al., 2019).
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system under study. These might, however, be important
in the case of structural measures that are known to
cause co-costs by allowing built-up areas behind the
dikes that increase the overall loss in case of a dike fail-
ure (Di Baldassarre et al., 2018), while nature-based solu-
tions create co-benefits (Dittrich et al., 2019; Kousky &
Walls, 2014). Hence, the types of costs and benefits con-
sidered (over time) might change the outcome of the
assessment (e.g., Fadel et al., 2018).

To better capture dynamics of flood risk and societal
adaptation, socio-hydrology has emerged as a subdisci-
pline: several differential equations are commonly used
to reflect the interactions and feedbacks between flood
hazard and risk as well as societal development and
adaptation (e.g., Barendrecht et al., 2019; Di Baldassarre
et al., 2013). While it was shown that model calibration
benefits from empirical data (Barendrecht et al., 2019),
model validation is often hampered by a lack of empirical
longitudinal data. This is particularly relevant for the
uptake and effect of non-structural measures, such as
property-level adaptation, which cannot be planned sys-
tematically. However, their uptake is increasingly
demanded in flood policies (Kuhlicke, Seebauer,
et al., 2020), supporting calls for considering human
behavior and adaptation in quantitative risk analyses
(e.g., Aerts et al., 2018). To account for interactions
between flood-prone residents and other stakeholders
and their interventions, agent-based models have been
set up (e.g., Haer et al., 2017) allowing to simulate the
effect of different policies on flood risk over time. In con-
trast to other socio-hydrological models, human behavior
is included in more detail and based on behavioral or
psychological models, of which the Protection–Motiva-
tion-Theory (PMT; Rogers, 1983) has become the most
popular one since Grothmann and Reusswig (2006)
applied it successfully to explain flood adaptive behavior
in the city of Cologne, Germany. Coping appraisal was
found to be particularly important; it consists of per-
ceived self-efficacy, perceived response efficacy, and per-
ceived costs of adaptation (response costs) and is
enhanced by observational learning from the social envi-
ronment, such as friends and neighbors (Bubeck
et al., 2018) highlighting the role of social capital and
norms (Bixler et al., 2021). In fact, a review (van
Valkengoed & Steg, 2019) across different hazards,
designs, and countries revealed that self-efficacy,
response efficacy, negative affect, and descriptive norms
are the best predictors for adaptive behavior, while risk
perception and experience show just small to moderate
effects although they are more frequently studied. How-
ever, van Valkengoed and Steg (2019) further state that
the motivational factors and types of behaviors
researched greatly differ across the studies calling for

more harmonized items in surveys. Therefore, harmo-
nized repeated cross-sectional surveys that have been
conducted among flood-affected residents and companies
in Germany since 2002 (e.g., Kienzler et al., 2015;
Kreibich et al., 2005; Rözer et al., 2016; Sieg et al., 2017;
Thieken et al., 2007; Thieken, Kienzler, et al., 2016) are
used in the case study to highlight temporal changes in
adaptive behavior and their effects on flood risk.

6.1 | Case study: Effect of property-level
adaptation on risk estimates

The following case study illustrates the quantitative
effects of (changing) property-level adaptation on risk
estimates on the regional scale, that is, the Freestate of
Saxony, Germany. Over the past 20 years, Saxony has
been affected by several floods. The most severe event
took place in August 2002 and caused losses of €8700 mil-
lion. The event also triggered the uptake of property-level
adaptation measures in Saxony as a long-term flood pre-
caution (Kreibich, Seifert, et al., 2011). Further minor
flood events occurred in 2006, 2010, and 2011, while a
bigger flood followed in June 2013. Again, an increase in
the uptake of property-level adaptation measures was
observed in the aftermath (Kienzler et al., 2015; Thieken,
Kienzler, et al., 2016). To investigate the effect of
improved adaptation on the flood risk, a risk analysis on
the basis of the official flood hazard maps as of 2006 was
performed. The hazard maps were combined with a
mesoscale inventory of residential building assets and the
flood loss estimation model FLEMO, which was derived
from survey data and is capable of considering effects of
property-level adaptation (Thieken et al., 2008). For this
study, the model was updated with empirical data from
flood-affected residents surveyed about floods between
2002 and 2013 (see Thieken et al., 2017, for a description
of the data). Three different scenarios in the Freestate of
Saxony were considered (Figure 6).

