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Abstract

Triggered by devastating flood events, surface water floods (SWFs) have received in-
creasing attention in the more recent past. Nonetheless, the general process-related
knowledge about this flood type is still rather limited. The eminent lack of data at
a high spatial and temporal resolution, as well as coverage, hampers the study of the
involved processes’ characteristics and impairs the development and evaluation of new
tools. Thus, the main objectives of this thesis are, firstly, to compile a representative
data set of flood damage records and to devise new methods allowing the classification
thereof according to the triggering flood type, i.e., SWFs or fluvial floods. Secondly, the
classified data are analyzed with respect to the floods’ occurrences in space and time in
order to infer salient features of SWFs. Thirdly, in order to contribute to the increasing
consideration of SWFs in hazard assessments, a commonly applied modeling approach is
evaluated in relation to its reliability with which observed inundations of rural areas can
be predicted with models of varying complexity within diverse settings.
The first part of this thesis elaborates the occurrence of SWFs based on spatially

explicit records of buildings damaged by floods. For that matter, a data set comprised of
records from 14 different public insurance companies for buildings (PICB) was collated.
The data were harmonized and geocoded. Each record contains the damage date, the
damage location, as well as the incurred losses. The buildings’ direct tangible losses
were corrected for inflation, as of 2013. Moreover, the number of buildings and the
total sum insured were estimated in order to account for the effects of socio-economic
development on the damage values. With these ancillary data, the relative number of
damage claims and associated relative losses were assessed. Overall, the collated data
set contains 63’117 damage claims, covers periods of 10 to 33 years depending on the
PICB, and overall covers 48 % of all Swiss buildings.
For the exploitation of this type of data, a method has been drafted in a pilot study,

in order to associate each record either with SWFs or fluvial floods, respectively. The
pragmatic classification scheme is based on the location of each damaged object and
additional spatial information, i.e., fluvial flood hazard maps as well as a river network.
Based on findings from the pilot study, the scheme was further refined by a simple
consideration of the topography, requiring a digital elevation model as an additional
input. The classification scheme produces a robust, lower estimate of the damage caused
by SWFs, induced by the limitation that the two flood types cannot be differentiated
automatically from each other within the overlapping flood domains, i.e., within the
areas prone to fluvial floods around watercourses.

The data’s analyses highlight the significance of SWFs in Switzerland. Namely, 45 %
of the damage claims could be associated with SWFs. In terms of the incurred losses,
SWFs contribute to 23 % of the total flood losses, which is due to the lower losses
per claim in comparison to the increased losses caused by fluvial floods. Some regions
suffer from more damage than others. For instance, the Swiss lowlands are affected the
most in terms of relative and absolute values, while the alpine regions are affected the
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least. The distribution of the relative damage within these regions indicate that urban
areas are affected just as rural areas are, too. By far the most damage is caused in the
summer months, save a few exceptions. Within the period 1993–2013, the time series
of normalized SWF damage does not show a significant upward trend, highlighting the
dominant role of socio-economic development driving the ongoing increase of damage in
absolute numbers.

The second part of this thesis elaborates how well inundation extents of SWFs in rural
areas, inferred from various sources, can be reproduced with a common modeling approach
based on single deterministic simulations of flood inundation models. Three hydrodynamic
flood inundation models with varying complexity (i.e., “FLO-2D”, “FloodArea”, and
“r.sim.water”) were selected. They were complemented by a multiple flow direction
algorithm (“MFD”). Firstly, all four models were applied to four artificial surfaces,
each representing a characteristic slope form (i.e., a plane, an ellipsoid, an inverse
ellipsoid, and a saddle) and each including an incised street. This modeling exercise
highlighted inherent model differences, foremost in relation to the predicted flow patterns
downslope of the incised street. Furthermore, the models’ disagreement was highest for
the prediction of flow over the ellipsoid characterized by a convex slope form. Secondly,
the four models were applied to eight real-world case studies covering diverse geographical
and meteorological settings. The models’ performances were low for all case studies,
indicating that reliable predictions of rural areas’ inundations caused by SWFs are
not (yet) feasible with the employed modeling approach and the available input data.
Thereby, the need for model calibration and/or validation is highlighted, in addition
to the requirement of better observational data. Moreover, the application of various
models to diverse case studies has allowed more general insights regarding modeling
SWFs in rural areas.
Finally, in the third and last part, the thesis’ main findings are summarized and

synthesized. The results of this thesis provide unambiguous proof that SWFs are a
significant natural hazard in Switzerland. Although this thesis has made valuable
contributions in relation to the better quantification and characterization of SWFs based
on damage records, as well as concerning the modeling of SWFs in rural areas, further
research is still required to form a basis on which well-informed decisions can be made
in the future. Furthermore, tools for assessing and managing such SWF risks need
to be improved, developed, and tested. For all these endeavors, better observational
data are required, be it more accessible insurance records of higher quality, emerging
data sources coupled with data mining techniques, or field observations collected at
SWF-prone monitoring sites.
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1 Introduction

In various European countries devastating surface water flood (SWF) events triggered, or
at least supported, political, practical and scientific endeavors to recognize and investigate
aspects of SWFs, for instance in France (e.g., Davy, 1990; Andrieu et al., 2004), the UK
(e.g., Pitt, 2008; Coulthard & Frostick, 2010), Denmark (e.g., Haghighatafshar et al.,
2014), the Netherlands (e.g., Gaitan et al., 2015; Spekkers et al., 2017) and Germany
(e.g., Rözer et al., 2016; Spekkers et al., 2017). The most prominent example of an
individual SWF event is likely the flooding of Hull, UK, in 2007 (Pitt, 2008; Coulthard
& Frostick, 2010). However, an earlier event in the fall of 2000 has spawned efforts to
better understand and manage SWF hazards in the UK (Hankin et al., 2008).

In Switzerland, on the other hand, the first published testimony of SWFs seems to be
Weiss & Wyss (1992), who realized, rather by chance, that SWFs are causing a substantial
amount of damage. In the quarter century since, several events characterized by SWFs
have been observed and reported in Switzerland (e.g., Aller & Petrascheck, 2008; Scherrer
et al., 2013). Although these events may have been the trigger for the development
of a few practical methods and guidelines (e.g., Egli, 2007; Rüttimann & Egli, 2010;
Kipfer et al., 2012), they have not led to coordinated and target-oriented actions at
the federal level to explicitly study and manage SWFs, in contrast to events caused by
other natural hazards. In fact, prominent events including earthquakes, avalanches, mass
movements, and fluvial floods have spawned governmental efforts to minimize adverse
effects caused by these perils over the past century (Zimmermann et al., 2005). The need
for a more coordinated and integrated approach has been identified at the turn of the
last century, which has led to the development and implementation of an approach based
on the risk management cycle, which addresses the mentioned natural hazards in an
integrative manner (PLANAT, 2005; Zimmermann et al., 2005; FOEN, 2011). Therein,
natural hazards such as avalanches and mass movements are considered, which are rather
insignificant in comparison to floods in terms of the incurred monetary losses (e.g., Hilker
et al., 2009; Imhof, 2011; Hausmann et al., 2012). Thus, not just economic losses, but also
many other factors such as fatalities, general public perception, corresponding process
understanding, etc., determine whether actions are taken to mitigate adverse effects from
a particular hazardous process, or not. This might explain why in an alpine country
such as Switzerland, processes have been prioritized, which have had apparent impacts
in terms of fatalities (cf. Hilker et al., 2009) and/or losses (Imhof, 2011; Hausmann et al.,
2012), at least at the local scale, in contrast to SWFs, which have been difficult to grasp.

Nevertheless, there are indications that overland flow, as SWFs are commonly referred
to in Switzerland, is finally recognized as a serious peril at the highest political level
(Der Bundesrat, 2016). Therein, the lack of hazard maps regarding overland flow was
specifically mentioned and was proposed to be addressed. According to Zimmermann
et al. (2005), such maps are the primary management tool used for spatial planning.
Moreover, the map can be used for emergency planning, risk assessment, or for demanding
structural protection measures. Following this incentive, the first SWF hazard indication
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map for the whole canton of Lucerne has been produced recently (Kipfer et al., 2015),
based on single deterministic simulations of design rainfalls with the hydrodynamic flood
inundation model “FloodArea”. Nevertheless, beyond anecdotal evidence regarding the
significance of SWFs, there have been hardly any scientific studies regarding SWFs in
Switzerland.

In contrast, on an international level, SWFs have been receiving increasing attention
regarding various aspects, including, but not limited to, modeling this flood type in
urban areas (e.g., Maksivomić et al., 2009; Sampson et al., 2013; de Almeida et al.,
2016) or in the urban-rural interface (e.g., Yu & Coulthard, 2015; Tyrna et al., 2017).
Moreover, early warning systems concerning SWFs have been developed and tested (e.g.,
Priest et al., 2011; Hurford et al., 2012). Additionally, the prediction of damage has
been addressed (e.g., Jongman et al., 2012; Spekkers et al., 2014) and tools for SWF risk
assessment as well as risk management have been proposed (e.g., Kaźmierczak & Cavan,
2011; Blanc et al., 2012; Zhou et al., 2012; Löwe et al., 2017). At the same time, the lack
of observational data is generally a major constraint for most studies (e.g., Blanc et al.,
2012; Neal et al., 2012; Yu & Coulthard, 2015; Gaitan et al., 2016; Rözer et al., 2016).

Owed to the fact that SWFs are a relatively new research topic, there exist many
open questions including, but not limited to, the hazard’s monitoring, its inherent
characteristics, its effects on society, its prediction as well as its management. Thus, with
the overarching goal to increase our understanding of SWFs, ultimately enabling a better
management of the risks emanating from SWFs, this thesis’ main objectives are threefold:
Firstly, a contribution regarding the eminent lack of data shall be made by exploiting
the previously untapped potential of Swiss insurance claim records. To this end, a
corresponding data set is compiled and methods are devised to analyze such spatially
explicit data with respect to SWFs. Secondly, this data set is analyzed concerning the
occurrences of SWFs in space and time, in order to infer inherent characteristics of this
flood type. Such knowledge is deemed crucial to foster better predictions of SWFs, in
the future. Related to that, the third objective of this thesis is to evaluate whether a
current approach applied in practice to simulate SWFs can reliably reproduce observed
inundations in rural areas caused by SWFs.

Reflecting these objectives, the thesis is structured in three parts: Firstly, the collection,
exploitation and analyses of a unique data set of spatially explicit Swiss flood insurance
claims are elaborated (Chapt. 2–3). Secondly, current issues related to deterministically
modeling SWFs in rural areas are addressed by presenting modeling exercises (Chapt. 4).
Thirdly, the findings from the first two parts are synthesized in order to draw this thesis’
conclusions and to provide an outlook (Chapt. 5).
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Abstract

Overland flow is difficult to assess because direct data is missing. As Swiss public
insurance companies for buildings cover overland flow along with other hazards, we
exploited their records to investigate the occurrence of overland flow indirectly. With a
novel classification scheme, it is possible for the first time, to distinguish claims related to
overland flow from inundations caused by watercourses. We analyzed gapless data records
from 1991 to 2013 of the cantons Neuchâtel, Fribourg, Nidwalden and Graubünden,
each representing a different typical Swiss landscape. Altogether, roughly 40–50 % of
the damage claims can be associated with overland flow, which account for 20–30 % of
total loss in that period. However, the inter-cantonal differences are large and reflect
the embedment of overland flow in the landscape’s geographic setting. Finally, looking
at averages per km2 and year, we found that pre-alpine Fribourg is affected most by
overland flow. As an outlook, we are confident that the presented method can be used
to start studying overland flow from a more process-oriented perspective.

2.1 Introduction

Post-damage analyses in the field of flood hydrology highlight that not only overtopping
rivers and lakes cause a substantial amount of loss. Reportedly, about fifty percent of all
damages to buildings are caused by overland flow (Bezzola & Hegg, 2008). Overland flow
propagates over the land surface as thin sheet flow or anastomosing braids of rivulets and
trickles, until the flow reaches or is concentrated into recognizable channels (Chow et al.,
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1988; Ward & Robinson, 2000). Thus, overland flow is not constrained to a riverbed,
but occurs diffusely in the landscape. Furthermore, overland flow is generally associated
with a short response time and practically no advance warning, which makes it difficult
to observe and study the process directly. Maybe that is the reason why, in spite of the
existence of several practical tools to assess the hazard of overland flow (Kipfer et al.,
2012; Rüttimann & Egli, 2010; Bernet, 2013), little is known about where and when
overland flow occurred in the past and will occur in the future.
As there is no direct information about the occurrence of overland flow in space and

time, traces of the flow’s propagation can be found wherever the process has caused
detectable damages, or claims thereof. These can be used as a proxy for the occurrence
of overland flow. Data sources implicitly containing such information are house owners’
damage claims recorded by Swiss public insurance companies for buildings (PICB).

Our overarching goal is to improve the process understanding of overland flow. In this
paper, we want to demonstrate that damage claim records can provide very useful, indirect
information about the occurrence of overland flow in space and time. Furthermore, by
looking at the total number of claims as well as total loss related to overland flow and
inundation from watercourses respectively, we want to highlight the relative relevance of
these processes. For these purposes, we have analyzed damage claim records of the PICB
of Neuchâtel (NE), Fribourg (FR), Nidwalden (NW) and Graubünden (GR). These
cantons approved our data enquiry and are chosen for this pilot study, as they cover
different landscape patterns typical for the whole Switzerland.

2.1.1 Terms and definitions
Terms used by scientists, insurers or practitioners to describe processes that can lead to
water related damages to buildings may differ. Thus, hereafter, some important terms
are defined:

• In accordance to the definition above, overland flow is understood as surface runoff
that propagates unchannelled over the land surface until it reaches the next river
or lake.

• Damages to buildings caused by water entering the structure at ground level (this
excludes penetrating groundwater, backwater from the sewer system and rainfall
directly entering the building through its envelope) are, hereafter, referred to as
water damages.

• For reasons of readability, we abbreviate floods and inundations from rivers and
lakes, explicitly excluding overland flow, by simply referring to inundations from
watercourses. Thus, the term watercourse always refers to both rivers and lakes.

• In this paper, we make use of two different flood hazard maps (Swiss flood hazard
maps and Aquaprotect, S. 2.3). The former includes assessment perimeters, whereas
the latter does not. Both indicate areas that are at hazard complemented by hazard-
free zones. All hazardous areas, regardless of the hazard level and the map source,
are referred to as flood zones.

2.2 Data
In Switzerland, PICB are present in 19 out of the total 26 cantons, within which they
each hold a monopoly position. In addition, it is (with a few exceptions) mandatory for
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all house owners to insure their buildings against natural hazards including avalanches,
snow pressure and -load, hail, storm, land- and rockslides, falling rocks and inundation
processes. Concerning the latter, hazards associated with water entering the building at
ground level are covered. Consequently, all damages caused by overland flow are insured
and recorded by one single institution. Unfortunately, PICB generally do not distinguish
different inundation causes and, thus, the responsible process for the claimed damages,
namely overland flow or inundation from watercourses, must be identified.

2.2.1 Data harmonization

For the present pilot study, we have analyzed records of house owners’ damage claims
related to flood processes of the PICB of Neuchâtel (NE), Fribourg (FR), Nidwalden
(NW) and Graubünden (GR), representing the most typical landscapes of Switzerland.
The data delivered by the different PICB were quite heterogeneous and, thus, needed
to be harmonized. The most important variables used in this study were the address,
geocode, total loss, processing status of the damage claim, as well as the occurrence date
of the claimed damage:

• All four PICB provided geocoded damage claims. Claims with missing spatial
reference were geocoded using the provided addresses, whenever possible.

• The loss of each damage claim was calculated by adding the payout and the
corresponding deductible. Then, the losses were indexed to 2014. Note that in case
of a covered damage, all PICB calculate the payout according to the reinstatement
costs (value as new), except Fribourg. In the latter canton, reinstatement costs are
determined according to (for us untraceable) depreciated values.

• The damage dates were checked for plausibility manually. The last year with
complete records is 2013 for all four PICB. The complete records start in 1983 in
Fribourg (31 y), 1987 in Nidwalden (27 y), 1988 in Neuchâtel (26 y) and 1991 in
Graubünden (23 y), respectively.

• The status of the damage claims were categorized commonly. For this paper,
only completed damage claims, i.e., claims with an actual payout, are considered.
This ensures that only damage claims of an insured risk (i.e., overland flow and
inundation from watercourses) are analyzed.

Overall, the data comprises 15’200 inundation related damage claims, of which 11’239
are justified and geocoded. For analyses concerning each canton separately (i.e., the
compilation of percentiles, cf. Sect. 2.3), the geocoded, justified claims are used. For
the comparison between the cantons (i.e., number and total loss of the different classes
per canton, cf. Sect. 2.4), only the overlapping period 1991–2013 is considered (23 y),
counting a total of 9’451 damage claims.

2.3 Methods

To differentiate damage claims that are associated either with overland flow or inundations
from watercourses, we have developed a classification scheme (Fig. 2.1). The scheme
is not directly applicable to single damage claims, as it neglects important influencing
factors such as micro and macro topography, the circumstances of a loss, etc. However,
by applying it to a large dataset and computing summary statistics, the method is robust
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Fig. 2.1: Each geocoded damage claim is categorized according to the displayed classification
scheme. The white rhombuses each represents a “yes” or “no” test, checking whether the coordinates
of the affected building are within 25 m of the corresponding spatial object (that takes the uncertainty
of the buildings represented as point objects into account). Only coordinates located outside of the
flood zones (hazard map and Aquaprotect) reach either of the green rhombuses. For each of these
claims, the distance d between the claim’s point location and the closest watercourse is compared
to the 25th, 50th, 75th and the 99th percentiles of the corresponding cumulative distribution of the
claims within flood zones (Fig. 2.2, blue curve and percentiles). In this way, all claims outside of
the flood zones are classified depending on the percentile range they fall in. All possible paths of
the classification scheme are schematically shown in Fig. 2.3. The colors of the ellipses are used
throughout the paper to denote overland flow (A: red and B: orange), inundation from watercourses
(E: dark blue and D: light blue) or damage claims that could not be associated with either process
(C: gray).

and produces productive results.
The scheme makes use of existing flood hazard maps, as mentioned in the introduction.

The rationale of the scheme is to use these maps directly for claims located within
indicated flood zones. From this claim subset, we can then infer characteristics and use
them for the classification of claims outside of the flood zones. For the latter claims, we
make the following assumption: The distance to the closest watercourse from a flooded
building determines how likely that particular building has been affected by inundation
from a watercourse or by overland flow. Understandably, if the building is located
close to a watercourse, the responsible process has most likely been inundation from
that particular watercourse. On contrary, if the building is located far away from any
watercourse, overland flow has most likely caused the damage.
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Fig. 2.2: Exemplary cumulative distribution of all damage claims of Graubünden within flood
zones that are closest to a medium sized river (SSO: 2–3), plotted against the distance to the
corresponding river (blue curve). As a comparison, the cumulative distribution of all damages
outside of the flood zones are displayed (green curve). Additionally, the corresponding percentiles
(25th, 50th, 75th and 99th) of both curves are indicated (dotted lines). Note that for each of the
three SSO classes (1–2: small rivers; 2–3: medium rivers; 4–9: large rivers) as well as for each
canton, the percentiles of the claims within flood zones are computed and applied separately to
reflect the different geographical and hydrological setting of each canton.