As a reference scenario, the situation before the flood
of 2002 was captured by combining the flood hazard map
(of 2006) with the building characteristics of 2000 and the
level of property-level adaptation before the 2002-event
as retrieved from survey data on the 2002-flood (Kreibich
et al., 2005; Thieken et al., 2007). In prices of 2013, this
analysis resulted in an expected annual damage for all of
Saxony of EUR 180 million (assuming static flood maps;
see Figure 6a). In a next step, the building characteristics
and assets were updated to 2013, which resulted in an
overall increase in damage by 1.1% for all of Saxony
(compared with the reference model) due to new and bet-
ter buildings (see Figure 6b). Finally, the property-level
adaptation was updated to 2013 based on survey data
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(Kienzler et al., 2015; Thieken, Kienzler, et al., 2016),
which led to a decrease in damage by 32% for all of Sax-
ony (compared with the reference model; see Figure 6c).
This estimation is in a similar order of magnitude as the
average reduction of vulnerability of private households
by 27% due to private precaution estimated by Sairam
et al. (2019).

The modeling study illustrates the positive effect of
an enhanced uptake of property-level adaptation mea-
sures on flood risk. Therefore, risk communication that
motivates residents to adapt should be further supported.
However, this exercise neglects that flooding also impacts
mental health and people's well-being. For example, the
severity of experienced flood impacts seems to be impor-
tant for the motivation to implement adaptive measures
(Laudan et al., 2020). Kuhlicke, Masson, et al. (2020)
found an erosion of people's motivation and their resil-
ience, when being flooded several times in a few years.
To better understand temporal dynamics, panel data that
capture perception, well-being, and adaptation over time
are needed though their creation is challenging (Hudson
et al., 2020). One of the very few longitudinal data sets in
the natural hazards domain was established after the
2013-flood in Germany. It reveals that there are different

types of adaptive residents (Bubeck et al., 2020). Refer-
ring to key question 2, such temporal patterns need to be
considered in loss and risk models for more realistic risk
estimates, particularly for projections of future flood
risks.

7 | DISCUSSION

The case studies showed different systems and aspects of
flood risk assessments. Although the individual case stud-
ies presented here are mostly quantitative studies, the
discussion and conclusion here are more of a qualitative
nature. In the following, we first want to return to the
discussion of the initial three key questions posed in the
introduction. Further, we want to discuss the adequate
level of detail in Section 7.2 and the role of quantitative
assessments in Section 7.3.

7.1 | Discussion of the key questions

All case studies dealt with at least one of the three key
questions (Figure 1). The case studies showed that the

FIGURE 6 The effect of property-level adaptation on flood risk in Saxony, Germany. Expected Annual Damage by district is depicted by

different shades of gray. Panel (a) shows the reference scenario with building characteristics and precautionary measures of 2000 and 2002,

respectively. Panel (b) shows a scenario with building characteristics updated to the year 2011. Panel (c) shows updated private precaution to

the time period 2005–2013. Percentage deviations of the damage estimates modeled with the updated versions of the data sets compared with

reference scenario are given in green (lower damage estimates with updates) and red (higher damage estimates with updates).
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use of models or data sets which incorporate more pro-
cesses or spatiotemporal details can have tremendous
effects on the outcome of a risk assessment. In the follow-
ing we point out a few implications of the results for each
key question.

7.1.1 | Which processes are relevant in the
context at hand?

Processes with a higher relevance for the problem at
hand should be considered with additional details. It is
worthwhile to define essential processes and to add or
remove the ones with substantial or negligible effects on
the outcome. The case study on dike lines (Section 3), for
instance demonstrates, that the consideration of embank-
ments strongly influences damage estimates, justifying
the additional resources for including embankments in
the assessment. The case study on damage models
(Section 5) showed that the use additional predictors
enable a better description of damage processes and as
such predict the damage more accurately. Assessments
with a focus on damage processes should choose more
complex damage models which incorporate a quantifica-
tion of uncertainties or/and with a distinction of different
pathways (Mohor et al., 2021). Some processes take time
to implement and thus leading to an impact on a system
with a temporal shift, for example, step-wise property-
level adaptation on larger scales. For example, risk
assessments for economic systems might also need to
include indirect impacts as, for example, the disturbance
of supply chains or a change of demands in course of the
recovery process. These aspects are usually noticeable in
the aftermath of a flood event (Willner et al., 2018).
Therefore, the models which are used to quantify hazard,
exposure, vulnerability and risk should be chosen based
on a clear perceptual model (see e.g., Beven, 2001, on the
selection of a hydrological model).

7.1.2 | Which (temporal) dynamics are
relevant?

Temporal dynamics play an important role for more reli-
able flood risk assessments. Especially assessments sup-
porting long-term decisions need to consider them. The
useful inclusion of adaptation in the assessment of future
risks requires—among other things—knowledge about
the change in (property-level) adaptation over time
(Section 6). Disciplines like socio-hydrology can be used
to develop ideas of possible future dynamics
(Di Baldassarre et al., 2013). Since some processes that
show a temporal dynamic, for example, adaptive

behavior of residents, are directly linked to risk manage-
ment options, the use of adaptation or management sce-
narios must be consistently distinguished from the
temporal dynamics of underlying hazard processes or sce-
narios of future economic developments. For example,
Thieken, Cammerer, et al. (2016) distinguished a refer-
ence scenario that reflects the present situation, from a
baseline scenario, which shows future (transient) behav-
ior without adaptation, and alternative scenarios, which
quantify the effects of different adaptation or manage-
ment options. Analogous to this, scenarios and projec-
tions of possible future dynamics of flood generation
processes including their uncertainties should be consid-
ered (Kundzewicz et al., 2018). Accordingly, risk assess-
ments need a clear concept regarding temporal dynamics
or pathways which should be explored.

7.1.3 | Which spatial and temporal
resolution is needed?

In general, a risk assessment requires more detailed data
the smaller their spatial extent is. The functioning of
infrastructure for example depends on local features and
needs locally precise inundation maps (Emanuelsson
et al., 2014). The case study of Braunsbach illustrates that
measurement data retrieved from relatively coarse obser-
vation networks of rainfall stations and river discharge
gauges do not provide reliable hazard estimates for local
flash flood events. Some data sets can have a major influ-
ence on the assessment. For instance, Section 4 showed
that higher spatial resolution of exposure data results in
four times smaller built-up areas and around three times
lower asset values compared with data with a coarser res-
olution. In principle, a risk assessment that aims to prior-
itize different management options (within a larger
region) can be coarser than an assessment that aims at
identifying the best option for one specific objective (pro-
ject appraisal).

7.2 | The adequate level of details

The case studies showed that risk assessments are charac-
terized by high interactions and are influenced by many
aspects. The adequate level of detail has therefore to be
identified for each flood risk assessment individually. The
following discussion should give some ideas on how to
identify this level. For the development of environmental
models Jakeman et al. (2006) point to the law of parsi-
mony (Ockham's razor), which states that “it is vain to
do with more what can be done with fewer.” Applied to
risk assessments this means to avoid considering all the
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specifics and details of every component without getting
a substantial benefit for the outcome. Menger (1960) for-
mulated the law against miserliness as a counterpart to
the law of parsimony stating “it is vain to try to do with
fewer what requires more.” From the point of mathemat-
ics, he argued, that what is needed is a “prism” which is
able to analyze mixtures and their various components
instead of a mere reduction of complexity
(Menger, 1960). Translated to risk assessments, this
becomes relevant when looking at interplays between dif-
ferent components or processes (e.g., merging of flow
regimes), which only get evident if all processes are
described with a sufficient degree of detail. In this regard
the “more” could also give room to account for the poten-
tial for surprise and unknown interrelations in risks
(Merz et al., 2015). Therefore, for risk assessments it is
desirable to find a “sweet spot” between the law of parsi-
mony and the law against miserliness, so the assessments
do not get overly complicated, but also include all funda-
mental processes.

Table 1 shows an overview of consequences and pos-
sible steps toward a “sweet spot” for flood risk assess-
ments. Ignoring fundamental details can result in
overlooked processes leading to oversimplified or false

conclusions. These could lead to an over- or underestima-
tion of risk, which in turn hampers the development of
effective adaptation strategies and planning. For instance,
Blöschl et al. (2020) argue that extending the database for
the analysis of flood frequencies from time windows of
the past decades to past centuries would lead to a better
understanding of possible future flood changes and can
therefore improve the adaptation capacity. Including too
many details possibly leads to “wasted resources,” mean-
ing efforts (working time and financial resources) put
into very detailed analysis with little gain for the results
of the overall risk assessment. In this regard also data
requirements of simulation efforts should be considered
(Apel et al., 2008). However, to achieve a resource-
efficient procedure it needs to be known which compo-
nents contribute the most to enhance the degree of detail
and certainty where it is needed most. In this regard it is
also helpful to know about the source and type of uncer-
tainties an assessment is prone to. Separating between
aleatory uncertainty (e.g., random behavior caused by
inherently variable processes) and epistemic uncertainty
(originating from incomplete knowledge of a system) can
support the identification of details which are able to
increase the reliability (Merz & Thieken, 2005, 2009).