The Swiss flood hazard maps provide detailed information about hazardous zones
related to inundation from watercourses (Petrascheck & Loat, 1997). However, these maps
were compiled for a predefined perimeter, which is generally constricted to construction
zones. Moreover, the hazard maps were compiled with differing methodologies in each
canton. To smooth out these differences and to increase the spatial coverage, Aquaprotect,
a flood zone map covering the whole Switzerland, provided by the Swiss Federal Office for
the Environment (FOEN), is used in addition to the hazard maps. Assessed with a coarse
but standardized method, Aquaprotect indicates flood zones of the larger watercourses
associated with return periods of 50, 100, 250 and 500 years, while neglecting existing
flood control measures. The dataset referring to a return period of 250 years is chosen, as
the Swiss flood hazard maps consider a return period of maximal 300 years. Although it is
possible that overland flow occurs within a mapped flood zone, it can be assumed that the
predominant damage causing process in these areas are inundations from watercourses.
Thus, the distribution of affected buildings located within flood zones in relation to
the closest watercourse is used to classify damage claims located outside of these flood
zones. Thereby we assume, that the patterns of damages caused by inundations from
watercourses within the mapped flood zones are the same for damages located outside of
these zones.
Clearly, the zone of influence of a watercourse depends on the geographical and

geological properties of the landscape, as well as on the size of the river. For that reason,
we compiled distance distributions for each canton and river size class separately. The
latter is feasible, as the FOEN provides a dataset (referred to as FLOZ) that can be
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Fig. 2.3: Each displayed point corresponds to a distinct path in the classification scheme (Fig. 2.1)
and denotes the corresponding process responsible for the caused damage (A: Most likely overland
flow; B: Likely overland flow; C: Damage causing process uncertain; D: Likely inundation from a
watercourse; E: Most likely inundation from a watercourse). The arrows show how the percentiles
of the cumulative distribution of damage claims within flood zones to the next watercourse are
applied in practice. Furthermore, the display indicates that the percentiles are computed for each
river class formed by the Strahler Stream Orders (SSO; 1–2: small rivers; 2–3: medium rivers; 4–9:
large rivers) as well as for each canton separately.

linked to the Swiss hydrological network of the product “VECTOR25” provided by
swisstopo. In that way, each river section is assigned to the corresponding Strahler
Stream Order SSO (Strahler, 1964), which can be used as a proxy for the river’s size.
The SSO takes discrete numbers, which range from 1 to 9 in Switzerland. According
to Weissmann et al. (2009) a SSO of 1 refers to small, 2–3 to medium and 4–9 to large
Swiss rivers.

Figure 2.2 displays the cumulative distribution of the damage claims within or outside
of the mapped flood zones, depending on the distance to the next river of a certain SSO.
The blue curve, corresponding to the claims within the flood zones, rises sharply within
the vicinity of watercourses but levels off quickly with increasing distance. On the other
hand, the green curve, referring to damage claims outside the flood zones, rises more
gradually and levels off at a much higher distance. We interpret this behavior as the
superposition of damages caused by inundation from watercourses (small distances) and
by overland flow (farther away from the watercourses). To obtain an objective way to
disentangle these processes we take the distance to the next watercourse that correspond
to the 25th, 50th, 75th and the 99th percentiles of the cumulated damage claims located
within the flood zones (Fig. 2.2). As mentioned before, such curves are compiled for
each canton and river class separately.
The coordinate pair of each damage claim is classified using the scheme shown in
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Fig. 2.1. As a depiction thereof, all possible cases are illustrated in Fig. 2.3. We
distinguish five classes, each referring to the dominant process responsible for the claimed
water damage with a qualitative indication of how certain the classification is:

• A: Most likely overland flow
• B: Likely overland flow
• C: Damage causing process uncertain
• D: Likely inundation from a watercourse
• E: Most likely inundation from a watercourse

2.4 Results

Our analyses show that 43 % of all claims are likely and most likely associated with
overland flow and 47 % with inundations from watercourses (Fig. 2.4). The remaining
10 % cannot be associated with either process. Looking at the numbers from the
individual cantons, it becomes apparent that the fractions differ greatly from canton
to canton. In Neuchâtel and Fribourg, more than half of the damage claims relate
to overland flow. However, in Fribourg the classification is associated with a larger
uncertainty, i.e., 18 % could not be classified as either overland flow or inundation from
watercourses.

In Graubünden 59 % of the claims are associated with inundation from watercourses,
while more than every third claim relates to overland flow. The classification in Nidwalden
shows a completely different picture. The vast share of 92 % of all claims is caused
most likely by inundations from watercourses, while the remaining classes each account
for only a few percent of all claims. Although Nidwalden has the lowest amount of
damage claims amongst the cantons in numbers, the total loss is almost as high as in
Graubünden in the same period (Fig. 2.4). The opposite is the case for Fribourg. It
ranks highest amongst the cantons in terms of number of claims, but has a relatively low
associated cumulated loss. Neuchâtel, although ranking in the same range as Nidwalden
and Graubünden in terms of damage claim numbers, it had to cope with the smallest
amount of loss.

To get an idea about the density of these processes in space and time, the numbers
can be related to the size of each canton (Table 2.1). For this simple assessment, we
have neglected the vulnerability, elements at risk and other possibly relevant factors: In
Fribourg, damage claims are most frequently associated with overland flow and cause
a yearly average loss of CHF 451.00 per km2, followed by Neuchâtel. Although in
Graubünden overland flow accounts for almost 40 % of all damage claims (Fig. 2.4) the
density, both in terms of occurrence but also in terms of yearly loss per area, is by far
the lowest. Graubünden also ranks last when looking at inundations from watercourses,
however unlike the average occurrence of overland flow, the loss density is in the same
order as in Fribourg, and Neuchâtel. Nidwalden, on the other hand, clearly stands out.
With more than 0.2 damage claims amounting to more than 7000 CHF and per km2

and year, the values are by far the highest.
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Table 2.1: Yearly rates at which each canton is affected by overland flow (class A + B + 1
2 C) or

inundation from watercourses (class 1
2 C + D + E, cf. Fig. 2.4), obtained by dividing the absolute

numbers by the area of the respective canton and the record length of 23 years (1991–2013). The
rows are ordered according to the yearly rate of buildings affected by overland flow.

Canton Area Overland flow Inundation from watercourses
(km2) (n/km2/a) (CHF/km2/a) (n/km2/a) (CHF/km2/a)

FR 1’671 0.068 451.00 0.040 304.00
NE 803 0.053 382.00 0.035 282.00
NW 276 0.011 259.00 0.205 7’173.00
GR 7’105 0.006 59.00 0.008 279.00

2.5 Discussions
Based on several case studies, it is stated that about half of all (justified) water damage
claims are caused by overland flow (Bezzola & Hegg, 2008). Our analyses based on
gapless claim records of the last 23 years show that with 43 %, less than half of the
claims can be associated clearly with overland flow. Nevertheless, the share is highly
significant. In terms of loss, it also underlines previous case studies and assumptions
respectively, revealing that on average, the loss associated with overland flow is lower
than loss associated with inundation from watercourses. However, our results also show
that this is not the case for all areas. The regional differences, as illustrated by Fig. 2.4,
can be explained by the different landscapes of the studied cantons. The geographical
and geological patterns are reflected by the results: Based on several case studies, it
is stated that about half of all (justified) water damage claims are caused by overland
flow (Bezzola & Hegg, 2008). Our analyses based on gapless claim records of the last
23 years show that with 43 %, less than half of the claims can be associated clearly
with overland flow. Nevertheless, the share is highly significant. In terms of loss, it also
underlines previous case studies and assumptions respectively, revealing that on average,
the loss associated with overland flow is lower than loss associated with inundation
from watercourses. However, our results also show that this is not the case for all areas.
The regional differences, as illustrated by Fig. 2.4, can be explained by the different
landscapes of the studied cantons. The geographical and geological patterns are reflected
by the results:

• In Fribourg, representative for the Pre-Alps, overland flow occurs most frequently
(Table 1), which can also be explained by the geological features, favoring overland
flow (Weingartner, 1999). Further, the prevalence of many underground rivers that
go partly back to extensive melioration in the past century promote overland flow.
Inundation from watercourses are frequent as well, but less intense than in more
alpine regions.

• As expected, in Neuchâtel with its typical karstic landscape, damage claims are
more frequently caused by overland flow than by inundations from watercourses.

• Nidwalden, a canton with steep slopes, mostly less permeable soils, resulting in a
dense river network, together with densely populated valley floors, is exposed heavily
to inundation processes from watercourses (Fig. 2.4). Although, overland flow may
be responsible for certain damage claims, the dominant process is inundation from
watercourses by far.

• Graubünden, the largest canton in Switzerland, is mountainous and overall loosely
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populated. Thus, the relative occurrence of claims related to inundations from
watercourses, but even more so for overland flow, are very low. However, the
associated losses are very high due to the devastating floods of mountain torrents.

2.6 Conclusions
Indubitably, overland flow causes frequent damages to buildings in Switzerland. For the
first time, we can support this with a gapless data record covering representative areas
of Switzerland, as we have collected and harmonized damage claim records of 4 Swiss
PICB each representative for typical Swiss regions and covering the last 23 years. Due
to the large dataset, the numbers are robust. However, it has to be noted that our novel
method to disentangle water damages to buildings only works for large numbers and
cannot be applied to single damage claims.
We have demonstrated that it is feasible and worthwhile to analyze damage claim

data from public insurance companies, even more so, as it is, to our best knowledge, the
only source that indicates overland flow over a large part of Switzerland within a longer
period. The next step forward is to use the disentangled dataset, in order to analyze
spatial and temporal patterns of the occurrence of overland flow. In this way, we can
move towards more process-based investigations that are required to better understand
and, ultimately predict, overland flow in the future.
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Abstract
Surface water floods (SWFs) have received increasing attention in the recent years.
Nevertheless, we still know relatively little about where, when and why such floods occur
and cause damage, largely owed to a lack of data, but to some degree also because of
terminological ambiguities. Therefore, in a preparatory step, we summarize related terms
and identify the need for unequivocal terminology across disciplines and international
boundaries in order to bring the science together. Thereafter, we introduce a large
(n=63’117), long (10–33 years) and representative (48 % of all Swiss buildings covered)
data set of spatially explicit Swiss insurance flood claims. Based on registered flood
damage to buildings, the main aims of this study are twofold: First, we introduce
a method to differentiate damage caused by SWFs and fluvial floods based on the
geographical location of each damaged object in relation to flood hazard maps and the
hydrological network. Second, we analyze the data with respect to their spatial and
temporal distributions aimed at quantitatively answering the fundamental questions of
how relevant SWF damage really is, as well as where and when it occurs in space and
time.
This study reveals that SWFs are responsible for at least 45 % of the flood damage

to buildings and 23 % of the associated direct tangible losses, whereas lower losses per
claim are responsible for the lower loss share. The Swiss lowlands are affected more
heavily by SWFs than the alpine regions. At the same time, the results show that
the damage claims and associated losses are not evenly distributed within each region
either. Damage caused by SWFs occurs by far most frequently in summer in almost all
regions. The normalized SWF damage of all regions shows no significant upward trend
between 1993–2013. We conclude that SWFs are in fact a highly relevant process in

21

https://doi.org/10.5194/nhess-2017-136


3 Surface water floods in Switzerland: what insurance claim records tell us
about the caused damage in space and time

Switzerland that should receive similar attention like fluvial flood hazards. Moreover, as
SWF damage almost always coincides with fluvial flood damage, we suggest to consider
SWFs, just as fluvial floods, as integrated processes of our catchments.

3.1 Introduction

In Switzerland, there seems to be a growing awareness that just as overtopping rivers
and lakes pose substantial flood risks for society, so too does flooding that takes place far
away from watercourses. All across Europe, there are well-known examples of such inland
flood events. In 1988, for instance, a devastating flood occurred in Nîmes, France (e.g.,
Davy, 1990; Andrieu et al., 2004). In 2007, Hull UK was affected by flooding (e.g., Pitt,
2008; Coulthard & Frostick, 2010). One year later Dortmund, Germany, experienced
wide-spread flooding (e.g., Grünewald, 2009). In 2011, the Danish capital Copenhagen
was affected heavily by flooding (e.g., Haghighatafshar et al., 2014). The Swiss canton of
Schaffhausen was affected severely in 2013 (e.g., Scherrer et al., 2013). At the same day
in 2014, the Dutch capital Amsterdam (e.g., Gaitan et al., 2016; Spekkers et al., 2017)
as well as Münster, Germany, experienced substantial flooding (Spekkers et al., 2017).
These events in Europe share a common thread, which stems from their origin as inland
floods, triggered by heavy precipitation, but mostly unrelated to watercourses.
As the definition of such floods is not straightforward, we adopt the term of surface

water floods (SWFs) for now, use it for non-fluvial floods in general and discuss the
terminology in Sect. 3.2 in detail. Inherently, SWFs are not constrained to areas close
to watercourses, but can occur practically anywhere in the landscape (Kron, 2009).
Consequently, such floods are difficult to document, study and forecast (e.g., Pitt, 2008;
Steinbrich et al., 2016) and related data are scarce (e.g., Hankin et al., 2008; Douglas
et al., 2010; Blanc et al., 2012; Grahn & Nyberg, 2017). Spekkers et al. (2014) mention
the lack of data as well as the impact on small spatial scales as possible explanations
why relatively little scientific research has been dedicated to such SWF in comparison to
fluvial floods. In contrast, gray literature covers the topic of SWFs rather extensively,
which is reflected by the availability of many guidelines and manuals discussing how
to prepare for and manage such floods, for instance for single objects in Switzerland
(Egli, 2007), or on communal or regional levels in Germany (e.g., Castro et al., 2008;
DWA, 2013; LUBW, 2016) or France (e.g., CEPRI, 2014). This might exemplify that
the scientific flood risk community is indeed quite oblivious of resourceful gray literature
(Uhlemann et al., 2013). In any case, it indicates that the topic is a concern for the
people, the responsible authorities and other stakeholders. In order to reduce the risk,
an effective approach is to focus on the physical protection of exposed objects (e.g.,
Kron, 2009; DWA, 2013). Although this strategy is certainly pointing into the right
direction, we have to be conscious about the basis on which current and future decisions
concerning SWFs are made. Undoubtedly, the lack of quantitative data and studies
hampers our process understanding (Grahn & Nyberg, 2017). Therefore, the underlying
crucial question is “how can we reduce losses from natural hazards when we do not know
(...) when and where they occur?” (Gall et al., 2009).

Owing to vast river discharge time series, fluvial floods can be well predicted along
gauged rivers (Steinbrich et al., 2016). As there are no such data concerning SWFs
(Steinbrich et al., 2016), we must exploit other data sources in order to quantify the
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relevance of this flood type in space and time. Possible data sources include, but are
not limited to, insurance claim records (e.g., Spekkers et al., 2013; Zhou et al., 2013;
Moncoulon et al., 2014; Bernet et al., 2016; Grahn & Nyberg, 2017), disaster data bases
(e.g., Gall et al., 2009; Kron et al., 2012), press reports (e.g., Hilker et al., 2009) and
interviews with or reports from affected people (e.g., Thieken et al., 2007; Evrard et al.,
2007; Gaitan et al., 2016). All data sources are probably subjected to a varying degree of
a so-called “threshold bias”, which refers to the bias introduced due to varying damage
inclusion criteria (Gall et al., 2009). Disaster data bases only list events that exceeded
predefined loss and/or fatality thresholds (Kron et al., 2012). Similarly, damage data
based on news reports are subjected to unknown thresholds, as damage is only reported
if it is found to be interesting enough. As interview campaigns are more likely to be
initiated after devastating flood events, such data are biased towards more extreme
events, as well (Elmer et al., 2010). Insurance claim records are likely affected the least
by a threshold bias, as long as the related insurance policy stays the same, insured objects
are not changing greatly over time and the deductibles are low or can be accounted for.
Damage claim records of insurance companies are therefore a profitable data source.

Not surprisingly, they have been the base for several studies related to SWFs (e.g., Cheng
et al., 2012; Spekkers et al., 2013; Zhou et al., 2013; Moncoulon et al., 2014; Spekkers
et al., 2015; Bernet et al., 2016; Grahn & Nyberg, 2017). Unfortunately, insurance claim
data are generally difficult to collect, since most insurance companies do not publish or
provide loss data due to confidentiality issues (Boardman, 2010; Grahn & Nyberg, 2017).
Furthermore, analyses based on such data are often impaired by the data’s spatial or
temporal aggregations. For instance, the limited usefulness of monthly aggregated data
was demonstrated by Cheng et al. (2012). On the other hand, Spekkers et al. (2014)
pointed out some limitations of insurance data aggregated to administrative units, which
do not have homogeneous topographical properties. As insurance companies usually
do not assess and record detailed information for each damage claim, it is difficult to
verify and differentiate the cause of each damage without at least knowing the explicit
location of the damaged object. This is particularly important, as the corresponding
data often cover different processes without explicit classification: For instance, Grahn
& Nyberg (2017) had to exclude all damage records with dates that coincided with
dates of known fluvial flood events to obtain a subset of SWF-related claims. Spekkers
et al. (2013) chose a more elaborate method by applying a statistical filter based on the
assumption that rainfall-related damage is clustered around wet days, while other causes
of damage are occurring on any day throughout the year. Finally, even though many or
even all buildings are insured against floods in several countries (e.g., in Sweden (Grahn
& Nyberg, 2017) or in the Netherlands (Spekkers et al., 2014)), usually only a subset
of all objects are covered by the obtained data records. This is owed to the fact that
the objects are usually insured by many different companies, each having a different
(unknown) market share. In addition, these shares are generally not constant over time
either, but may fluctuate heavily over time and space, as exemplified by Spekkers et al.
(2014). These spatial and temporal changes need to be taken into account, which is often
not trivial.
Luckily, most of these limitations are not applicable for damage claim records of

the Swiss public insurance companies for buildings (PICB). In Switzerland, PICB are
present in 19 out of the 26 cantons, whereas each company insures (almost) all buildings
within the respective canton due to their monopoly position and because the insurance
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is generally mandatory for all house owners (e.g., Schwarze et al., 2011). Beside other
natural hazards, the insurance covers damages caused by floods, which includes both
fluvial floods as well as SWFs. Data records of PICB are, therefore, exceptionally
interesting for analyzing floods in general, and SWFs in particular. Most PICB have
shown a general interest about research on this topic and, thus, were willing to provide
flood claim records including the address of each damaged object.

Based on these data, the first aim of this study is to provide a method, with which each
claim can be classified as being caused by SWFs or fluvial floods, respectively. Second,
based on the classified claim records, we aim at answering the fundamental question of
how relevant damage caused by SWFs is, as well as where and when such damage occurs
in space and time. The underlying data set stems from 13 PICB and covers 48 % of all
buildings in Switzerland. Thus, the data set is representative for most of Switzerland,
except for southern Switzerland (i.e., Western Inner Alps and Southern Alps). The
analyzed data records all end in 2013 and extent back to at least 2004, but even up to
1981 depending on the PICB. As the PICB, safe a few exceptions, insure only property
and not its contents, this study only considers damage to buildings. More specifically,
this study is limited to direct tangible flood damages to buildings, i.e., monetary losses
caused by the buildings’ direct contact with flood water (Merz et al., 2010). Thereby,
we acknowledge that these damages only constitute a portion of the total flood losses.

We have identified a lack of a common terminology concerning SWFs. Therefore, we
dedicate the following Sect. 3.2 to a short overview of terms that are currently being
used to address flood types that could be categorized as SWFs, as mentioned before.
In Sect. 3.3 we describe the data in detail and introduce a method to differentiate
SWF damage from fluvial flood damage. Thereafter, in Sect. 3.4, we present general
characteristics of the number of claims as well as associated loss caused by SWFs
in comparison to fluvial floods. Furthermore, we present the spatial and temporal
characteristics of damage caused by SWFs in Switzerland during the last decades and
discuss the results in Sect. 3.5. Finally, by providing concluding remarks, we conclude
the study (Sect. 3.6).

3.2 Terminology

Flooding is a complex interlinked system, affecting many aspects of the physical, economic
and social environments acting at different spatial and temporal scales (Evans et al.,
2004; Barredo, 2009). As such, flooding involves a wide range of interconnected hydraulic
subsystems and processes (Evans et al., 2004). Therefore, the classification of such a
complex process like flooding is not trivial, particularly in practice. At the same time,
many of the terms used to address flood types or involved hydrological processes in
relation to SWFs are either used ambiguously in the literature or are not well-defined.
To prevent terminological ambiguities, we first introduce relevant hydrological processes,
which helps to distinguish SWFs and fluvial floods. Thereafter, we elaborate related
flood terms for a clearer definition of SWFs and provide recommendations for these
terms’ future reference.
SWFs are characterized by overland flow and ponding, which can be defined as

follows. As precipitation reaches the land surface, different runoff generation mechanisms
determine whether water starts to pond and whether overland flow is generated (e.g.,
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Fig. 3.1: Interrelation of hydrological processes that may lead to a SWFs (red ring) and/or a
fluvial flood (blue ring).

Fiener et al., 2013). The water may then take several routes towards the stream channels
(Ward & Robinson, 2000), as depicted in Fig. 3.1. The flow path along the land surface
is sometimes ambiguously referred to as “surface runoff”, but is better defined by the
widely-used term “overland flow” (Ward & Robinson, 2000). However, in the literature,
this distinction is inconsistently made, whereas either of the terms or even both are used.
We adopt the term overland flow and, thereby, mean the transport of water downhill at
the land surface as thin sheet flow or anastomosing braids of rivulets and trickles until
the water reaches or is concentrated into recognizable streams (Chow et al., 1988; Ward
& Robinson, 2000; Brutsaert, 2005).

The propagation and accumulation (i.e., ponding) of overland flow can be considered
as a flood, which in the glossary of Field et al. (2012) is defined as “the overflowing of
the normal confines of a stream or other body of water, or the accumulation of water
over areas that are not normally submerged”. As long as the water is directed towards a
watercourse, but has not yet reached it, the flood can be regarded as a SWF, as defined
later. Thus, the notable difference between a SWF and a fluvial flood is that in the
former case, water is making its way towards a watercourse, whereas in the latter case
flooding stems from a watercourse (Fig. 3.1).

As outlined before, different flood terms are used in relation with SWFs. For a better
distinction of these terms, we discuss each term and give recommendations about their
future reference. A summary of the terms is presented in Table 3.1.

“Pluvial floods” are caused by intense rainfall that, due to whatever reason, cannot be
drained by natural or artificial drainage systems, thereby ponds in local depressions or
propagates along the surface as overland flow (Pitt, 2008; Hurford et al., 2012), before
it possibly, but not necessarily, reaches or is concentrated into regular watercourses.
The term pluvial flood is often used synonymously with SWF, although according to
Falconer et al. (2009), SWFs have a broader meaning. Namely, in addition to pluvial
floods as defined above, the term SWF also includes flooding from sewer systems, small
open channels, culverted watercourses or flooding from groundwater springs (Hankin
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et al., 2008; Falconer et al., 2009). Therefore, SWFs can be regarded as the most general
definition of rainfall-related (pluvial) floods. For future studies, we recommend using
these two terms distinctively, depending on the corresponding context.

The term “muddy flooding” is well-established and refers to floods, which are formed
by muddy runoff from agricultural fields that damage adjacent properties downslope
(Boardman, 2010; Ledermann et al., 2010). Here, the term is mentioned to point out
that this flood type is implicitly included by the definition of SWFs and pluvial floods,
respectively.

The term “flash floods” is used quite ambiguously in the literature (van Campenhout
et al., 2015). Traditionally, it refers to fluvial floods triggered by short, intense and
local storm events (e.g., Merz & Blöschl, 2003; Gaume et al., 2009; Falconer et al., 2009;
Ruiz-Villanueva et al., 2012). However, the term may include other causes as well (Castro
et al., 2008; Priest et al., 2011; Gourley et al., 2013). Moreover, the term has increasingly
been used in relation to pluvial flood types (cf. Kron et al., 2012; Steinbrich et al., 2016).
Apparently, the term is often used in this context by publications in German using the
translated term “Sturzflut” (cf. Castro et al., 2008; Kron, 2009; DWA, 2013). For future
reference, we recommend to adopt the term flash flood only in the traditional sense and
use the applicable term, i.e., pluvial flood or SWF, for all other cases.

The term “urban” or “intra-urban” are mainly used as a specifier of the geographical
extent of a flood or the main focus of the corresponding study (cf. Evans et al., 2004;
Andrieu et al., 2004; Douguédroit, 2008; Hankin et al., 2008; DWA, 2013; Zhou et al.,
2013). If applicable, the use of this term as a specifier in combination with other flood
terms can be recommended, since the corresponding flood type is thus better defined.
However, we suggest refraining from the isolated usage of the term, as in “urban flood”
for instance, since the flood type is thereby not unequivocally defined. In case the term
is intentionally used in such a broad context, we recommend mentioning this explicitly.
Finally, we deem it necessary to introduce a further distinction for a better under-

standing of this study’s results. Namely, it is important to note that the term “flood” is
sometimes implicitly used in the hydrological sense, but sometimes also in the context
of “damaging floods” (Barredo, 2009). In the former case, any inundation of land is
considered, while in the latter case, the flood necessarily interacts with the societal sys-
tem causing adverse effects (Barredo, 2009). Thus, our results represent only damaging
floods, as this study is based solely on the exploitation of damage data. Note that this

Table 3.1: Summary of flood terms related to SWFs. The column “Type” indicates whether the
corresponding term refers to a rainfall-related (pluvial) or fluvial flood type. The information is
taken from the sources cited in Sect. 3.2.

Flood term Type Main sources

Surface water flood Pluvial Water that could not be drained; surcharged sewer
or culverted watercourse; overtopping open channel;
groundwater spring

Pluvial flood Pluvial Water that could not be drained
Sewer flood Pluvial Sewer surcharge or backup
Muddy flood Pluvial Muddy runoff from agricultural fields
Urban flood Fluvial/Pluvial Any source contributing to inundation in urban areas
Flash flood Fluvial/(Pluvial*) Watercourses / (cf. surface water flood*)
* Recently increasingly used to address pluvial flood types
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distinction is visualized in Fig. 3.1.

3.3 Materials and methods

The compiled data set is based on flood damage claim records from 14 different PICB. In
addition, we obtained similar records from the Swiss Mobiliar, a cooperative insurance
company, hereafter referred to as CIC. The corresponding data records were solely used
to support the parametrization of the classification scheme. Thus, they were not part of
the data analyses, as elaborated in more detail in Sect. 3.3.1.

As mentioned before, each PICB holds a monopoly position and, thus, insures virtually
every single building within the respective canton against various natural hazards
including flooding. Therefore, damage caused by water entering the building envelope
at the surface is insured, while damage associated with direct intrusion of groundwater
or backwater from the sewer, as well as flooding from dams or other artificial water
structures is generally excluded. In consequence, water-related damage covered by PICB
is either caused by SWFs or fluvial floods, whereas the insurance companies themselves
do not differentiate the two processes (Imhof, 2011). Therefore, similar to other studies

Table 3.2: Summary of the specific input data used for the classification and normalization of the
flood damage claims, in the order of appearance in Fig. 3.2. Note that all links were last checked on
3 March 2017.

Input data Name Description source

Address data
base

GeoPost
Coordinates

Register of all geocoded postal addresses
of Switzerland as of 2015, provided by the
national postal service Swiss Post

https: // www. post. ch/ en/ business/ a-
z-of-subjects/ maintaining-
addresses-and-using-geodata/
address-and-geodata

River network swissTLM3D Feature TLM_FLIESSGEWAESSER of
the Swiss topographical landscape model,
v1.4, provided by the Federal Office of To-
pography (swisstopo)

https: // shop. swisstopo. admin. ch/
en/ products/ landscape/ tlm3D

Flood hazard
maps (main)

Flood hazard
maps

Official Swiss (fluvial) flood hazard maps
(e.g., Zimmermann et al., 2005; de Moel
et al., 2009) compiled to a single data set
and provided by the Swiss Mobiliar

https: // www. bafu. admin. ch/
bafu/ en/ home/ topics/ natural-
hazards/ state/ maps. html

Flood map
(ancillary)

Aquaprotect Simple flood map for the whole of Switzer-
land, produced by the Swiss Federal Office
for the Environment (FOEN) in collabora-
tion with the Swiss reinsurance company
Swiss Re

https: // www. bafu. admin. ch/ bafu/
en/ home/ state/ data/ geodata/
natural-hazards--geodata. html

Building
footprints

swissTLM3D Feature TLM_GEBAEUDE_FOOTPRINT,
see river network for details

see river network

Digital eleva-
tion model

swissALTI3D High precision digital elevation model
(DEM) as of 2013 with a regular grid size
of 2 by 2 m, provided by swisstopo

https: // shop. swisstopo. admin. ch/
en/ products/ height_ models/ alti3D

Digital surface
model

DSM Digital surface model, last updated in 2008,
provided by swisstopo

https: // shop. swisstopo. admin. ch/
en/ products/ height_ models/ DOM

Residential
buildings

BDS Buildings and dwellings statistic, as of 2013,
provided by the Swiss Federal Statistical
Office

https: // www. bfs. admin. ch/ bfs/
en/ home/ statistics/ construction-
housing/ surveys/ gws2009.
assetdetail. 8945. html

PICB charac-
teristics

– Total number of insured buildings and total
sum insured of each considered PICB as of
the end of 2013, taken from their annual
reports

available online for most PICB
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Fig. 3.2: Illustration of the main data processing steps (boxes) as well as the required input data,
which are further specified in Table 3.2. D0, D1 and D2 refer to the data (sub-) sets, which were
used to produce the output, illustrated by this study’s tables and figures. Note that D0 constitutes
the complete data set including data from 14 PICB in addition to data from a CIC, whereas D1
and D2 consist of PICB data only, limited to the indicated periods (cf. Table 3.3). The empirical
cumulative distribution function (ECDF), as well as the altitude constrained Euclidean distance
(ACED) between each claim and the next river are abbreviated (cf. Sect. 3.3.2).

(e.g., Spekkers et al., 2013, 2015; Grahn & Nyberg, 2017), the data have to be classified
first. However, in contrast to the aforementioned studies, the claim records were provided
in a spatially explicit way, enabling a classification based on each claim’s geographical
context.
Following the data processing procedure depicted in Fig. 3.2, we first describe the

compiled data set as well as the harmonization and geocoding thereof (Sect. 3.3.1).
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Insurance Company for Buildings: Data used for analyses
Public (monopole): Considered
Public (monopole): Not available
Private (competition): Not considered

Data analyses
Domain

Swiss cantons
AG:
AR:
AI:
BL:
BS:
BE:
FR:
GE:
GL:
GR:
JU:
LU:
NE:
NW:
OW:
SH:
SZ:
SO:
SG:
TG:
TI:
UR:
VS:
VD:
ZG:
ZH:

Aargau*
Appenzell Ausserrhoden
Appenzell Innerrhoden
Basel-Landschaft*
Basel-Stadt*
Bern
Fribourg*
Genève
Glarus*
Grisons*
Jura*
Lucerne*
Neuchâtel*
Nidwalden*
Obwalden
Schaffhausen
Schwyz
Solothurn*
St Gall*
Thurgau
Ticino
Uri
Valais
Vaud*
Zug*
Zürich

(X %) represent the
shares of buildings
covered by considered
PICB data records in
respect to all buildings
within the same region

(a)

(b)

Fig. 3.3: Overview of the compiled data set D1 (cf. Table 3.3). (a) Cantons with and without a
PICB, as well as an indication which PICB provided data. The latter are additionally marked with
an asterisk (*) in the legend. (b) Natural landscape units based on Grosjean (1975), which are
used to analyze the data on a regional scale. As almost no buildings are insured by PICB within
the Western Inner Alps as well as the Southern Alps, these two regions are excluded from the data
analyses, as indicated by the domain.

Following, we introduce a method to differentiate claims associated with SWFs and
fluvial floods (Sect. 3.3.2) and, thereafter, we discuss the necessary normalizations of
the data (Sect. 3.3.3). Note that the classification scheme is described as generally as
possible, to make its application to other contexts and countries as straightforward as
possible. However, it could not be prevented that the classification scheme is adapted to
some national characteristics, in particular concerning the properties of the considered
Swiss flood maps. The specific input data for each data processing step listed in Fig. 3.2
are described in detail in Table 3.2.

3.3.1 Data

Figure 3.3 gives an overview of the compiled data set and illustrates all 19 cantons with
a PICB, while the 14 PICB that provided data are highlighted additionally. As the
cantons’ borders have mostly administrative meaning, we adapted the natural landscape
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Table 3.3: Characterization of the claim records reporting flood damage to buildings provided by
14 different PICB in addition to claims of content and buildings provided by a CIC. The absolute
number of localized claims is presented in addition to the fraction relating to the total number
of claims. The columns D0, D1, D2 each represents a data (sub-) set and indicates the temporal
coverage of each data record (D0 ) or a specific limitation thereof (D1 and D2 ), respectively.

Company Canton Localized claims D0 D1 D2

PICB1 Solothurn (SO) 4’456 (90 %) 1981–2013 1993–2013 1999–2013
PICB2 Glarus (GL) 463 (56 %) 1982–2013 1993–2013 1999–2013
PICB3 Fribourg (FR) 5’494 (96 %) 1983–2013 1993–2013 1999–2013
PICB4 Nidwalden (NW) 1’383 (97 %) 1987–2013 1993–2013 1999–2013
PICB5 Neuchâtel (NE) 1’959 (99 %) 1988–2013 1993–2013 1999–2013
PICB6 Aargau (AG) 9’024 (73 %) 1989–2013 1993–2013 1999–2013
PICB7 Grisons (GR) 2’258 (95 %) 1991–2013 1993–2013 1999–2013
PICB8 Basel-Stadt (BS) 243 (86 %) 1992–2013 1993–2013 1999–2013
PICB9 Lucerne (LU) 7’848 (79 %) 1993–2013 1993–2013 1999–2013
PICB10 Vaud (VD) 3’275 (56 %) 1994–2013 1994–2013 1999–2013
PICB11 Basel-Landschaft (BL) 1’820 (89 %) 1999–2013 1999–2013 1999–2013
PICB12 Jura (JU) 809 (83 %) 1999–2013 1999–2013 1999–2013
PICB13 St Gall (SG) 4’764 (74 %) 1999–2013 1999–2013 1999–2013
PICB14 Zug (ZG) 761 (85 %) 2004–2013 2004–2013
CIC1 All (build. & cont.) 18’560 (100 %) 2004–2014

Total 63’117 (85 %) 63’117 40’233 31’711

units from Grosjean (1975), while constraining the borders to hydrological catchment
boundaries. In this study, the data are analyzed with respect to these regions (Fig. 3.3).
Overall, 43–100 % of the buildings are covered by our data set, with the exception of the
Western Inner Alps (0 %) and the Southern Alps (6 %). The low values of the latter
two regions are owed to the fact that practically no buildings are insured by a PICB
within these areas. Consequently, these areas are excluded from this study’s analyses,
even though some claims provided by the CIC covered this region.
The CIC’s data contain flood damage claim records of content and, additionally, of

property in cantons with no PICB. These records have quite similar characteristics as
the data provided by the PICB, but are not limited to certain cantons and, thus, extend
over the whole of Switzerland. However, unlike PICB, the CIC does not hold a monopoly
position. Consequently, the corresponding data records cover only the objects that are
not insured by another private insurance company. Such records that are subjected to
certain (unknown) market shares are much more challenging to interpret, as pointed
out in the introduction. Nevertheless, the data are useful to set up the classification
scheme, because every additional claim generally increases the method’s robustness (cf.
Sect. 3.3.2). The data from the CIC are part of the data set D0, which is used solely for
parametrizing the classification scheme (cf. Table 3.3 and Fig. 3.2).
The minimal information of each flood damage claim includes the damage date, the

location of the damage (address or coordinates) as well as the associated direct tangible
loss to the respective building. As the claim data stem from 15 different data sources (14
PICB and data from a CIC), the provided raw data are heterogeneous and need to be
harmonized first, as indicated in Fig. 3.2 (cf. Bernet et al., 2016, for details). During this
procedure, the data were quality checked. Obvious errors such as address misspellings or
flipped coordinate pairs were corrected. Furthermore, we removed duplicated entries,
as well as records with incomplete (e.g., missing address) or invalid data (e.g., invalid
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damage date). In terms of loss, we assessed total loss values, i.e., the sum of the registered
pay offs and applicable deductibles. Since the insurance coverage is not limited to an
upper bound, the maximal total loss for each building equals its sum insured. Applicable
deductibles vary between the different PICB, whereas no deductibles at all, a fixed
participation of a few hundred Swiss francs or a variable participation of 10 % within a
fixed range with a maximum value of CHF 4000 are applied. Finally, the total loss values
were corrected for inflation as of 2013 by applying the respective construction output
price index considered by each PICB, in case the source data had not been indexed
already.
During the next step, each damage claim is geocoded (Fig. 3.2). The coordinates of

each damaged building could be obtained by matching the corresponding address with a
geocoded register of all Swiss postal addresses (cf. Table 3.2). Notably, only the claims
with a unique match were analyzed later. As the data quality of the addresses varies
among the different PICB, the amount of claims that could be localized at the building
level varies as well (Table 3.3). Nevertheless, most of all PICB claims (79 %) could be
localized. A summary of the compiled (sub-) data set is given in Table 3.3.

3.3.2 Classification

The basic idea behind the classification scheme is simple: In case a building (and/or its
content) has been damaged by flooding and was located far away from any watercourse,
it is very likely that the damage was caused by a SWF. The opposite is not necessarily
true: Overland flow is propagating over the land surface towards the watercourses and
might cause damage along the flow path until it reaches the next watercourse (Fig. 3.1).
Thus, for damaged objects close to a watercourse it is difficult to deduce the responsible
flood type without studying each case in detail. Given the size of the data set, detailed
manual classification is not practical, in addition to the fact that the data generally do
not contain additional information about the responsible damage causes.
In order to classify the claims pragmatically, we exploit the damage claims’ known

locations as follows: We assume that the dominant damage process in known fluvial
flood zones are fluvial floods and, thus, damaged objects located within such zones were
likely affected by this process. As these damage claims are inherently clustered around
watercourses, we make use of this characteristic by assessing the distance between these
claims and the next river. We then classify the damage claims outside of known flood
zones based on how their own distance to the next river relates to the typical distances
obtained from fluvial flood claims. However, the question is how this distance should be
measured and how a representative cut-off distance can be determined.

We tested different distance measures, whereas the Euclidean distance performed well
for instance, but neglected topography altogether. For instance, a building on a ridge
can be associated with a short Euclidean distance to the next river, in spite of being
safe from river flooding due to the building’s elevated location. We therefore chose
the following approach to address this issue, while at the same time making use of the
Euclidean distance’s simplicity: Before calculating the Euclidean distance to the next
river, we first hide all parts of the river network that are located at lower altitudes than
the respective object. For this task, we create a raster mask indicating cells that are
located at lower altitudes than the corresponding object, based on a digital elevation
model (DEM, Table 3.2). The Euclidean distance to the river network is then assessed by
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Table 3.4: Percentile values (dX, whereas X stands for the Xth percentile) obtained from the
ECDF of ACEDs between claims within flood zones and the closest river for each respective region.
The column n represents the sample size of each underlying ECDF.

Region n (#) d25 (m) d50 (m) d75 (m) d99 (m)

Jura 5’508 58 135 315 1’360
Western Plateau 5’810 47 108 237 1’259
Eastern Plateau 10’167 56 135 285 1’084
Northern Alps 7’532 65 137 298 1’198
Eastern Inner Alps 891 29 61 112 643

using the raster mask, which hides all river sections at lower altitudes than the respective
object. The obtained quantity is hereafter referred to as “altitude constrained Euclidean
distance” (ACED).
Typical distances for all fluvial flood damage claims can then easily be obtained by

analyzing the ACEDs of all claims located within known flood zones. For that matter,
we selected all claims within such flood zones and compiled the empirical cumulative
distribution function (ECDF) of the ACEDs. Based on the large data set, we can be
confident that the claims located farther away from the closest river than the 99th
percentile of the respective ECDF were caused by SWFs. Considering that fluvial
floods become generally more probable the closer we get to the rivers, we chose evenly
spaced percentiles, i.e., the 25th, the 50th, 75th and the 99th percentile, respectively.
The percentiles are calculated for each region separately (Table 3.4). As the regions
themselves represent areas with similar orographic and climatic characteristics (Grosjean,
1975), we thereby implicitly take these regional geographical characteristics into account.

Inherently, the flood claims also include damage caused by overflowing lakes, which
could not be distinguished easily from fluvial floods. Consequently, damage related
to lakes will be associated with a certain distance to the next river, even though
the corresponding river was not the cause of the damage. A visual check of such
claims revealed that they tend to be located closer to the corresponding lake than
the next watercourse. Technically, this shifts the ECDF of distances to the right and,
accordingly, renders higher percentile values (cf. Fig. 3.4 and Table 3.4). In turn,
applying the classification scheme with increased percentile values, leads to more claims
being associated with fluvial floods instead of SWFs. However, as the number of
claims associated with overflowing lakes is low in comparison to claims associated with
overtopping rivers, it is safe to assume that this influence is negligible. At most, it might
lead to a slightly more conservative classification of SWF claims. Besides, the claims
associated with overflowing lakes are directly and correctly classified as fluvial floods,
because the hazard of overflowing lakes is consistently considered in the fluvial flood
maps (cf. Fig. 3.5).