TABLE 1 Overview of consequences of too few or too many details considered in the process, spatial, and temporal domains as well as

possible steps toward a “sweet spot” for risk assessment

Domain Sections
Consequences of too few
details

Consequences of too many
details Steps toward a sweet spot

Processes in the
risk context

Sections 3
and 5

Missing impacts of processes
Biased results
Maladaptation in the long
term

Over- or underestimation of
uncertainties

Sensitivity analyses, Monte-
Carlo simulations, and
processing of sufficiently
large ensembles are
hampered

Interpretation of results
becomes more difficult due
to many captured processes

Contribution of processes to
overall risk is masqued

Possible overfitting: redundant
parameters can introduce
noise

Development of a clear
perceptual model/concept

Evaluate the benefits of more
details for the specific case/
purpose

Use of probabilistic models
capturing the variability of
the processes

Use of evaluation of the
results to adjust subsequent
assessments

Spatial and
temporal
resolution of data

Sections 2
and 4

Missing identification of
(changing) processes

too coarse, aggregated results
Over- or underestimation of
risk

Wasted resources
Potential introduction of noise
due to more uncertain data

Use of new data and methods
as well as knowing their
strengths and limitations

Temporal dynamics Sections 2
and 6

Unreliable projections of
future risk

Limitations to explore
potential pathways of risk
management

Introduction of unneeded
complexity

Distinction between risk and
adaptation efforts (risk
reduction) might become
less clear

Use panel data, climate
projections, and transferable
models

Clear definition of a reference
scenario as baseline
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This leads to a fourth question which needs to be con-
sidered for flood risk assessments:

7.2.1 | What are the potential consequences
of too many or too little details?

It is worth striving for a balance between these extremes
to enable assessments which are resource efficient and
capture all essential processes at the same time. One
should attempt to understand whether errors and uncer-
tainties in the risk assessment, because of being too
greedy or too wasteful, could lead to malicious conse-
quences (Merz et al., 2015). In addition to their plausibil-
ity assumptions, models and risk estimates should be
evaluated by the harmful consequences of their errors. In
case of doubt, more details can potentially do less harm
and even open up a room to account for surprises and
unexpected interrelations. Too few details might lead to
misjudgment of risk in the worst case. All these aspects
strongly rely on the objective of the flood risk assessment.

Risk assessments have very different objectives and
contexts. Flood risk can be assessed with a focus on eco-
systems, infrastructure (transport and energy), built envi-
ronment, human lives, livelihoods, or economic systems
at various spatial scales. Different systems can have very
different requirements to the data sets or the methods;
the functioning of infrastructure for example depends on
local features and needs locally precise inundation maps
(Emanuelsson et al., 2014). The desired outcome can be a
mere metric of risk as, for example, the expected annual
damage (EAD) or it can include environmental aspects,
too, like disturbed ecosystems (Meyer et al., 2009). If the
objective is a timely impacts assessment the resource
time might be very limited, whereas in other cases this
might be the monetary, computational, or personal
resources. If the assessment should support decisions
within a longer timeframe it might be necessary to incor-
porate temporal dynamics (as pathways). Consequently,
the objective and the context of risk assessments deter-
mine all the other aspects, that is the relevant processes,
the required spatial and temporal resolution and (tempo-
ral) dynamics which have to be considered. Therefore, it
is not possible to provide a one-size-fits-all solution on
the question of the adequate level of detail.

7.3 | The need for quantitative studies

The presented four key questions offer qualitative guid-
ance for individual flood risk assessments. Yet, clear
quantitative guidance in form of thresholds defining the

optimal level of details valid in different contexts cannot
be given. Most case studies presented here and in the lit-
erature consider only one individual risk component
mostly ignoring the interplay between the components.
This kind of evaluation of the interplay between the dif-
ferent risk components with varying levels of detail is
rare and usually limited to case studies of smaller areas
(e.g., Apel et al., 2009) or using the same models with dif-
ferent assumptions (e.g., Metin et al., 2018; Winter
et al., 2019). Yet, especially on different spatial scales the
appropriate levels of detail in the single risk components
could vary considerably (de Moel et al., 2015). Similar
assessments are often done in the context of sensitivity
analyses. However, in these analyses usually model
assumptions are varied or artificial variations are intro-
duced (e.g., de Moel et al., 2009; Metin et al., 2018;
Winter et al., 2019). Comparisons between different
approaches and data sets for each component with differ-
ent degrees of detail are still rare (Sieg & Thieken, 2022).