Using the precompiled percentiles (Table 3.4) as well as fluvial flood maps (Table 3.2)
as input, the damage claims can then be classified by means of the classification scheme
presented in Fig. 3.5. Five different classes are differentiated ranging from most likely
surface water flood (A) to most likely fluvial flood (E) (cf. Fig. 3.5). The qualitative
confidence levels reflect that in general it is becoming gradually more unlikely that an
object is affected by fluvial floods the farther away an object is located from a river.
As outlined in Fig. 3.5, we make use of two particular fluvial flood maps, i.e., the
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Fig. 3.4: ECDF of all ACEDs of the claims within flood zones in the region Jura. Such ECDFs were
compiled separately for all five analyzed regions in Switzerland (cf. Fig. 3.3). The corresponding
percentiles are used for the classification of the claims (Fig. 3.5), and are listed in Table 3.4.

“official” Swiss flood hazard maps (Zimmermann et al., 2005; de Moel et al., 2009) and
an ancillary map available for the whole of Switzerland called Aquaprotect (Table 3.2).
As for the Swiss flood hazard maps, the Swiss Mobiliar collected all available maps from
each canton and, in agreement with the responsible authorities, provided the data as per
December 2016. The data contain the perimeters for which fluvial flood hazards have
been mapped in detail. Within these perimeters, the fluvial flood hazards are indicated
using four different so-called danger levels (de Moel et al., 2009), whereas we define
the flood hazard zone as the combined area of low, medium and elevated danger, while
excluding the area categorized as residual danger (cf. Zimmermann et al., 2005). As
indicated by de Moel et al. (2009), the flood hazard maps are available for almost the
entire Swiss territory. In fact, 88 % of all claims are covered by the flood hazard maps
as of 2016, i.e., they are located within the hazard maps’ perimeters. The number has
increased rapidly over the recent years. Nevertheless, there are still cantons where more
than 60 % of the claims are located outside of the perimeters. Thus, to increase the
coverage, we used the aforementioned map called Aquaprotect (Table 3.2). It contains
coarse fluvial flood extension maps compiled for return periods of 50, 100, 250 and 500
years. We chose the map representing a return period of 250 years, as it best matches
the return period of up to 300 years considered by the flood hazard maps. As indicated
in Fig. 3.6, Aquaprotect is only used for the territory not covered by the flood hazard
maps. Namely, the hazard map perimeters have been extracted from the Aquaprotect
layer using common GIS tools.
It should be noted that the areas not covered by flood zones, i.e., the hazard-free

zones, have similar implications for the two different sources. Consistently, headwaters
and small tributaries are not covered by Aquaprotect. Yet, no information about the
specific exclusion criterion could be found. This also holds true for the flood hazard
maps, as the study of a few examples revealed. Moreover, the flood hazard maps are
produced independently by the regional governments (de Moel et al., 2009), i.e., cantons.
Consequently, the applied methods vary between the different cantons and, thus, general
statements cannot be made. Nevertheless, the level of detail of the Swiss flood hazard
maps far exceeds the one of Aquaprotect. We considered this by empirically choosing
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Fig. 3.5: Classification scheme applied to all localized damage claims. As indicated, each claim’s
point location is buffered by 25 m, corresponding to an average building width. This accounts for
the fact that in reality the buildings have a certain spatial extent. The claims are classified as most
likely fluvial flood (E) in case their buffered location intersect the hazard map flood zone or as likely
fluvial flood (D), if it intersects the ancillary flood map Aquaprotect, respectively. The different
qualitative confidence levels reflect the level of detail of the two different flood maps (cf. Table 3.2).
In all other cases, the specific ACED (d) of each claim is compared to the typical ACEDs of fluvial
flood damage (d25, d50, d75 and d99, cf. Table 3.4). The classification scheme is further illustrated
by Fig. 3.6.

lower percentile levels for claims located within the flood hazard perimeters, as shown in
Fig. 3.5 and 3.6.

3.3.3 Normalization

Reported increasing trends of flood losses (e.g., Kron et al., 2012; Grahn & Nyberg,
2017) might be misleading. In fact, there is evidence that increasing flood losses are
mainly owed to socio-economic development rather than trends in the flood processes
itself (Barredo, 2009). Increasing losses caused by natural hazards such as flooding can,
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Fig. 3.6: Schematic visualization of the classification scheme. Note that each of the shown classified
damage claims corresponds to one of the 11 unique paths of the classification scheme depicted in
Fig. 3.5.

thus, mostly be attributed to increasing population and expansion into hazardous areas
(e.g., Cutter & Emrich, 2005; Barredo, 2009; Bouwer, 2011; Kundzewicz et al., 2014),
as well as increasing property values and diminishing awareness about such hazards
(Kundzewicz et al., 2014) and, additionally, better documentation of cases of damage
in the more recent past (Gall et al., 2009). Consequently, the loss data need to be
normalized with regard to such effects, if the natural process rather than the product
with the socio-economic background is of interest. The most fundamental normalization
is to adjust past losses to the current values (Kron et al., 2012). However, the more
difficult part is to remove the influence of socio-economic development on the observed
number of damage claims as well as the associated loss. In addition, the consideration of
a change in the exposed objects’ vulnerabilities is even more difficult (Bouwer, 2011).

In this study, the values are adjusted for inflation during the harmonization procedure
(Sect. 3.3.1). Furthermore, the absolute damage data are normalized in space by
relating them to the number of buildings and the sum insured as of 2013, respectively
(Appendix 3.A.1). Finally, by normalizing the data over time (Appendix 3.A.2), we
obtain a time series of normalized damage caused by SWFs. At the same time, we
assume that the buildings’ vulnerabilities with regards to SWFs have remained constant
within the last decades. This assumption seems appropriate since SWFs have not been
considered by any building code, so far. Moreover, the analyzed period is several times
shorter than the regular life span of Swiss buildings. Lastly, we apply the seasonal
Mann–Kendall test (Hirsch et al., 1982) with a significance level of 0.1 for the resulting
p-value to test whether the number of damage claims and associated losses have increased
or decreased over time.

3.3.4 Validation

There are few data sets available, with which the claims’ classification or normalization
could be validated. Hereafter, the exploitation of available data sources for this purpose
is elaborated.
First of all, the canton of Lucerne published an overland flow depth map in 2016
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stemming from hydrodynamic simulations based on the method described by Kipfer et al.
(2012). However, the map indicating categorized flow depth polygons is not suitable for a
quantitative validation of the claims’ classification. The polygons all indicate a minimal
flow depth of 0.015 m and are very dense. In fact, 67 % of all building footprints of the
canton of Lucerne intersect such a polygon, whereas only 6.5 % of the footprints are
farther than 10 m away from the closest polygon. Consequently, neither quantitative nor
a visual relationship could be found between each claim’s class and the categorized flow
depths.
Secondly, hazard indication maps regarding overland flow are available from two of

the 14 cantons covered by our data set, i.e., from the canton of Basel-Landschaft and
Aargau. However, the hazard of overland flow was not assessed comprehensibly judging
from the technical reports that are publicly available. In some sub-regions, the hazard
was assessed by means of GIS analysis and/or based on known past events, or the hazard
was not considered at all. Consequently, these maps did not allow a direct quantitative
validation either.

In fact, a systematic validation of the classification was not feasible, owed to the large
number of claims and the lack of suitable data. Nevertheless, the classification was
checked visually, drawing from the input data including flood maps, the river network,
the DEM, etc. (cf. Table 3.2), in addition to the before mentioned hazard indication
maps. The results of this qualitative and visual comparison are summarized in Sect. 3.4.1.

However, unlike for the claims’ classification, it was possible to verify the overall perfor-
mance of the applied normalizations. Specifically, we could compare our normalized data
set with virtually the same source data that had been normalized with the corresponding
property data. The reference data are a subset of the data shown in Imhof (2011). The
normalization’s validation is presented in Sect. 3.4.1, as well.

3.4 Results
After presenting the validation’s results (Sect. 3.4.1), we quantify, characterize and
compare the damage caused by SWFs with damage caused by fluvial floods (Sect. 3.4.2).
Following, we present the spatial distribution of SWF damage (Sect. 3.4.3) and show
how the damage evolved within the last 20 years (Sect. 3.4.4).
Note that in the following damage claims classified as A or B, i.e., (most) likely

surface water floods, are regarded as damage caused by SWFs, if not stated otherwise.
Analogously, damage claims classified as D or E, i.e., (most) likely fluvial floods, are
counted as damage caused by fluvial floods. Claims of class C, i.e., fluvial flood or surface
water flood, are neither counted for one, nor the other flood type, unless total values are
presented.

3.4.1 Validation
The visual comparison of the classified damage claims with overland flow indication maps
of the canton of Basel-Landschaft and Aargau revealed that many claims associated
with overland flow are clearly located outside areas for which the hazard of overland
flow have been assessed or documented. In contrast, the indicated hazard zones were
either covering SWF claims or were at least located close to such claims. This might
highlight that the corresponding claims were the cause for the delineation of these zones,
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Fig. 3.7: Validation of the normalized damage data. (a) Aggregated normalized number of claims
in relation to the total number of insured buildings. As a reference, data stemming from a subset
of the data presented in Imhof (2011) are shown. As the data are spatially aggregated, all the
data including claims without a geocode could be shown, in addition to the localized claims. (b)
Aggregated normalized loss in relation to the total sum insured.

but at the same time, it also indicates that the classification scheme produces meaningful
results.

Overall, the classification scheme rendered reliable and plausible results based on the
visual validation. Most importantly, claims classified as A or B, i.e., (most) likely surface
water floods, are consistently located far away from any watercourse or the topographical
location of the claims strongly suggest that these claims were not influenced by a
watercourse. Note that the strengths and weaknesses of the classification scheme are
elaborated in Sect. 3.6.
As outlined in Sect. 3.3.4, we could validate the normalization of the damage data

with reference data based on Imhof (2011). The reference data show aggregated number
of flood claims per number of insured buildings (Fig. 3.7a), as well as the loss per total
sum insured (Fig. 3.7b). The reference data consist of (almost) the complete records of
the 14 corresponding PICB, whereas our data set contains less and less records, as we
move back in time (cf. Table 3.3). As we are looking at relative numbers, the comparison
is still valid, but the different data coverages have to be kept in mind.
In fact, Fig. 3.7 highlights that before 1989, the data sets are badly matching, but

have very similar patterns thereafter. Together with the fact that after 1993 all regions
are satisfactorily represented, these are the reasons why we have limited the time series
of SWF damage to the period 1993–2013 (cf. Table 3.3 and Fig. 3.14).

The clear bias of the localized claims in comparison to the reference data can mainly
be attributed to the 21 % of the claims that could not be localized, i.e., the curves
aline much better, when also considering the claims without a precise geocode (Fig. 3.7).
However, a small bias persists, to a larger degree for the number of claims and to a
smaller degree for the loss values, respectively. The remaining deviations are probably
due to the coverage that becomes increasingly different in earlier years as well as the
applied normalization procedure using auxiliary data. Notably, given the simple applied
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methods, the normalization works exceptionally well.

3.4.2 Relevance of surface water flood damage

Figure 3.9 reveals that SWFs were responsible for 45 % of all localized flood damage
claims between 1999–2013 based on the data set D2 that covers 48 % of all Swiss
buildings (cf. Table 3.3). In terms of loss, however, SWFs only account for 23 % of the
total loss. The regional loss shares vary only slightly, i.e., between 15 and 25 %, except
in the Western Plateau, where SWFs account for 51 % of the total loss. In the same
region, SWFs caused two-thirds of all damage claims. In the Jura, roughly half of all
claims could be associated with SWFs. The share is lower in the Eastern Inner Alps and
the Eastern Plateau with 43 % and 39 %, respectively. In the Northern Alps, SWFs are
only responsible for 24 % of the flood claims.
The distribution of loss per claim explains why almost half of all claims are only

responsible for roughly one-quarter of the total loss. As shown in Fig. 3.8, the mean
loss per SWF claim is considerably lower than the mean loss per claim related to fluvial
floods. This is most pronounced when comparing claims of class A (most likely surface
water floods) with class E (most likely fluvial floods): For class A, 95 % of all claims
are less or equal to CHF 32’349, while for class E, the 95 % percentile is CHF 120’330.
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Fig. 3.8: Box plots of losses per claim showing the interquartile range, i.e., the range from the
25 % to the 75 % percentile, as well as the median (bold horizontal line). Non-overlapping notches
indicate significantly differing medians, while the whiskers extent to 1.5 times the interquartile
range. Note that the outliers are not plotted. Instead, the 5–95 % percentile range is plotted on the
right of each box plot, while the mean value is indicated by the solid dot. Furthermore, note that
the y-axis is compressed between CHF 60’000 and 120’000. The plot is based on the data set D2
(cf. Table 3.3).
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Fig. 3.9: Number of claims as well as corresponding losses in total, and separately for each region.
The values stem from the data set D2, which contains seamless claim records of 13 PICB covering
the period 1999–2013 (cf. Table 3.3). The numbers indicate the shares in %, while n represents the
sample size.
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Although there is a significant difference, the medians are relatively low for claims of
class A and E with values of CHF 3’113 and CHF 5’554, respectively. Thus, the majority
of the claims of all classes are associated with a rather low amount of loss, while the
minority of the claims report extreme losses. However, by far the highest losses are
associated with claims of class E (Fig. 3.8). Grahn & Nyberg (2017) have found similarly
skewed distributions caused by pluvial floods in Sweden.
So far, an unanswered question has been, how the number of damage claims and

associated losses are distributed in relation to the size of the corresponding event.
Supposedly, frequent damage associated with low loss values might add up to a substantial
sum in the end, as suggested by Kron (2009), for instance. For that matter, we have
stratified the data according to the total number of claims per day using five categories
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Fig. 3.10: The total number of claims and loss categorized according to the size of the corresponding
event, based on the data set D2 (cf. Table 3.3). (a) Each claim was categorized according to the
total number of flood damage claims that occurred on the same day. For instance, all claims that
occurred on 21 June 2007 fall into the category vast, since 1’162 damage claims were registered for
that day in total. Thus, all these claims belong to one of the 11 largest events within the period
1999–2013. As each claim was classified (Sect. 3.3.2), we can further group the data as claims
related to SWFs (class A and B) or fluvial floods (class D and E), respectively. For the lowest two
categories, i.e., single and few, the number of events of SWFs is larger than the number of fluvial
flood events. This is due to the fact that some of these events consist of claims categorized as SWFs
only. For all other categories, the event numbers match, indicating that for each of these days, some
of the claims were classified as SWFs, while some were classified as fluvial floods. (b) The same
stratification is applied to the associated loss. Note that the indication of the number of events for
the smallest two event categories, i.e., single and few, were omitted for better readability. However,
the values are identical to the values shown in panel a.
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ranging from single (1–5 claims per day) to vast (>501 claims per day). We defined an
event as a day with at least one claim of any class (A–E), which amounts to a total of
1’490 events in the period 1999–2013. Obviously, this is a pragmatic definition of an event.
Specifically, separate local events occurring at the same day are counted as a single event,
while events spanning over several days are counted as individual events. Nevertheless,
the pragmatic definition is sufficient for the purpose of a first simple analysis, presented
hereafter.

The stratified number of claims (Fig. 3.10a, Total) confirms that smaller events are
more frequent than larger events, i.e., 1’100 events of the smallest category (single) are
opposing 11 events of the largest category (vast). Interestingly, days with single and
few claims only account for a small share of SWF and fluvial flood claims, although for
SWFs the shares are larger. Strikingly, 11 events within the last 15 years with more
than 500 claims each, account for almost half of the claims caused by fluvial floods, but
only to one-quarter of the claims associated with SWFs. In contrast, the same 11 events
accounted for 45 % of the loss caused by SWFs, and even 76 % of the loss caused by
fluvial loss, respectively (Fig. 3.10b). Based on this analysis, we can infer some important
characteristics about the damage caused by SWFs:

• SWF damage occurs more frequently during small events, whereas the majority of
fluvial flood damage is caused during large events.

• The largest events cause most of the losses, whereas small events only account for
insignificant losses in comparison.

Figure 3.10 has hinted at the fact that each event causes SWF damage alongside
fluvial flood damage, except a few of the smallest events. This is further explored by
Fig. 3.11. For each event, i.e., a day with at least one flood damage of any class, the
number of claims classified as SWFs is plotted against the number of claims classified as
fluvial floods. As expected, most of the events are clustered around the origin, owed to
the fact that events with up to 5 claims account for 74 % (1’100) of the total number of
events (1’490) within the period 1999–2013.

The most severe floods within the last 15 years within the study domain are highlighted
in Fig. 3.11, which highlights that these flood events are also associated with high numbers
of SWF damage, even though these events are mostly known for being devastating fluvial
floods. Thus, our analyses show that fluvial flood damage generally coincide with SWF
damage. This has been noted before (e.g., Blanc et al., 2012) and can be explained by
the fact that both flood types are generated by the same rainfall input. Particularly,
during extreme rainfall events, we can expect fluvial flood damages as well as SWF
damage. However, the shares of SWF damage in comparison to fluvial flood damage are
different, which might be linked to the type of rainfall. For instance, the damage on the
20–21 June 2007 was caused by widespread thunderstorms with local rainfall intensities
as high as 73 mm−1 (Hilker et al., 2008) and is associated with a larger share of SWF
damage claims (Fig. 3.11). All other highlighted extreme flood events were triggered by
long-duration rainfalls and, at the same time, larger numbers of fluvial flood damage
claims. This could be an indication that the type of rainfall, and in particular the rainfall
intensity, is an important driver of SWF damage, as noted for instance by Spekkers et al.
(2013), as well.

41



3 Surface water floods in Switzerland: what insurance claim records tell us
about the caused damage in space and time

●●●●●●
●

●

●

●

●●●●●●●●

●

●

●

●●
● ●●

●

●

●●●●●●

●

●●
●

●

●
●

●

●

●

●

●

●

●●●●

●●
● ●●

●●
●
●●●●

●
●

●●
●

●

●

●●●●

●

●
●

●

●●●

●

●●●●●
●

●●

●

●
●● ●● ●

● ●
●●

●

●
●

●

●

●

●
●●

●
●

●●

●

●●●
●
●

●

●
●●●

●●
●

●
●

●

●
●●

●●
●

●●●●●●
●●●●

●●●●

●

●
●●

●●
●
●

●●
●
●●

●●
●

●
●

●

●
●
●

●

●

●

●

●
●
●●

●●●

●

●●●●

●
●

●
●

●

●

●
●

●

●

●

●

●●

●

●

●

●
●●

●

●

●

●

●
●

●

●

●

●

●

● ●
●

●

●

●●●●

●
●

●
●

●
●

●●●
●

●

●

●
●

●●

●

●
●●●

●

●
●● ●

●●
●

●

●●

●

●

●●●●
●

●

●●

●●

●

●●
●●●

●

●●

●
●

●

●
●

●

●

● ●
● ●

●
●●●●

●
●

●

0 250 500 750 1000 1250 1500

0
25

0
50

0
75

0
10

00
12

50
15

00

# of claims classified as surface water floods

# 
of

 c
la

im
s 

cl
as

si
fie

d 
as

 fl
uv

ia
l f

lo
od

s

Days with at least one claim

7−9 August 2007

20−21 June 2007

21−23 August 2005

14−16 November 2002

11−15 May 1999

20−22 May 1999

Fig. 3.11: Scatterplot between the number of claims classified as SWFs (class A and B) against
claims classified as fluvial floods (class D and E) based on the data set D2 (cf. Table 3.3). Each
point represents an event, i.e., a day with at least one flood damage of any class. Along the dashed
gray line, the number of SWF claims and fluvial flood claims are identical. Thus, claims below the
line indicate events with more SWF than fluvial flood claims, and events above the line indicate
the opposite. The severest flood events within the period 1999–2013 are highlighted, in addition
to the event in November 2002 that was the most significant event for the Eastern Inner Alps (cf.
Fig. 3.13). Moreover, all dates that belong to the same event are connected with lines, and severe
events of the same year are shown in the same colors. The event dates are based on Hilker et al.
(2008, 2009).

3.4.3 Spatial distribution

Thanks to the spatially explicit input data, we can get a good overview of damage claims
triggered by SWFs in space, as shown in Fig. 3.12. In general, it can be observed that
the Swiss Plateau (2 and 3) is exposed most to SWFs, both in relative and absolute
terms. Also in the Jura (1), many buildings are affected by SWFs. In contrast, the
alpine regions of Switzerland, i.e., the Northern Alps (4) and also the Eastern Inner Alps
(5) are exposed the least.

The visualization of relative values has advantages. For instance, in Bernet et al.
(2016), low inundation rates by overland flow were reported for Grisons, i.e., the Eastern
Inner Alps, and high values for Fribourg, which lies mostly in the Western Plateau.
Fig. 3.12 supports these findings, but presents a more differentiated picture, as differences
within the mentioned regions can be grasped, as well. In particular, we can see that the
relative values, i.e., the number of damage claims in relation to the number of buildings
within the same raster cell, are not evenly distributed in space. The most affected regions
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Fig. 3.12: Relative (a) and absolute (b) number of damage claims caused by SWFs based on the
data set D2 covering the period 1999–2013 (cf. Table 3.3), aggregated to regular grids of 3 by 3 km.
In addition, the absolute number of buildings per cell are shown (c). The solid ellipses highlight two
less populated areas with high relative and absolute number of damage claims. The dashed ellipse
indicates a highly populated area with high absolute and relative values, whereas the dotted ellipse
marks a densely populated area with high absolute number of damage claims, but comparatively
low relative values. The numbers indicate the corresponding region, i.e., Jura (1), Western Plateau
(2), Eastern Plateau (3), Northern Alps (4) and Eastern Inner Alps (5).

are certainly those with high relative, as well as absolute number of claims, such as the
areas indicated by the solid and dashed ellipses in Fig. 3.12. In addition, we see that such
areas do not necessarily coincide with the most densely populated areas (dashed ellipse),
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but may lie in less populated areas (solid ellipses). Moreover, we can also identify areas
that suffer from high absolute number of damage claims but are exposed less in relative
terms (dotted ellipse).

3.4.4 Temporal evolution

To obtain an idea about the distribution of the damage throughout the year, we have
plotted the number of claims as well as associated losses against the month in which
they occurred in form of spider plots (Fig. 3.13). In relation to SWFs, by far the most
damage occurs in the summer months from June to August in all regions, except in the
Eastern Inner Alps. In the latter region, the maximum number of damage claims were
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Fig. 3.13: Spider plots indicating the relative number of damage claims and associated losses for
each month. Separate plots are shown for SWFs (class A and B) and fluvial floods (class D and E).
The data set D2 constitutes the underlying data and covers the period 1999–2013 (cf. Table 3.3).
Note that the scale for the number of claims ((a) and (b); 0–50 %) is not the same as the scale for
the loss ((c) and (d); 0–100 %).
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registered in November, which can be attributed to a single event that occurred on 14–16
November 2002 (Romang et al., 2004), which is highlighted in Fig. 3.11, as well. The
remaining damage claims occurred also mainly in summer, but due to the devastating
event in fall 2002, the values are much lower in comparison to the other regions.

Overall, the number of claims are elevated in the last month in spring, i.e., May, and
to a smaller degree in the first month of fall, i.e., September, for most regions. During
the rest of the year, i.e., from October to April, very few damage claims are caused,
except for the Eastern Inner Alps in November, as discussed before.

Analogous to the number of damage claims, SWFs cause most of the associated losses
in the summer months (Fig. 3.13c). Interestingly, the losses in the Eastern Plateau and
the Northern Alps have larger shares in August, compared to the other regions, but also
compared to the corresponding number of claims (Fig. 3.13a). This can be explained by
the particularly high losses during the August 2005 flooding, as indicated in Fig. 3.12.

The number of claims and associated losses of fluvial floods are highly concentrated in
August in all regions (Fig. 3.13b and 3.13d). The event in November 2002 that affected
the Eastern Inner Alps is also showing up prominently for fluvial floods, as elaborated
before.

Finally, it is interesting to have a look at the time series of damage caused by SWFs.
Based on the normalized values covering the period 1993–2013, we are able to show
the relative number of claims and losses related to SWFs, individually for each region
(Fig. 3.14). The seasonally aggregated values show a distinct pattern. The relative
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Fig. 3.14: Time series showing the normalized number of SWF damage claims (a) as well as
associated losses (b), based on the data set D1 (cf. Table 3.3). As pointed out in Sect. 3.4.1, not all
data records cover the whole period, thus the representativeness is decreasing starting from 2003 as
we move back to 1993. Nevertheless, as the aggregated values match well with the reference values
(cf. Fig. 3.7), and only relative values are considered here, the values are still meaningful.
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number of claims were almost always highest during the summer, i.e., in June, July and
August, which supports the results discussed before. However, there are a few exceptions
such as the spring of 1994 and 1999, where corresponding values exceeded the highest
values of the same year. Interestingly, in both cases high values were also observed
in the following summer, but in other regions. In 2002, a high value in summer that
affected the Eastern Plateau was followed by severe damage in the Eastern Inner Alps
in November 2002 (Romang et al., 2004), which corresponds to the highest observed
value in that region during the whole studied period. High values occurred frequently
in the Eastern Plateau, but also in the Western Plateau, where in 2007 almost 4 ‰ of
claims per buildings were registered. The highest values in the Jura occurred in summer
1999 and 2005. A value higher than 1 ‰ was observed in the Northern Alps only once,
namely in 2005.

The values in terms of loss are in line with the claims per buildings, however, they are
scaled differently. Most pronounced are certainly the high values in the Eastern Plateau
and the Northern Alps in 2005. Other high values are observed in spring 1999, summer
and fall 2002 as well as in summer 2007.

Furthermore, the data do not exhibit any trends of SWF damage claims in the period
1993–2013 based on the seasonal Mann–Kendall test at a significance level of 0.1, except
for the Jura. In that region, the number of claims have been decreasing (p = 0.006). In
contrast, the relative losses in Jura do not exhibit such a trend (p = 0.52). The absence
of any increasing trend might be a surprising result, as increasing damage trends are
often reported (e.g., Kron et al., 2012; Grahn & Nyberg, 2017). However, it is important
to note that in this study we are talking about normalized, relative values, while in the
aforementioned publications, the trends of the absolute numbers are considered.

3.5 Discussions

The key to the exploitation of the insurance data with regards to SWFs lies in the
classification of the damage claims (beside the provision of the data in the first place).
The classification scheme, as introduced in this study, is based on the geographical
location of each damage with respect to known fluvial flood zones and the hydrological
network. On the one hand, this obviously requires spatially explicit damage data. On the
other hand, it provides a reproducible, objective and most importantly, an independent
classification. These characteristics are important, as the following examples highlight:
Grahn & Nyberg (2017) had to exclude damage that occurred on the same day as known
fluvial floods in order to distinguish pluvial from fluvial flood claims. However, our
results show that fluvial flood damage almost always coincides with damage caused by
SWFs. Consequently, excluding damage occurring on the same day as fluvial floods likely
introduces a bias. Another example is the statistical model applied by Spekkers et al.
(2013) in order to differentiate rainfall-related damage clustered around wet days from
non-rainfall related damage occurring throughout the year. Thereby, the classification of
each claim is not independent anymore, but depends on how many other damage claims
occurred on the same day.

Although, the classification scheme presented in this study has striking advantages, it
has the following short-coming: As overland flow propagates over the land surface, it
may eventually reach a watercourse (cf. Fig. 3.1). Areas alongside watercourses, where
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the overland flow joins the river, may be a flood hazard zone. If so, all claims in that
specific area are classified as a fluvial flood, even though, possibly, the claim might have
been caused by incoming overland flow. However, a more qualified classification entails
likely event-specific, time-consuming manual assessments. In fact, it is extremely difficult
to disentangle the different flood types, even more so for events in the more distant
past and if no data with that particular focus are available. In contrast, for claims that
are located far away of any watercourse, it is very unlikely that they are affected by
watercourses at all. Therefore, our method renders a lower boundary of claims associated
with SWFs, in essence. In reality, the numbers are likely higher, but as mentioned before,
disentangling the flood types within their overlapping domains is difficult.

By applying the classification scheme to the harmonized damage data, we could show
that SWFs caused almost the same number of damage claims as fluvial floods. Thereby,
our results confirm anecdotal evidence that indicated similar numbers. For instance, one
of the few quantitative studies about SWFs in Switzerland reported that at least half of
the flood damage claims in the canton of Aargau were caused by overland flow (Aller &
Petrascheck, 2008). However, the study is neither comprehensible in terms of applied
methods, nor the underlying data, and covers only a small part of Switzerland. Thus, for
the first time, we can present sound evidence about the relevance of SWFs in Switzerland
based on a large data set including more than 30’000 damage claims covering 15 years
and 48 % of all Swiss buildings.
Despite the remarkably high number of damage claims caused by SWFs, our results

show that SWFs only account for roughly one-quarter of the total loss, which is inline
with results from the pilot study (i.e., Bernet et al., 2016). Nevertheless, the associated
yearly loss is highly significant, as the following numbers exemplify: The median of total
yearly losses to buildings caused by fluvial floods within the considered regions is even
slightly lower (5.0 mio CHF y-1) than the median of SWF losses (5.9 mio CHF y-1) based
on the data set D2 covering the period 1999–2013 (cf. Table 3.3). However, the mean
yearly loss of fluvial floods is more than 3 times the loss caused by SWFs (i.e., 31.3 mio
CHF y-1 versus 10.1 mio CHF y-1, respectively). The difference between the maximum
yearly losses caused by each flood type is even more pronounced: While the maximum
loss of SWFs amounts to 38.3 mio CHF y-1 in 2005, fluvial floods caused 234.3 mio CHF
y-1 in the same year, which corresponds to a factor of roughly 6.

These observation concerning annual flood losses are supported by the characteristics
of the individual losses. Their exploration (Fig. 3.8) expressed that the range of loss
per claim is much narrower for SWFs than for fluvial floods. As SWFs are expected to
be associated with significantly lower flow depth than fluvial floods, this might be one
of the main reasons for the lower associated loss, since water depth is among the most
significant single impact parameters for structural damage to residential buildings (e.g.,
Kreibich et al., 2009; Merz et al., 2013). Interestingly, the median loss of each claim
associated with fluvial floods is also rather low, although significantly higher than the
median loss of claims related to SWF. Yet, the highest losses per claim are caused by
fluvial floods during the most severe events within the study domain (Fig. 3.10). As
during extreme events, larger areas are affected and the associated shares of objects
inundated by large water depths are higher (Elmer et al., 2010), higher losses per claim
can be expected. Along the same lines, Hilker et al. (2009) report that the most severe
events contribute to more than half of the estimated total loss and Barredo (2009) found
an even higher share for flood losses in the whole of Europe. Undoubtedly, loss ratios are
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higher during more extreme events (Elmer et al., 2010). Although, this probably also
holds true for damage caused by SWFs, such damage certainly seems less influenced by
the severity of the event (cf. Fig. 3.8 and 3.10). Consequently, SWFs may rarely cause
the total destruction of a building, and associated loss ratios may, thus, mostly be well
below 1.

As outlined in the introduction, this study is limited to direct tangible loss to buildings.
Therefore, the absolute loss values are low in comparison to other loss estimations that
include other losses, as well. For instance, Hilker et al. (2009) report a mean financial
loss of 317.2 mio CHF y-1 between 1972–2007, which is roughly 7 times higher than
the mean of all flood losses to buildings, as represented by our data set. For one, the
data published by Hilker et al. (2009) cover the whole of Switzerland and consider
a longer period. More importantly, however, these estimates also include damage to
infrastructure, forestry and agricultural land, in addition to damage to buildings and
their content. Therefore, the associated losses are inherently higher than the numbers
presented in this study. This exemplifies that one has to be careful when comparing
values from different data sources (Kron et al., 2012). Moreover, it highlights the fact
that damage to buildings are associated with just a small fraction of the total loss caused
by SWFs for the society. Nevertheless, these data serve well for assessing the relevance
of SWF damage in Switzerland, especially when considering relative values.
The spatial distribution of damage caused by SWFs can be deceiving: Obviously, an

area with a higher building density will likely result in a larger number of damage claims
compared to an area that is less populated (Fig. 3.12b versus 3.12c). Therefore, it is
important to have a look at relative values, as well (Fig. 3.12a). Thereby, the effect
of higher values caused by a denser number of buildings is considered. However, the
relative values are quite sensitive in sparsely populated areas. A damaged house with
virtually no other houses in the vicinity will produce a high relative value or a low value,
respectively, if the same is not affected. In contrast, in more populated areas, the relative
value will not change much in case a building is more or less damaged. Thus, to obtain
a complete picture, the relative and absolute values should be considered alongside the
building density. In that way, the most exposed areas can be identified, like the two
highlighted areas in the Western Plateau that are associated with high relative and
absolute numbers of damage claims (Fig. 3.12).
Furthermore, it is important to keep in mind that in case an area has no registered

damage, it does not necessarily mean that the area has not been affected by a floods at
all. It just indicates that either no buildings were in the vicinity of the flooded area or
the buildings were properly protected against such floods. Therefore, damage records
can only indicate floods that lead to some sort of damage and never to the occurrence of
floods in the hydrological sense, as discussed in the introduction (cf. Fig. 3.1). However,
understanding the characteristics of damaging floods can open the stage to understand
the process in a broader context, as well.
The temporal distribution of claims related to SWFs exhibits a distinct seasonality

(Fig. 3.13 and 3.14). Similar to the flood losses reported by Hilker et al. (2009), most
damage clearly occurs in summer, with a few exceptions. Therefore, thunderstorms
associated with short but intense rainfall are certainly an important driver of SWF
damage. Nevertheless, long duration rainfall events are also responsible for a large
share of SWF damage claims, highlighted by the most severe events that are mostly
associated with long duration precipitation. In contrast, much fewer damage claims are
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caused in spring and fall, and virtually no damage claims are caused in winter. Damage
to buildings in winter can likely be attributed to rather local events coinciding with
conditions promoting overland flow generation such as rain on frozen soils. Overall, these
observations have important implications for assessing the hazard of SWFs. In particular,
simply focusing on high intensity rainfall events may lead to an underestimation of the
risk of SWFs.
Although the time series is relatively short, the data do not exhibit any increasing

trends of SWF damage in the period 1993–2013. Obviously, the general increase of
absolute loss in time, which can be found in our data as well, is eliminated when the data
are normalized. Thus, as suggested for instance by Kundzewicz et al. (2014), the increase
in loss can be mainly attributed to the socio-economic development. However, we did not
consider further aspects that could have an influence on such trends, such as a change in
vulnerability (Bouwer, 2011). Moreover, insurance or local governmental policies that
might have changed over time were not taken into account either. Nevertheless, it is
important to note that increasing absolute losses are most likely not attributable to
climate change, but to socio-economic factors (e.g., Cutter & Emrich, 2005; Barredo,
2009; Bouwer, 2011; Kundzewicz et al., 2014). Consequently, the major associated
risks related to SWF damage is not climate change, but the increased exposure due to
population growth and increasing wealth. This has implications for decision and policy
makers, as well as for insurance companies and similar stakeholders.
Indeed, the flood processes are a complex interlinked system, as Evans et al. (2004)

stated. In fact, the insurance data illustrated that damage caused by SWFs occur
(almost) always alongside claims caused by fluvial floods (cf. Fig. 3.11). Be it a short
and intense thunderstorm or a long duration event, rainfall is the main trigger of every
SWF, as well as (almost) every fluvial flood. Understandably, if there is enough rainfall
to cause a SWF, it may as well cause or at least contribute to a fluvial flood, once part
of the water reaches the next watercourse. Undoubtedly, severe events that include
hundreds or thousands of damage claims entail a combination of flood processes, while,
of course, some local events may be associated with a single flood process only.

3.6 Conclusions

In this study, we have presented a simple and pragmatic approach of how spatially explicit
insurance data records can be exploited to investigate damage caused by SWFs. The
method provides a robust lower estimate of SWF damage. Using the presented percentile
values (Table 3.4), the method is applicable for classifying any claim in Switzerland,
except in the Western Inner Alps and Southern Alps, where data were lacking. For these
regions, appropriate values could be approximated. Moreover, the method is transferable
to other regions and countries, but has to be adapted to locally available flood hazard
maps.
There seems to be a consensus among practitioners and experts that SWFs are

responsible for a large share of all flood damage. However, this perception does not stem
from quantitative research, but rather from single case studies or practical experience
and, thus, lacks evidence. With the study at hand, we are able to quantify the striking
relevance of SWFs in Switzerland based on a sound data basis, regionally representing
39–100 % of all buildings over a period of 15 years. The data reveal that SWFs cause
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nearly as many damage claims as fluvial floods. In contrast, SWFs account for roughly
one-quarter of the direct tangible losses, driven by lower losses per SWF claim. This
hints at the different processes’ characteristics with generally low flow depths associated
with SWFs, opposed to both low and high, static and dynamic, flow depths during fluvial
floods that are additionally sensitive to the severity of an event.

The most affected areas are clearly the Western Plateau, both in relative and absolute
terms, followed by the Eastern Plateau and the Jura. The more mountainous regions,
i.e., the Northern Alps and the Eastern Inner Alps, are affected less. Notably, there are
also large differences between the spatial distribution of damage within each region. By
relating the absolute number of damage claims to the number of buildings in the vicinity,
the effect of varying building densities can be considered. Nevertheless, in sparsely
populated areas the relative numbers are sensitive and, thus, less robust, owed to the
particularly low building densities. Furthermore, not all regions are affected by SWFs to
the same extent throughout the year. Yet, in all regions most of the damage occurs in
summer, safe a few exceptions.

In general, the spatial and temporal distribution of SWF damage is complex. Different
factors might be responsible for high damage within certain areas or during certain
periods. For instance, the meteorological forcing differ spatially and temporally, the
predisposition due to unfavorable soils or landuse practices play a role, past human
interventions such as the installation of drainage and the removal of small natural rivulets
can have an influence, but also slightly differing practices by the insurance companies
or different rules applied for buildings to be built might be relevant. Undoubtedly, we
stand at the beginning of better understanding SWFs in Switzerland, and also on an
international level. Meanwhile, a common terminology is the base to strengthening and
extending the science within this field across the countries’ borders.

This study highlights the fact that SWFs are a highly significant flood process in
Switzerland. Unlike for fluvial flood hazards, there is no publicly available information
about the hazard of SWFs up to date, in spite of the process’s obvious relevance. Since
SWFs can occur practically anywhere in the landscape, the more paramount it seems
to have detailed information about local SWF hazards. Such information can help to
make well-founded decisions by all different stakeholders, e.g., planning and installing
appropriate property protections by house owners, applying measures to reduce overland
flow generation on agricultural fields by local farmers, providing surface retention ponds
by municipalities or amend regulations to prevent SWF damage by the federal government.
However, as a first priority, SWFs in general and the influencing factors of SWFs in
particular should be further studied, and, ultimately, better understood.

As a first step in this direction, we propose that SWFs should not be regarded as
an isolated process by itself. A better way is probably to extend our focus from rivers
and lakes alone to hidden rivulets, covered drains, the sewer system, impervious areas,
agricultural fields and headwaters, which all contribute to the generation of SWFs.
Therefore, we should regard overland flow and ponding as an integrated part of our
catchments. In this manner we may start to understand the complex interlinked flood
processes better in the future.
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Appendix

3.A Normalization

Obviously, it would be best to normalize the damage data with the corresponding
property data of the respective insurance company. However, property data are generally
even more difficult to obtain than damage data, as the former contain additional sensitive
and confidential information. Therefore, ancillary data are required to estimate the
number of insured buildings, as well as the replacement value of each corresponding
building. Moreover, as these values change over time, we need additional ancillary data
to take these temporal changes into account. As outlined in Sect. 3.3.3, the spatial
normalization as well as the temporal normalization of the damage data are described in
detail in the following sections.

After all, we divide the number of claims by the estimated number of insured buildings,
while the losses are divided by the corresponding total sum insured, respectively. For
that matter, all quantities have to be spatially aggregated. For this study, we aggregated
the data to regular grids and visually compared the corresponding maps. Fine resolutions
produced patchy patterns, while local characteristics got lost with coarse resolutions.
Thus, we chose a resolution of 3-by-3 km, which constitutes a balanced compromise
between level of detail and smoothing. The point of origin of the corresponding rasters
is chosen arbitrarily. We acknowledge that the choice may change the absolute values of
each cell, but in general does not change the larger picture.

3.A.1 Spatial normalization

As property data were not available, we inferred the number of buildings using ancillary
data. For this purpose, we made use of the terrain model swissTLM3D (Table 3.2).
From this data set, the number of buildings represented by their footprints can easily
be extracted. However, the data needed to be preprocessed: Invalid geometries had to
be corrected and overlapping polygons were dissolved into single polygons in order to
obtain a homogeneous data set as of 2013.