Joint quantitative assessments integrating all risk
components are required to reveal which details contrib-
ute most to the reliability of flood risk assessments and
where resources could be spent more efficiently. More
specifically, such studies could support the determination
of thresholds of getting acceptable results with limited
resources, hints on how to compensate the unavailability
of high quality data, or identifying the optimal resolution
of the data sets for the targeted flood risk assessment.
However, to make these thresholds transferable it would
at least be necessary to make multiple comparable assess-
ments in a range of representative catchments, for exam-
ple, in terms of the catchment size, the predominant
runoff characteristics, and the population density.
Increased comparability between studies and risk assess-
ments could further enhance the meta-analysis of
methods and data sets. This requires detailed documenta-
tion and discussion of the assumptions and decisions
made during the assessments regarding the models, pro-
jections, data sets, and so on used. Transferable insights
from other locations with better data availability or from
past flood events can therefore partly compensate una-
vailable data sets. For example, information on exposure
objects and water levels can be sampled from distribu-
tions based on official statistics or from water masks from
similar events (Sieg, Schinko, et al., 2019, Sieg, Vogel,
et al., 2019; Sieg & Thieken, 2022).

Ideally, such qualitative and quantitative assessments
can help to anticipate flood events which appear to be
surprising and make flood risk assessments more reliable.
Transferred to the event of July 2021 in Germany, for
instance, the consideration of historic flood events (ques-
tion 2) and the link to related or consecutive processes
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like erosion, sediment, and debris transport and altered
flood pathways, for example, due to clogging of bridges
(question 3) could have supported the preparation for
such an event. The goal of early warning (question 1) and
its timing (question 4) could be a stronger part of the risk
assessment helping to avert harm. Trajectories of rainfall,
for instance, could get monitored more rigorously by
means of radar data with a higher spatiotemporal resolu-
tion. Additionally, assessments could include multiple
hazards (mass movements, flash floods) triggered during
the event to get a clearer picture of the possible impacts
and consequences. A revisited flood risk assessment for
this region could benefit from the consideration of these
key questions.

8 | CONCLUSION

Reliable risk assessments need to strive for a balance
between greed and waste of resources needed to consider
and implement the desired improvements and additional
details with regard to the decision problem at hand. But
do we know the adequate level of detail in flood risk
assessments? Unfortunately, our current answer to this
question is, that we cannot yet define this level quantita-
tively. For now, we can at least provide qualitative guid-
ance toward a balance of details in individual flood risk
assessments in the form of four key questions presented
in this study. Methods and data sets need to be chosen
deliberately in such a way that all relevant known pro-
cesses are covered without being inefficient. A central
requirement is to be aware of the choice and the possible
influence of different levels of detail with regard to pro-
cesses, spatial, and temporal resolution and to be certain
about the details needed for the objective of the assess-
ment in the given risk context.

The presented case studies of the individual risk com-
ponents show that detailed considerations of specific
aspects have potentially substantial effects on the flood
risk estimation when considered in isolation. The quanti-
fication of the influence of different levels of detail in
overarching assessments, which identifies the details that
matter most for the outcomes, would support the identifi-
cation of the adequate choice of detail in a given context.
The implementation of such quantitative studies in vari-
ous representative contexts could therefore lead to a more
general definition of adequate levels of detail in flood risk
assessments. A model comparison study in different areas
could be a future joint effort of the flood risk research
community to gain more insights into the sensitivity of
risk assessment. This would not only reveal the influence
of details in risk assessments, but would also hint to the
next reasonable steps in flood risk research.
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made available via the HOWAS21 database in June 2023.
Section 6: The data sets of the flood events in Germany
from 2005 and 2013 are available via the flood damage
data base HOWAS 21 (http://howas21.gfz-potsdam.de/
howas21/). The flood hazard map for Saxony is available
at https://www.wasser.sachsen.de/hochwassergefahren
karte-11915.html. Building asset values are available
upon request.
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