The definitions of a building are quite similar among the PICB (Imhof, 2011). Never-
theless, the number of footprints does not match the number of insured buildings, since a
row house might be represented by one footprint, while it constitutes several buildings as
defined by the respective insurance company, for instance. To consider this, we referred
to publicly available annual reports of 2013 and, thereby, obtained the total number of
insured buildings for each PICB. We then divided the obtained values by the number of
footprints, resulting in a simple multiplication factor (fn, Table 3.5). By multiplying the
aggregated number of buildings with the factor fn, we obtain the approximated number
of insured buildings as of 2013. For each grid cell, the aggregated number of claims
is then divided by the aggregated number of buildings to obtain spatially normalized
damage numbers.
To normalize the loss, we need to relate the loss values to the total sum insured.

There are few published methodologies to assess building values in detail, but these
can be too time-consuming for applications in large study areas (Kleist et al., 2006).
Given the large data set, we chose a simple approach similar to the method shown by
Grünthal et al. (2006), who used the product of mean insurance values and the number
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Table 3.5: Factors used for the data normalization, i.e., the dimensionless multiplication factor
(fn) relating the number of building footprints to the number of buildings as defined by each PICB,
as well as the estimated insurance value per cubic meter (ρv). For the derivation of these factors,
the number of buildings and the total sum insured was required for each PICB. The corresponding
values are generally published in the publicly available annual reports. Specifically, the values
from the year 2013 were extracted for the PICB of the cantons of Aargau (AG), Basel-Landschaft
(BL), Basel-Stadt (BS), Fribourg (FR), Grisons (GR), Jura (JU), Neuchâtel (NE), St Gall (SG),
Solothurn (SO), Vaud (VD) and Zug (ZG). The values for the PICB of Glarus (GL) and Nidwalden
(NW) were not reported, so that the mean value of 1.37 was adopted for the multiplication factor fn
and the total sum insured was inferred indirectly from the respective annual reports.

AG BL BS FR GL GR JU LU NE NW SG SO VD ZG

fn (-) 1.34 1.56 3.92 1.30 1.37 1.46 1.18 1.27 1.28 1.37 1.25 1.33 1.33 1.28
ρv (CHF m-3) 720 734 1056 577 582 868 449 575 656 706 628 664 733 1’029

of buildings to estimate the replacement costs of residential buildings. However, instead
of the buildings’ footprint area, we considered the buildings’ volume, which we expect to
be a more representative measure for estimating building values.
Specifically, we first assessed the mean altitude of each building’s footprint by using

common zonal statistic functions of a GIS as well as a digital elevation model as input
(Table 3.2). The top of each building was then assessed by the same method, but using
a digital surface model, instead. The approximated building height resulted from the
difference of the two values. Implausible results were corrected, i.e., values below 3.5 m or
above 100 m were set to the standard building height of 3.5 m. Thus, a standard height
of 3.5 m is assigned for buildings that might have been built after the last update of the
DSM in 2008 (cf. Table 3.2). Following, the building volumes are obtained by multiplying
the building’s footprint area with the mean building height. The total building volume
for each canton is assessed and divided by the respective total sum insured, in order
to obtain the insurance value per cubic meter (ρv, Table 3.5). The product of each
building’s volume and ρv finally results in each building’s value as of 2013. Analogous
to the number of buildings, the loss is aggregated to regular grids and divided by the
aggregated sum insured.

3.A.2 Temporal normalization

As the considered terrain model itself does not include attributes for such considerations,
we used another auxiliary data set, i.e the buildings and dwellings statistic of the Swiss
Federal Statistical Office as of 2013, from which the number of newly built residential
buildings can be inferred (Table 3.2). The data are regularly updated, whereas the
number of residential buildings can be assessed at any time by linear interpolation
between the sampling points. Normalizing with the number of buildings per canton as
of 2013 (Appendix 3.A.1), we obtain a dimensionless factor (ft, Table 3.6). With the
assumption that the residential buildings are representative for the development of all
buildings, we obtain the temporal development of the number of buildings and the total
sum insured. To that end, we multiply the interpolated factor ft for each time step with
the number of buildings and the total sum insured as per 2013, respectively.
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Table 3.6: Multiplicative factor (ft) indicating the number of buildings at a certain point in time
in relation to the total number of buildings as of 2013. In this table, the factor’s values at the
sampling points of the source data are shown (cf. Table 3.2).

Year AG BL BS FR GL GR JU LU NE NW SG SO VD ZG

1980 0.58 0.63 0.91 0.53 0.78 0.66 0.70 0.56 0.74 0.61 0.65 0.63 0.67 0.55
1985 0.64 0.69 0.93 0.59 0.81 0.71 0.74 0.63 0.78 0.68 0.70 0.69 0.72 0.62
1990 0.72 0.76 0.94 0.67 0.86 0.79 0.80 0.70 0.84 0.75 0.77 0.76 0.79 0.70
1995 0.78 0.81 0.96 0.73 0.90 0.84 0.85 0.77 0.87 0.80 0.82 0.82 0.82 0.76
2000 0.85 0.88 0.97 0.80 0.94 0.89 0.89 0.84 0.91 0.86 0.88 0.88 0.86 0.84
2005 0.91 0.93 0.99 0.87 0.96 0.93 0.93 0.90 0.94 0.92 0.92 0.93 0.91 0.91
2010 0.97 0.98 1.00 0.95 0.99 0.97 0.98 0.96 0.98 0.97 0.97 0.97 0.97 0.97
2013 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Abstract
Surface water floods (SWFs) do not only increasingly threaten cities, but also affect
rural areas. So far, little research has been dedicated to the prediction of SWFs in
rural environments, although in practice the process is already being considered in
deterministic flood hazard assessments. To test the validity of such assessments, we select
four raster-based models with differing complexity and evaluate whether they reliably
predict inundated areas by SWF in rural areas. The uncalibrated models are first applied
to four artificial surfaces and second, to eight case studies covering manifold geographical
and meteorological settings. For the case studies, the models’ prediction skills are assessed
based on inundated areas inferred from various sources. The models’ performance is
rather low for all case studies, which highlights the necessity for calibration and/or
validation of such models. Moreover, the case studies provide more general conclusions
concerning the modeling of SWFs in rural areas.

Software availability
• FLO-2D (cf. Sect. 4.2.1.1)

– Details: FLO-2D Pro (Build No. 16.06.16)
– Developers: FLO-2D Software Inc. (P.O. Box 66, Nutrioso, AZ 85932, United

States)
– Requirements: Windows 7 or higher
– Cost: $995.00
– URL: https://www.flo-2d.com/flo-2d-pro/

• FloodArea (cf. Sect. 4.2.1.2)

61

https://www.flo-2d.com/flo-2d-pro/


4 Modeling surface water floods in rural areas: lessons learned from the
application of various uncalibrated models

– Details: FloodAreaHPC-Desktop 10.3 (4 Cores) on ArcGIS®10.3.0.4322
– Developers: geomer GmbH (Im Breitspiel 11 b, 69126 Heidelberg, Germany)
– Requirements: Windows 7 or higher and ArcGIS®10.3
– Cost: €11’845.00
– URL: http://www.geomer.de/en/software/floodarea

• r.sim.water (cf. Sect. 4.2.1.3)
– Details: Module r.sim.water in GRASS GIS 7.2.0 (2016)
– Developers: H. Mitasova, J. Hofierka, C. Thaxton (and GRASS Development

Team)
– Requirements: Windows, Linux or Mac OSX
– Cost: Free of charge (GNU General Public Licence)
– URL: https://grass.osgeo.org/grass72/manuals/r.sim.water.html

• MFD (cf. Sect. 4.2.1.4)
– Details: Tool Flow Accumulation (Top-Down) with option “Multiple Flow

Direction” in SAGA GIS 4.1.0 (64-bit)
– Developers: O. Conrad and T. Grabs
– Requirements: Windows or Linux
– Cost: Free of charge (GNU General Public Licence)
– URL: http://www.saga-gis.org/saga_tool_doc/4.1.0/ta_hydrology_0.

html

4.1 Introduction

Economic losses caused by floods have been heavily increasing over the past decades in
absolute terms (Thieken et al., 2007; Kron et al., 2012; Grahn & Nyberg, 2017), mostly
driven by societal development (e.g., Cutter & Emrich, 2005), but possibly exacerbated
by climate change (Falconer et al., 2009; Barredo, 2009; Kundzewicz et al., 2014). In
particular, the frequency and the intensity of heavy rainfall is expected to increase in
many places in the future (Kundzewicz et al., 2014). This has drawn growing attention to
surface water floods (SWFs), which are caused by intense rainfall that cannot be drained
altogether by means of natural and/or artificial drainage systems, stem from surcharged
sewers, channels, culverted watercourses or groundwater springs and, consequently, result
in ponded water and overland flow (Hankin et al., 2008; Falconer et al., 2009). With a
particular high percentage of impermeable areas, cities are particularly prone to SWFs,
as exemplified by recent devastating flood events affecting urbanized areas, such as Hull,
UK (Pitt, 2008; Coulthard & Frostick, 2010), Copenhangen, DK (Haghighatafshar et al.,
2014), Amsterdam, NL (Gaitan et al., 2016; Spekkers et al., 2017) or Münster, DE
(Spekkers et al., 2017).

Not surprisingly, a lot of research is dedicated to urban areas in terms of modeling
SWFs (e.g., Maksivomić et al., 2009; Chen et al., 2012; Sampson et al., 2013; de Almeida
et al., 2016), flood loss estimation (e.g., Merz et al., 2010; Jongman et al., 2012; van
Ootegem et al., 2015) as well as flood risk assessment and management (e.g., Kaźmierczak
& Cavan, 2011; Blanc et al., 2012; Zhou et al., 2012; Löwe et al., 2017). In contrast,
relatively little research has been dedicated to rural areas, in spite the fact that such
areas are highly exposed to flooding, as examples from the European Alps point out
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(Fuchs et al., 2015, 2017; Röthlisberger et al., 2017). At the same time, these areas
are not only affected by fluvial floods, but similarly by SWFs (Bernet et al., 2017).
Moreover, overland flow generated on rural or peri-urban areas may be transferred into
urbanized areas and thereby contribute to the adverse effects of SWFs within the urban
environment, as well (Andrieu et al., 2004; Yu & Coulthard, 2015). Thus, scientific
studies regarding the link between SWFs and rural areas are generally lacking.
In contrast, the topic of how to prepare for and manage SWFs has been discussed

outside of academia (Bernet et al., 2017). This has led to a wide range of manuals and
guidelines regarding SWF hazard assessment, risk management and awareness raising
at the point scale (e.g., Egli, 2007; Rüttimann & Egli, 2010), as well as on communal
and regional scales (e.g., Castro et al., 2008; DWA, 2013; LUBW, 2016; CEPRI, 2014).
Therein, the focus lies generally on the built environment and, thus, the rural areas are
considered, as well.
In practice, the tools used for SWF hazard assessments, consist mainly of single

deterministic simulations with two-dimensional (2D) flood inundation models (cf. Meon
et al., 2009; Tyrna & Hochschild, 2010; Kipfer et al., 2015; Tyrna et al., 2017). This
circumstance has certainly been influenced by the heavily increasing availability of
high-resolution digital elevation models (DEMs), driven by advancing data collection
techniques (Wechsler, 2007; Fewtrell et al., 2008; Sampson et al., 2012; Chen et al., 2012;
Neal et al., 2012; Dottori et al., 2013; de Almeida et al., 2016; Savage et al., 2016a).
At the same time, the applicability of hydrodynamic flood inundation models to finer
resolutions has been supported by increasing computational power (Fewtrell et al., 2008;
Hunter et al., 2008; Dottori et al., 2013; Savage et al., 2016b). However, the exploitation
of high-resolution DEMs is still limited by computational constraints (Chen et al., 2012;
Sampson et al., 2012; de Almeida et al., 2016; Savage et al., 2016a,b; Tyrna et al., 2017).
Thus, rather simple flood inundation models are applied in practice for SWF hazard
assessments, as they usually encompass large areas.
In general, a compromise is inevitable when applying a model, balancing spatial

resolution, model complexity and computational efficiency (Horritt & Bates, 2001; Cook
& Merwade, 2009; Fewtrell et al., 2008, 2011; Sampson et al., 2012; Neal et al., 2012;
Dottori et al., 2013; Savage et al., 2016a,b). At the same time, it is not obvious how the
specific choice influences the models’ performance. Moreover, recent studies have pointed
out that the uncertainty associated with flood inundation models fed with high-resolution
DEMs are more complex than previously thought (Abily et al., 2016; Savage et al., 2016b).
Meanwhile, the models’ extreme precisions may provoke overconfidence in their results,
which could ultimately lead to wrong decisions in flood risk management (Dottori et al.,
2013; Savage et al., 2016a).

Wrong decisions can usually be prevented by rigorously evaluate the applied models
(e.g., Jakeman et al., 2006; Bennett et al., 2013). However, appropriate data are crucial
for this task. Yet, there is an eminent lack of observational data (Blanc et al., 2012; Neal
et al., 2012; Spekkers et al., 2014; Yu & Coulthard, 2015; Gaitan et al., 2016; Rözer et al.,
2016), which impairs the applicability of such deterministic modeling approaches. Even
more so for SWFs in rural areas, where the lack of observational data is particularly
pronounced (Yu & Coulthard, 2015). In practice, however, the lack of observational
data does not appear to prevent the use of single deterministic simulations for SWF
hazard assessments. On the contrary, examples of overland flow predictions in urban,
peri-urban and rural areas indicate that it rather leads to the renouncement of model
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calibration and/or validation (cf. Meon et al., 2009; Tyrna & Hochschild, 2010; Kipfer
et al., 2015; Tyrna et al., 2017).
Thus, the question arises whether the deterministic tools reportedly used today in

SWF hazard assessments are fit for their purpose of reliably predict areas exposed to
SWF under various conditions. In particular, it is unclear how well such a modeling
approach performs if such tools are not conditioned and/or evaluated due to a lack of
observational data. Using this starting point, the main goal of this study is to assess the
applicability of uncalibrated and unvalidated 2D models to SWF hazard assessments
in rural environments. Thus, we want to assess the predictive skills of such models for
various case studies at different study sites. By doing so, we are able to draw conclusions
about the suitability of this modeling approach based on single deterministic simulations
for SWF hazard assessments and about modeling SWFs in rural areas, in general.
For that matter, we directly explore the models’ predictive skills by comparing their

outputs (Teng et al., 2017). In a first step, we apply the selected models to four
artificial surfaces, inspired by Zhou & Liu (2002). In this highly controlled and simplified
environment, the models can easily be compared and inherent model characteristics
are revealed. In a second step, the models are applied to real-world case studies. To
mimic the commonly used approach in practical SWF hazard assessments, we apply
similar uncalibrated 2D models with varying complexity. Thereafter, we quantitatively
assess the models’ predictive skills using common binary pattern performance measures
(Bennett et al., 2013). For this assessment, we have reconstructed inundated areas based
on various available data sources.
The seven study sites encompass various topographies, slopes, land use etc., while

each of the eight case studies is associated with either relatively heavy or weak rainfall,
respectively. Thus, for the purpose of this study, we relax the definition of SWFs and
include not only events triggered by heavy rainfall, bot also events associated with weak
rainfall. All events have in common that overland flow was produced, which led or could
have led to damages to the built and unbuilt environment along the flow paths. As
per definition, the inundations did not originate from overtopping watercourses, but are
directly triggered by effective rainfall (cf. Bernet et al., 2017, for a discussion of related
terms).

4.2 Materials and methods

4.2.1 Models

In this study, we test three raster-based, 2D hydrodynamic flood inundation models, i.e.,
FLO-2D, FloodArea and r.sim.water. The models have been selected such that different
levels of model complexity are covered, following Neal et al. (2012). From the wealth
of available 2D hydrodynamic models (cf. Teng et al., 2017), we chose FloodArea and
r.sim.water since they have reportedly been used in the field of flood hazard assessment
covering large areas including rural environments (cf. Kipfer et al., 2015; Tyrna et al.,
2017). FLO-2D was selected as it is a “hydro-inundation model”, using a term from Yu
& Coulthard (2015) describing models that consider hydrological processes and overland
flow routing, at the same time. Moreover, it has the most complex flow routing scheme
among the selected models. Finally, the model selection was complemented by a flow
accumulation algorithm, i.e., the multiple flow direction (MFD) algorithm introduced by
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Table 4.1: Model feature comparison. “Yes” indicates features or modules that can be directly
assessed by the respective model, “no” highlights unavailable features, while “NA” describes features
that are not applicable, i.e., the rainfall-related features for the flow accumulation algorithm MFD.

Feature, modules FLO-2D FloodArea r.sim.water MFD

Flow depth yes yes yes no
Flow velocity yes yes no no
Flow barrier yes yes no no
Unsteady rain yes yes no NA
Interception yes no no NA
Infiltration yes no no NA

Freeman (1991). Such flow algorithms have manifold applications due to their striking
simplicity (cf. López-Vicente et al., 2014; Alder et al., 2015). An overview of the models’
features is provided by Table 4.1.

4.2.1.1 FLO-2D

FLO-2D is a distributed, physically based flood inundation model (O’Brian, 2009).
Among the selected models, it is the most sophisticated one, as it makes use of the full
dynamic wave approximation (O’Brian, 2009). FLO-2D has various modules which can
be switched on or off, if desired. It incorporates an infiltration module with various
available methods, whereas the Green-Ampt (GA) method based on Green & Ampt
(1911) is the most sophisticated one.

4.2.1.2 FloodArea

FloodArea is a simplified hydrodynamic flood inundation model that is fully integrated
into a Geographic Information System (GIS), i.e., ArcGIS®by ESRI, with the main
purpose of calculating areas affected by floods (geomer, 2016). The model cannot directly
account for losses such as interception and infiltration. Thus, these losses have to
considered by reducing the corresponding rainfall input (cf. Table 4.1 and Sect. 4.2.3.5).

4.2.1.3 r.sim.water

The hydrodynamic model r.sim.water simulates overland flow with a path sampling
method, which is implemented as a module in the open source GIS software GRASS
(Mitasova et al., 2004; Neteler et al., 2012). Similar to FloodArea, r.sim.water cannot
directly account for losses such as interception and infiltration. Moreover, unsteady
rainfall cannot be modeled (cf. Table 4.1 and Sect. 4.2.3.5).

4.2.1.4 MFD

MFD is a multiple flow direction algorithm that assesses the flow paths based solely on a
digital elevation model (DEM) (Quinn et al., 1991). We use the algorithm implemented
in the open source System for Automated Geoscientific Analyses (SAGA) (Conrad et al.,
2015). Among the selected models, MFD is the simplest approach that does not route
any water, but instead assesses each cell’s relative catchment area. Consequently, the
model does not predict any flow depths and velocities (cf. Table 4.1), but assesses a static
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characteristic of the topography, i.e., the distributed flow accumulation areas. Note that
prior to applying MFD to real-world case studies, sinks and pits of the respective DEM
were filled, as discussed by Wechsler (2007). For that matter, we used the algorithm by
Planchon & Darboux (2002) with a value of 0.01◦ for the minimal slope.

4.2.2 Artificial surfaces
To assess the performance of flow routing algorithms, Zhou & Liu (2002) defined four
different mathematical surfaces and compared the calculated specific catchment area
with the theoretically true values. The application of such algorithms on smooth artificial
surfaces reveals distinct patterns and characteristics reflecting the algorithm’s differing
mathematical formulations (cf. Zhou & Liu, 2002; Seibert & McGlynn, 2007; Pilesjö
& Hasan, 2014). We adapt this approach to flood inundation modeling. Even without
a theoretically true value, the adaptation of this approach to SWF modeling reveals
inherent model characteristics that might not be apparent otherwise. Therefore, as a first
exercise, we apply the selected models to four artificial surfaces, i.e., to an inclined plane
(Eq. 4.1), a convex surface defined by an ellipsoid (Eq. 4.2), a concave surface given by
the ellipsoid’s inverse (Eq. 4.3) and a saddle (Eq. 4.4) representing the combination of a
convex and a concave surface. We compiled corresponding raster DEMs of 250-by-250
cells and a resolution of 2 m. The elevations of the plane are given by

z = ax+ by + c (4.1)

where a ≈ −0.051, b ≈ 0.141, c = 0 for a prescribed slope of s = 15 % and an aspect of
a = 160◦; 0 ≤ x ≤ 250, 0 ≤ y ≤ 250. The ellipsoid is defined as

x2

a
+ y2

b
+ z2

c
= 1 z > 0 (4.2)

where a = 998, b = −748.5, c ≈ 191.5; 0 ≤ x ≤ 250, −250 ≤ y ≤ 0. The inverse ellipsoid
is given by

x2

a
+ y2

b
+ z2

c
= 1 z < 0 (4.3)

where a = 998, b = −748.5, c ≈ 191.5; −250 ≤ x ≤ 0 and 0 ≤ y ≤ 250. Finally, the
saddle is defined as

x2

a
+ y2

b
= z

c
z < 0 (4.4)

where a = 998, b = −748.5, c ≈ 191.5; −250 ≤ x ≤ 0 and −250 ≤ y ≤ 0.
The artificial surfaces are further manipulated. Two rows of the corresponding DEMs

are incised by a minimum of 0.3 m, in order to represents a 4 m wide street crossing the
surfaces from West to East. This incision enables to test and visualize the influence of
structures in the landscape that can have major effects on overland flow paths. The top
views of the four artificial surfaces are shown in Fig. 4.1.
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(d) Saddle(c) Ellipsoid(b) Inverse ellipsoid(a) Plane

0 m70 m140 mContour (10 m)Street (4 m wide, inc. 0.3 m)

0 100 200 300 400 500 

400 m200 m0 m

Fig. 4.1: A parallel (a), a concave (b), a convex (c) and a combination of a convex and concave
(d) artificial surface used for an initial model test.

For the artificial surfaces, a rain event lasting one hour with an intensity of 50 mmh−1

was simulated. Infiltration and interception losses were not considered. A Manning’s
roughness coefficient of n = 0.24 sm−1/3 was chosen for all artificial surfaces, which
corresponds to the value recommended for dense grass by McCuen (2016). A value of
n = 0.012 sm−1/3 is chosen for the incised streets, which corresponds to the recommended
value for asphalt (McCuen, 2016).

4.2.3 Real-world case studies

We elaborated eight real-world case studies at seven study sites, i.e., at one study site
two different events were observed. The case studies’ characteristics are summarized in
Table 4.2 and 4.3, while their respective location is shown in Fig. 4.2. In the following
we introduce the delineation of the study perimeters, the gathered input data, the
consideration of hydrological losses, the reconstruction of overland flow paths as well as
the assessment of the model performance.
In terms of hydrological losses, we account for infiltration and interception losses,

but neglect evaporation, as contributions of the latter are generally particularly low
(cf. Yu & Coulthard, 2015). Furthermore, we neglect the influence of the sewer system

0 25 50 km

Fig. 4.2: Location of the seven study sites. Note the two case studies (E3a and E3b) were observed
at the corresponding study site.
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altogether and simply suppose that the system operates at full capacity, as assumed e.g.,
by Fewtrell et al. (2011), as well.

Table 4.2: Characteristics of the five case studies (at four study sites) triggered by relatively heavy
rainfall.

Characteristic E1 E2 E3a / E3b E4

Date 20.07.2007 02.05.2013 12.07.2014 / 06.06.2015 08.06.2016
Town and Canton (abbr.) Rubigen BE Schleitheim SH Mittelhaeusern BE Dottikon AG
Slope: mean ± sd (%) 7.7 ± 6.4 14.7 ± 9.3 18.1 ± 8.4 17.1 ± 10.1
Altitude: mean ±∆h/2 (m) 571 ± 25 562 ± 62 727 ± 58 505 ± 82
Perimeter Pwsd (km2) 1.26 0.83 0.33 0.64
Perimeter Pobs (km2) 0.61 0.22 0.33 0.33
Preconditions (-) dry normal wet / dry normal
Rainfall duration (h) 5 6 13 / 4 11
Rainfall sum (mm) 48.0 23.9 44.5 / 32.3 61.9
Max rainfall int. (mmh−1) 41.8 21.5 13.2 / 31.9 26.0
Mean rainfall int. (mmh−1) 9.6 4.0 3.4 / 8.1 5.6

Table 4.3: Characteristics of the three case studies triggered by relatively weak rainfall.

Characteristic E5 E6 E7

Date 03.07.2007 13.05.2016 14.05.2016
Town and Canton (abbr.) Bossonnens FR Oberramsern SO Oberflachs AG
Slope: mean ± sd (%) 12.7 ± 10.9 22.1 ± 20 22.9 ± 11.5
Altitude: mean ±∆h/2 (m) 765 ± 42 586 ± 92 614 ± 110
Perimeter Pwsd (km2) 0.28 0.25 0.54
Perimeter Pobs (km2) 0.04 0.03 0.09
Preconditions (-) wet wet normal
Rainfall duration (h) 49 27 68
Rainfall sum (mm) 56.5 59.7 90.1
Max rainfall int. (mmh−1) 6.7 7.3 6.5
Mean rainfall int. (mmh−1) 1.2 2.2 1.3

4.2.3.1 Domains

In order to delineate the study perimeter for each case study, the areas were considered,
within which overland flow paths could be reconstructed. The corresponding study
perimeters were then obtained by delineating the smallest respective watershed that
would still encompass the reconstructed flow paths. Thereafter, these perimeters were
buffered by at least 50 m to obtain a simulation domain that extend over the watershed’s
boundary. This ensures that the simulations’ boundary effects within the study perimeters
remain negligible. Thus, three different domains are differentiated for each case study:

• Observation domain (Dobs), within which all documented overland flow paths were
reconstructed.

• Watershed domain (Dwsd) representing the smallest watershed that contains the
observation perimeter. The model results are cropped to this area.

• Simulation domain (Dsim) representing the buffered watershed domain, within
which the simulations are carried out.
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Table 4.4: Look-up table for relevant land use classes and corresponding Manning’s roughness
coefficients n, as recommended by McCuen (2016). The imperviousness is described by m (cf.
Sect 4.2.3.5). It indicates, whether the corresponding cell is considered as being fully impervious
(m = 1, no infiltration), partially impervious (m < 1, reduced infiltration) or completely pervious
(m = 0, normal infiltration). Note that the rain falling on buildings did not contribute to the
overland flow.

Land use Surface n (sm−1/3) m (-)

Ley, meadow Dense grass 0.240 0
Cropland Conventional tillage

without residue
0.090 0

Orchard Woods without
underbrush

0.200 0

Forest Woods with light
underbrush

0.400 0

Garden Bermuda grass 0.410 0
Path, track Graveled surface 0.012 0.75
Paved surface Asphalt 0.012 1
Building Smooth concrete 0.011 1

4.2.3.2 Primary input data

The main input for all four models is a DEM (Fig. 4.3). We used the DEM “swissALTI3D”
as of 2013 with a regular grid size of 2-by-2 m, provided by the Swiss Federal Office
of Topography (swisstopo, 2017a). Although, there are DEMs available with finer
resolutions for some of the study sites, we used the aforementioned product, as it is
homogeneous and available for whole Switzerland. As r.sim.water and MFD do not
offer a direct option to integrate flow barriers such as buildings (cf. Table 4.1), the
corresponding DEM was modified. All cells whose centroids are covered by a building,
as specified by the land use, are elevated by at least 10 m.
The land use was assessed between July 2014 and June 2016. As the land use was

observed shortly after each event that falls into this period, i.e., E3a, E3b, E4, E6 and E7
(cf. Table 4.2 and 4.3), the corresponding land use represent the conditions during these
events. In contrast, the land use of the remaining case studies were assessed roughly
three years after the date of occurrence, or more. Although there is a slight time shift, we
assume that the mapped land use is still representative for the respective case study, as
major land use changes are not expected at these study sites within the respective period.
Firstly, the land use was digitized using orthophotos from the product “SWISSIMAGE”
(swisstopo, 2017b). Secondly, the land use was verified in the field.

The surface roughness values were obtained by linking the land use with literature
tables, i.e., with the comprehensive collection from McCuen (2016), as indicated in
Fig. 4.3. The corresponding values are listed in Table 4.4.
The hourly rainfall rate is extracted from the product “CombiPrecip” provided by

the Federal Office of Meteorology and Climatology (MeteoSwiss, 2014). The product
combines radar and rain gauge measurements by means of a co-kriging with external drift
(e.g., Sideris et al., 2014; Panziera et al., 2016). It has a spatial resolution of 1-by-1 km,
a temporal resolution of one hour and is available from 2005 onwards (MeteoSwiss,
2014). As the case study sites are small, each study perimeter is covered by just a few
cells. To reduce the influence of single cells that might contain outliers, the raster cells
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Fig. 4.3: Primary model input data (light gray boxes) as well as derivatives thereof (dark gray
boxes). The look-up table (LUT) for Manning’s coefficients is based on values from McCuen (2016),
whereas the Strickler values are obtained by taking their inverse, i.e., k = 1/n. The LUT for
the infiltration parameters is based on Rawls et al. (1983) and O’Brian (2009). The Green-Ampt
infiltration with ponding was implemented and calculated externally (cf. Sect. 4.2.3.3).
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covering each perimeter are buffered by one cell. Thereafter, the mean of these cells
are calculated for each time step. Next, the triggering rainfall events are extracted
from the rainfall records by considering a minimum inter-event time of tmin = 6 h and
a minimum intensity threshold of imin = 0.1 mmh−1, which are in line with common
literature values (e.g., Dunkerley, 2008). Consequently, at the beginning of each event,
the rain intensity had been < 0.1 mmh−1 for at least six consecutive time steps of one
hour each. Analogous, at the end of the event, it did not rain for at least six hours with
an intensity ≥ 0.1 mmh−1.

4.2.3.3 Infiltration

Out of all four models only FLO-2D allows the user to account for infiltration directly,
while it cannot be modeled explicitly by FloodArea and r.sim.water, whereas MFD is not
dependent on rainfall altogether (Table 4.1). Therefore, the following approach is chosen:
The full potential of FLO-2D is exploited by using the integrated GA infiltration module.
To feed the other two models with similar input, as recommended by Neal et al. (2012),
the GA method is implemented in R (R Core Team, 2016). Therewith, spatially and
temporally variable cumulative infiltration rates are calculated. Based on these values,
effective rainfall rates are obtained that are used as model inputs for FloodArea and
r.sim.water (Sect. 4.2.3.5). Hereafter, the implementation and parametrization of the
GA method are briefly outlined.
Based on Green & Ampt (1911), the cumulative infiltration F (t) (mm) at time t (h)

can be expressed as

F (t) = Kt+ Ψ∆Θ

(
F (t)
Ψ∆Θ

+ 1
)

, (4.5)

whereas K is the hydraulic conductivity (mmh−1), Ψ the wetting front soil suction head
(mm), ∆Θ = Θf −Θi (-) the difference between the final and initial soil moisture content.
Thereby, an important assumption is that the water is ponded at the surface from the
beginning of the steady rainfall. As this is generally not the case, Mein & Larson (1973)
extended the GA infiltration method to account for the time until water starts to pond
(t = tp), at which time the cumulative infiltration depth equals the cumulative rainfall.
Accordingly, the cumulative infiltration for steady rainfall after ponding time (i.e., t > tp)
is given by

F (t) = K(t− tp) + Fp + Ψ∆Θ

(
F (t)
Ψ∆Θ

+ 1
)

, (4.6)

whereas tp denotes the ponding time (h) and Fp = F (t) the cumulative infiltration (mm)
at ponding time t = tp. We then implemented the GA method following Chu (1978),
who expanded the method for unsteady rainfall events. The interested reader may refer
to Chu (1978), who provides a detailed derivation and applied examples of the method.

The required GA infiltration parameters were obtained as follows: We estimated each
study site’s dominant soil texture based on expert knowledge, except for the case studies
E4 and E6 for which soil maps including soil texture classes were available. We estimated
the hydraulic conductivity K, the wetting front soil suction head Ψ and the effective
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porosity ne using published regression parameter values from the comprehensive study
by Rawls et al. (1983). Furthermore, it is assumed that the soils are saturated to a
degree of si = 30, 50 or 80 % before each event under dry, normal or wet conditions,
respectively. Each respective condition was set according to the observed antecedent
rainfall (cf. Table 4.2 and 4.3). The change in soil moisture content is then estimated by
∆Θ = ne(sf − si), while assuming that the soil’s saturation after the event is always
sf = 100 %.

4.2.3.4 Interception

Canopy storage capacity depends on various factors and roughly amounts 1 mm (e.g.,
Ward & Robinson, 2000). Thus, the depletion of this storage is tiny in comparison to the
total rainfall volumes of the corresponding case studies (cf. Table 4.2 and 4.3). Moreover,
as the values of different land cover types are within the same order of magnitude, we
simply consider a bulk interception loss of 1 mm. In FLO-2D this loss volume can be
entered as a model parameter. For FloodArea and r.sim.water, we deduct the interception
losses S (mm) from the total rainfall Pt(t) (mm) to obtain a net rainfall Pn(t) (mm)
that reaches the ground, as follows.

Pn(t) =
{

0, Pt(t) ≤ S
Pt(t)− S, Pt(t) > S

(4.7)

4.2.3.5 Effective rainfall

As mentioned before, infiltration cannot be modeled directly by FloodArea and r.sim.water
(cf. Sect. 4.2.3.3). Thus, to account for infiltration and interception losses, we compute
effective rainfall rates, which are then used as model inputs. The effective rainfall is
given by

Pe(t) = Pn(t)− (1−m)F (t) , (4.8)

whereas Pe is the cumulative effective rainfall (mm), Pn is the net rainfall that considers
an initial interception loss (mm, cf. Eq. 4.7), m is the imperviousness factor (cf. Table 4.4)
and F (t) is the cumulative infiltration (mm, Sect. 4.2.3.3). Note that an imperviousness
factor can be set directly in FLO-2D’s GA infiltration module for each individual cell
(O’Brian, 2009). However, for FloodArea and r.sim.water, the imperviousness factors
as specified in Table 4.4 are considered during the assessment of cell- and time-specific
effective rainfall rates.

In FloodArea, spatial variable rainfall can be modeled by providing weighting factors
(geomer, 2016), which can be thought of as runoff coefficients relating the hyetograph
to cell-specific effective rainfall. Obviously, these coefficients are changing over time
and space. They are defined as ci,j,t = Pe(i, j, t)/Pt(t). The spatially variable rainfall
can then be modeled by creating a raster with cell values ci,j(t) for each time step t.
The simulations can then be stopped after each time step and restarted with the runoff
coefficients of the next time step. This procedure can be automated with batch scripts.
For r.sim.water, this procedure is not straightforward, as the simulations cannot be

restarted based on results from a previous time step. Therefore, we choose the time step
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Fig. 4.4: Different sources used for reconstructing overland flow paths. (a) Orthophoto derived by
means of a unmanned aerial vehicle (UAV) documenting traces of erosion in a field of the case study
E6 (source: Elias Hodel, 16.05.2016). (b) Traces of overland flow in a field of the case study E3b
that were mapped in the field (source: Daniel B. Bernet, 09.06.2015). (c) Photograph documenting
actual overland flow of the case study E2 (source: Andrea Wanner-Staubesand, 02.05.2013).

with the highest effective rainfall rate and run the model with only this single spatially
variable rainfall field.

4.2.3.6 Reconstruction of overland flow paths

Data sources that possibly indicate past SWFs include insurance claim records, disaster
data bases, reports and recollections from affected people (Bernet et al., 2017, and
references therein). However, for recent events, it is usually possible to reconstruct flow
paths of SWFs based on their traces in the field, as exemplified by Fig. 4.4. Particularly
in rural environments, overland flow usually leaves notable traces such as erosion marks,
deposited sediments and flattened vegetation. For the purpose of this study, we have
reconstructed discernible SWF traces based on field observations following the events
of the case studies E3a, E3b, E4, E6 and E7, whereas for the remaining case studies,
i.e., E1 and E2, the inundated areas were reconstructed based on external sources.
Table 4.5 summarizes the source for the flow path’s reconstructions along with associated
limitations, as well as a qualitative confidence level of the data quality.

Irrespective of the data source, the flow paths were reconstructed and spatially localized.
Using standard GIS software, the field assessment were then digitally stored. All overland
flow traces and paths are considered as being wet. To assess the performance of the
models, these areas are then compared to the model outputs, as outlined in the following
section.

4.2.3.7 Model performance

Across various disciplines, map comparisons are a standard procedure to assess and
compare model performances (e.g., Kuhnert et al., 2005; Foody, 2007; Bennett et al.,
2013). However, there is not a single best method for this task. On the contrary, vast
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Table 4.5: Exploited sources of information for reconstruction of inundated areas for each case
study (cf. Tab. 4.2 and 4.3).

ID Source Quantity Limitations Confidence

E1 External map Ponded water and water on
the streets

No indication of flow paths, assessment
methods unknown

Low

E2 Photographs Flow paths and flood extent Spatial localization of depicted flow
paths

high

E3a,b Field visits,
aerial photos

Traces of flow (sediments,
flattened vegetation)

Impossible to identify flow that left no
traces

high

E4 Field visit Traces of flow (sediments,
flattened vegetation)

Impossible to identify flow that left no
traces; Flow traces in forest difficult to
detect

medium

E5 Video Flow dynamics and extent of
flood

Coverage limited to small area, low
resolution

medium

E6 Field visit,
aerial photos

Traces of erosion in bare field Impossible to identify flow that left no
traces

medium

E7 Field visit Traces of erosion in bare field Impossible to identify flow that left no
traces; small observation perimeter
compared to watershed

medium

tools including both quantitative as well as qualitative methods are recognized as being
appropriate for this purpose (Kuhnert et al., 2005; Bennett et al., 2013). Thus, the
model performance assessment have to be adapted to the models’ objectives as well
as to the characteristics of the available data, since the task is inherently case-specific
(Bennett et al., 2013).

Along these lines, we compare the model outcomes and observations visually, as well
as quantitatively. In terms of the latter, we use binary pattern performance measures
based on the contingency table (Table 4.5), which are widely-used (e.g., Aronica et al.,
2002; Schumann et al., 2009; Bennett et al., 2013; Stephens et al., 2014). However,
more recently, Stephens et al. (2014) pointed out that these performance measures are
all subjected to a varying degree of bias, which should be considered in subsequent
conclusions. As we are using different measures conjunctively in this study and are more
interested in the broader picture, the influence of this circumstance on our conclusions is
negligible.

The binary pattern performance measures are based on the assessment whether a cell
has been observed and/or simulated as wet or dry. All cells covered by an observed flow
paths are considered as wet. For the simulation results, this information is inferred from
the simulated maximum flow depths hf (m) by applying an arbitrary threshold ht (m).
Thus, cells with a maximum flow depth below the threshold (hf < ht) are considered
to be dry, while all other cells (hf ≥ ht) are considered to be wet. We tested different
threshold values and compared the model performance using the observations as the
reference. Based on these results, we empirically chose a value of ht = 0.02 m as this
threshold value maximized the performance of all models.
In the following, we compare the models’ results with observations, in addition to

Table 4.6: Contingency table of model prediction or observation (A) versus model prediction (B).

Present (wet) in A Absent (dry) in A

Present (wet) in B Hits: a = A1B1 False alarms: b = A0B1
Absent (dry) in B Misses: c = A1B0 Correct negatives d = A0B0
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a comparison of the models among each other. The comparisons of the models with
observations are constrained to the observation perimeter (Dobs), while the model
comparison among each other is carried out within the whole watershed (Dwsd, cf.
Sect. 4.2.3.1).
For the quantitative model comparison, the following binary pattern performance

measures are used (e.g., Aronica et al., 2002; Pappenberger et al., 2007; Bennett et al.,
2013), which are based on the contingency table (Table 4.5), :

bias: m1 = a+ b

a+ c
, m1 ∈ [0,∞], ideally m1 = 1 (4.9)

threat score: m2 = a

a+ b+ c
, m1 ∈ [0, 1], ideally m2 = 1 (4.10)

hit rate: m3 = a

a+ c
, m1 ∈ [0, 1], ideally m3 = 1 (4.11)

false alarm rate: m4 = b

b+ d
, m1 ∈ [0, 1], ideally m4 = 0 (4.12)

4.3 Results

4.3.1 Artificial surfaces

Despite the lack of a baseline, the applying the models to the selected artificial surfaces
reveals interesting characteristics (Fig. 4.1). First and foremost, the incised street
represents a prominent topographical structure that has a significant influence on the
flow pattern. The street acts like a channel, which can collect incoming water and can
be overtopped, if the channel is full or if the incoming water is not sufficiently deflected.
Whether the street is overtopped or not, is discernible by the amount of dry cells directly
to the south of the incised street, i.e., cells with a flow depth or flow accumulation below
the flow threshold (dark red cells in Fig. 4.1). For each artificial surface, the pattern of
these dry cells varies significantly among the model. In contrast, the pattern of dry cells
north of the street is more similar among the models for each artificial surface, safe the
ellipsoid, as discussed later. Thus, the street has a major influence on the distribution of
dry and wet cells, respectively.
In more detail, r.sim.water does not predict a deflection of the water crossing the

street on any surface. Quite the opposite is true for the flow accumulation calculated by
MFD. For all surfaces safe the saddle, the street poses a complete or nearly complete
flow barrier. FLO-2D and FloodArea, on the other hand, show a more differentiated
picture, as water is overtopping where ever the flow depths are exceeding the street’s
incision. This is most apparent on the inverse ellipsoid, where FloodArea predicts a
significant overtopping of the street’s eastern end, unlike the other models. Thus, in
this modeling exercise, the user’s choice of a model does not only heavily influence the
pattern of dry and wet cells south of the street, but also the corresponding flow paths.
The results of the hydrodynamic models do not only deviate substantially south of

the street, but also on the street itself for each artificial surface. FLO-2D consistently
predicts the highest flow depths on the street. FloodArea’s results exhibit flow depths
that lie mostly between the minimal values estimated by r.sim.water and the high values
predicted by FLO-2D. However, as mentioned before, a striking difference of FloodArea
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Fig. 4.5: Simulation results of the four different models applied to a parallel (a), a concave (b), a
convex (c) and a combination of a convex and concave (d) artificial surface. The flow threshold for
the hydrodynamic models (FLO-2D, FloodArea, r.sim.water) is a flow depth of 0.02 m, whereas the
flow threshold for the flow accumulation algorithm (MFD) is an accumulation area of 250 m2. Cells
with values below the respective flow threshold are considered to be dry (dark red cells), while all
other cells are considered to be wet. The indicated threat scores (threat, cf. Eq. 4.10) are obtained
by comparing the models’ predicted wet and dry cells to the binary pattern produced by FLO-2D,
which is used as a reference.
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compared to FLO-2D is the overtopping of the street’s incision at the eastern side of
the inverse ellipsoid. Compared to the other hydrodynamic models, r.sim.water predicts
by far the lowest flow depths on the street for all surfaces. In fact, the flow depths on
the street predicted by r.sim.water are below the wet/dry threshold of 0.02 m for all
surfaces. Thus, the flow patterns south of the street are heavily influenced of how the
models predict the flow over this topographical structure.
However, the flow patterns are also dependent on how the models simulate flow over

the four different topographical forms. Specifically, the flow patterns on the ellipsoid
(i.e., convex slope) of each single model is strikingly different from the other ones, which
is reflected by the particularly low threat scores indicated in Fig. 4.1. Also the flow
patterns in the northern half of the saddle seem to deviate slightly more among the
models than the produced patterns on the plane (i.e., parallel slope) and the inverse
ellipsoid (i.e., concave slope), respectively. This could be explained by the fact that the
northern half of the saddle is characterized by convex forms that produce particularly
different results among the models. Lastly, the flow pattern produced by FloodArea on
the inverse ellipsoid is characterized by striking flow paths. FloodArea produces also
sharp-edged flow paths on the ellipsoid and the saddle, however not as pronounced as
on the inverse ellipsoid. These flow patterns might stem from the limitation of flow
directions to 16 fixed angles by FloodArea’s flow routing scheme (Tyrna et al., 2017).

4.3.2 Real-world case studies

The performance of the models applied to each case study is depicted in Fig. 4.6. The
obtained threat scores (Eq. 4.10) are rather low and indicate that, overall, all models
have a low performance for all case studies. The respective maximal threat score of the
models lie between 0.318 and 0.344, which stem from the case study E2. For the same
case study, the models produce the highest hit rates (Eq. 4.11), ranging between 0.566
and 0.788. Save a few exceptions, the hit rates are well below a value of 0.5 in all other
case studies.
The bias is the fraction of simulated number of wet cells compared to the observed

number of wet cells (Eq. 4.9). Thus, a bias greater than one indicates an overestimation
of the wet cells by the model, whereas a bias below one shows the opposite. As presented
in Fig. 4.6, all models overestimate the number of reconstructed wet cells for some case
studies, but heavily underestimate them for others. As depicted in Fig. 4.6, the bias is
correlated with the false alarm rates (Eq. 4.12). For each case study, models with a lower
bias are also associated with a lower false alarm rate, and vice versa. The lowest absolute
values are produced for the simulations with strong underestimations (bias� 1.0). This
can be expected, since a particularly low bias value means that the number of modeled
wet cells is much smaller than the observed number of wet cells. In this case, even if
all modeled wet cells were misses, the false alarm rate would still be small, since the
number of correct negatives is constantly high for all models. Hence, following Eq. 4.12,
a low false alarm rate results.
Overall, we have identified three main issues limiting the models’ performances, i.e.,

observational data of differing quality, insufficiently represented topographical structures
and biased predictions of effective rainfall. In the following, we illustrate each of these
issues with examples from the corresponding case studies.

The particularly low performance of all models applied to case study E1 can mainly be
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Fig. 4.6: Model performances of each model in comparison to the observed values evaluated within
the observation domain (Dobs, Sect. 4.2.3.1). The binary pattern performance measures are defined
in Eq. 4.9-4.12. Note that not the bias itself, but the common logarithm of the bias is displayed.
The IDs (E1-7) indicate the corresponding case study, as summarized in Table 4.2 and 4.3.

attributed to poor observational data. Namely, the derivation of observed wet cells are
based on an external map (Jordi + Kolb AG, 2008). Therein, areas with ponded water
as well as water on the streets are mapped, while overland flow paths in the agricultural
fields are not indicated (Table 4.5). Thus, the observations only capture areas that
are small compared to the whole area that must have been inundated, as depicted by
Fig. 4.7. As a consequence, the wet cells are overestimated, the false alarm rates are high
and the threat scores are low for all models. Moreover, the map by Jordi + Kolb AG
(2008) does not provide any ancillary information such as the applied mapping methods.
Therefore, the map turns out to be an unsuitable source of information for the purpose
of validating the models.

Applying the models to artificial surfaces has highlighted that topographical structures
such as streets can have major effects on the produced flow paths (Sect. 4.3.1). How the
models are predicting flow on streets in real-world case studies and how this influences
the prediction of subsequent flow paths, can best be shown with results from the case
study E2. All models perform best in this case study, as indicated by Fig. 4.6. The
threat scores are similarly high for all models, whereas the other scores vary slightly
more. For instance, FLO-2D produces the highest hit rate, however, at the expense of
the highest false alarm rate and the highest overestimation. In contrast, r.sim.water
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Fig. 4.7: Excerpt of the simulation results produced by r.sim.water applied to the case study E1.
The observations inferred from an external map only capture areas where water was ponding or
where the street’s drainage system was overwhelmed, indicated by the hatched blue areas. Flow
paths in the agricultural areas were not mapped. The accumulating water along what looks like
trenches in the central part of the figure, are in fact caused by artifacts of the DEM. Note that the
north direction is slightly tilted, as indicated.

exhibits the smallest bias and false alarm rate, however, at the expense of a smaller hit
rate. Depending on the situation, one or the other configuration might be more desirable.
The visual comparison confirms that all four models produce plausible results. As an
example for the simulation results, the maximal flow depth predicted by FLO-2D are
depicted in Fig. 4.8.

Based on the similar performance of all four models, the case study E2 is best suited
for comparing the simulated flow paths in more detail. Namely, in most of the other case
studies the models are associated with a greater range of bias values, i.e., the number
of wet cells varies more among the models, which impairs the attribution of model
differences. Fig. 4.9 illustrates the model comparison of the observed and simulated wet
cells, as categorized according to the contingency table (Table 4.6).
According to all models, water mainly accumulates in the Thalweg, i.e., the path

of lowest elevations along the hillslope (cf. Fig. 4.8 and 4.9). Thereby, the observed
wet cells are captured well be all models, except MFD, which is not able the predict
the ponding water towards the outlet of the observation domain. The main differences
between the other models are that FLO-2D is overestimating the wet cells along the
Thalweg more than FloodArea, which in turn overestimates the wet cells to a larger
degree than r.sim.water. This is reflected by the respective bias values indicated in
Fig. 4.9.
Overall, the models have difficulties predicting the water flowing on the streets.

Foremost, the streets in the upper part of the domain were inundated, but were not
simulated as such, which is reflected by the numerous misses in this area (red cells,
Fig. 4.9). Compared to the other models, FLO-2D predicts the observed wet street cells
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Fig. 4.8: Simulation result of FLO-2D applied to the case study E2. The maximal flow depths are
categorized into discrete classes, as indicated in the legend. Considering the chosen water depth
threshold, all cells that display a maximal water depth of d ≥ 0.02 m are simulated as wet, whereas
all other cells are predicted to remain dry.

better. This behavior could be expected based on the results from the models applied
to artificial surfaces, since FLO-2D predicted consistently larger flow depths on the
street than the other models (Sect. 4.3.1). Along the same lines, r.sim.water predicts the
lowest number of wet street cells, which is also supported by the findings of the artificial
modeling exercise. Interestingly, all models predict roughly the same places where water
overtops the street’s confinement and joins the main flow path in the Thalweg. Only
one of these paths in the central part of the domain is predicted by FloodArea and
FLO-2D, while the path is not indicated by r.sim.water and MFD. East thereof, a flow
path could be observed that is not simulated by any model. Overall, this exemplifies
that although the behavior may differ slightly between the models on a cell-by-cell basis,
they all produce quite similar flow paths on a broader scale or, similarly fail to identify
them.
As outlined introductorily, accurate predictions of effective rainfall are crucial for

increased model performances, in addition to high-quality observational data and well-
represented topographical structures. If a model predicts too little runoff, it usually leads
to an underestimation of wet cells and, consequently, to a rather low performance. This
issue is nicely exemplified by the case studies E3a and E3b observed at the same study site
(cf. Table 4.1). As shown in Fig. 4.6, the number of wet cells are underestimated by all
models in the first event (E3a). In particular, FloodArea and r.sim.water predict a much
lower number of wet cells than the number of wet cells inferred from the observations.
Consequently, the performance of these two models is particularly low for this case study.
The performances are more balanced for the second observed event (E3b). However,
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Fig. 4.9: Comparison of observed (obs.) and simulated (sim.) wet cells as categorized by the
contingency table (Table 4.6) for each model applied to the case study E2. The definitions of hits,
false alarms, misses and correct negatives can be found in Table 4.6. The whole study area (cf.
Fig. 4.8) is clipped to the observation domain, as observations are unavailable outside of this domain.
Note that the north direction is slightly tilted.

similarly to the case study E2, FLO-2D produces the highest hit rate, but also the
highest false alarm rate, owed to the overestimated number of wet cells. Although, both
case studies were triggered by thunderstorms, the rainfall intensities of E3a are moderate
and the event spans over 13 hours, while E3b is associated with short and intense rainfall
that is typical for thunderstorms (cf. Table 4.2).

Thus, we can observe that the hydrodynamic models, i.e., all except MFD, generally
underestimate the number of wet cells for the case studies with low rainfall intensities.
Namely, the said models exhibit an underestimation of the observed wet cells for the
case studies E3a, E5, E6 and E7, as depicted in Fig. 4.6. This hints at the fact that the
simulation of wet cells is less sensitive for case studies driven by intensive rainfall. In
contrast, the mechanisms that lead to overland flow during the case studies with low
rainfall intensities, are much more complex and badly captured by the chosen modeling
approach of this study. Interestingly, the model MFD performs similarly for all case
studies, since it is purely based on the DEM and, thus, independent of (event-specific)
rainfall. As an example, the better performance of MFD compared to the other models
is further illustrated by the case study E6, illustrated in Fig. 4.10.
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Fig. 4.10: Exemplary comparison of inundated areas inferred from documented traces of with flow
depths predicted by FloodArea and flow accumulation calculated with MFD for the case study E6.
(a) Flow paths inferred by means of a UAV in a patato field (cf. Fig. 4.4a). The land use is displayed
in the background. (b) Maximal flow depth simulated by FloodArea. (c) Flow accumulation as
predicted by MFD. Note that the north direction is slightly tilted for all sub-figures.

As highlighted by Fig. 4.10, the number of wet cells predicted by FloodArea is
particularly low for the case study E6 within the observation domain, which is reflected
by the performance measures’ low values (Fig. 4.10b). Although the flow paths in the
middle of the observation domain are vaguely indicated, it is apparent that too little
effective rainfall is predicted, which leads to the exhibited underestimation of wet cells.
In contrast, the flow paths predicted by MFD are a function of the respective catchment
area of each cell, irrespective of the rainfall. Thereby, the two flow paths in the middle
of the observation domain are covered. Notably, the flow path at the western border of
the observation domain is shifted slightly westwards in comparison to the observations.
This behavior can be attributed to the land management, that promotes flow at the
western border of the potato field. The observed flow path at the eastern border of the
observation domain is not captured by any model. Moreover, it should be noted that
the flow over the bare potato field led to erosion, as depicted in Fig. 4.4a, which in turn
may have a significant influence on the flow patterns. However, such effects cannot be
captured with this study’s modeling approach.
Until now, the models’ performance has only been assessed by means of comparison

to the reconstructed inundation areas. As indicated in Table 4.5, these observations
are associated with a varying degree of confidence. Moreover, the example of the case
study E1 has indicated that not all documents reporting inundated areas are suitable for
model calibration and validation (Fig. 4.7). At the same time, for most case studies the
observation domain is significantly smaller than the watershed domain (cf. Table 4.2-4.3).
Thus, it is unclear how the models perform outside of the observation domain.

For that matter, we have compared the model results with each other, while using the
results of the more sophisticated models as the corresponding reference values. Thereby,
the capability of a simpler model to reproduce results from another more complex model
can be assessed. As Fig. 4.11 indicates, FloodArea as well as MFD reproduce the
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Fig. 4.11: Binary pattern performance measures of different pair-wise model and/or observation
combinations. In the first row and the first column, the observations are compared with the
model results within the observation domain (Dobs, Sect. 4.2.3.1). All other sub-figures show the
comparison of different models within the watershed domain (Dwsd, Sect. 4.2.3.1). Each sub-figure
is labeled with the abbreviated pairing, whereas the former label indicates the reference to which
the latter is compared. As an example, the label “OB vs. SW” indicates the sub-figure, in which
the observations are compared to the model results of r.sim.water. In the sub-figures above the
diagonal, the performance measures are plotted, i.e., the threat score (threat, cf. Eq. 4.10), the
hit rate (hitr, cf. Eq. 4.11) and the false alarm rate (falarmr, cf. Eq. 4.12). The bias (cf. Eq. 4.9)
is plotted in the sub-figures below the diagonal. Note that not the bias itself, but the common
logarithm of the bias is displayed.
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results stemming from FLO-2D rather well. At the same time, the false alarm rates are
particularly low. However, we also recognize that FloodArea generally underestimates
the wet cells in comparison to FLO-2D. r.sim.water slightly underestimates the wet cells
in comparison to FloodArea. However, the underestimation is limited to a small range
indicating that the underestimation is similar in all case studies.
In addition to the comparison of the models among themselves, the first row and

column of Fig. 4.11 also depicts the model performance in relation to the observations.
Namely, it also displays the results shown in Fig. 4.6 in a different way, whereby the
overall performance is better visualized. Thus, it depicts that the threat scores of all
models are rather low, as discussed before. Moreover, it visualizes that the threat scores
of the model MFD and FLO-2D are very similar, as well as the ones of FloodArea
and r.sim.water, but at a lower level. Moreover, it visualizes the stronger tendency of
FloodArea and r.sim.water to underestimate the wet cells, compared to FLO-2D. In
comparison, MFD is by far the least biased of all the models.

4.4 Discussions

In this study, we have followed the procedure employed in practice by current SWF
hazard assessments, which are based on uncalibrated, single deterministic simulations
(cf. Meon et al., 2009; Tyrna & Hochschild, 2010; Kipfer et al., 2015; Tyrna et al.,
2017). The results from the models applied to artificial surfaces and eight real-world
case studies highlight that the models’ performance could be increased if the model were
properly calibrated. For instance, the model exercise on artificial surfaces (cf. Sect. 4.3.1)
exemplified the need to calibrate the surface roughness. Namely, FLO-2D predicts rather
high flow depths on the incised street, while r.sim.water predicts flow depth that are
even below the chosen flow threshold of 0.02 m. Simulations with altered roughness
values indicated that r.sim.water is rather sensitive to the street’s chosen roughness value.
Similarly, the flow depths on the street predicted by FloodArea are generally below those
predicted by FLO-2D. A calibration of the roughness value could also improve the match
between FLO-2D and FloodArea. This circumstance is also exhibited by applying the
models in real-world case studies, whereby FloodArea and r.sim.water predict lower flow
depths on the street (cf. Fig. 4.9 and Sect. 4.3.2).

The results from applying the models to a broad range of different settings indicates
that the models’ performance would still vary significantly, even if the models were
calibrated. Namely, all models perform similarly well in the case study E2 (cf. Fig. 4.6),
whereas properly calibrated models might perform even better. Yet, it is clear that a
calibration could not bring the models’ performances to a similar level in all case studies.
On the one hand, this indicates that calibration and/or validation based on one single
case study might be misleading. Thus, using various case studies covering a wide range
of settings provides a more holistic picture of the models’ performance. On the other
hand, it also indicates that the models are not capable of capturing all relevant processes
under diverse circumstances.
In fact, the results show that the hydrodynamic models tend to significantly under-

estimate the number of wet cells for the case studies associated with weak rainfall (cf.
Fig. 4.6 and 4.10). Thus, the models do not predict sufficient runoff as compared to the
observations, driven by an underestimation of the effective rainfall. More specifically, the
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results indicate that the considered infiltration assessment methods (cf. Sect. 4.2.3.5) are
not not capturing the governing processes well. Namely, saturation excess overland flow
cannot be modeled by the applied methods, although this runoff generation mechanism is
likely crucial for SWFs triggered by weak rainfall. Although SWFs are usually associated
with heavy rainfall as mentioned before, results from Bernet et al. (2017) indicate that
long lasting events with weak rainfall cause similar damage to buildings as short events
with heavy rainfall. Thus, a model should be able to capture events characterized by
heavy as well as weak rainfall to be suitable to reliably simulate SWFs in rural areas.
The two events observed at the same study site, i.e., case study E3a and E3b, show

that SWFs can be triggered by heavier and weaker rainfall at the same location (cf.
Table 4.2). Moreover, the case studies exemplify that the flow paths are not a static
function of the topography, but are dependent on soil characteristics, land use, land
management in addition to the rainfall input, of course. Along these lines, Ferreira
et al. (2015) highlighted for instance that runoff generation mechanism are spatially
and temporally highly variable. Certainly, there are established and emerging methods
that could represent the runoff generation processes better (e.g., Schmocker-Fackel et al.,
2007; Antonetti et al., 2016; Steinbrich et al., 2016). However, the consideration of
such spatially highly variable processes are often impaired by the lack of appropriate
data. Thus, for a better representation of the runoff generation processes, corresponding
data are required. For the presented case studies such data were unavailable, as well as
time-consuming and costly to collect.

The representation of topographical structures by the DEM is another aspect, which
significantly influences the models’ predictions (e.g., Sampson et al., 2012; de Almeida
et al., 2016). As indicated by the model exercise on artificial surfaces, the models react
sensitively on structures such as streets (Sect. 4.3.1). Moreover, applying the models
to real-world case studies have pinpointed that the influence of such structures on the
simulation results are governed more by the representation of such structures by the
respective DEM than the choice of the model by the user. This is in line with findings
stemming from more formal model comparisons, for instance from the benchmark study
of urban flood models by Fewtrell et al. (2011). This issue is illustrated by Fig. 4.9,
which indicates that the models predict the streets’ overtopping at the same locations,
while numerous of these flow paths could not be observed in reality. Thus, this behavior
suggests that the streets confinements are not represented accurately enough by the DEM,
supported by the fact that the rural environment of the case study E2 is characterized by
single-lane streets with width in the same order as the DEM’s resolution. In consequence,
the channelizing effect of overland flow on streets is rather poorly captured by the models.
Confronted with the same issue, Kipfer et al. (2012) proposed to incise all streets by
a fixed depth. However, this measure most likely incapacitate the model to correctly
reproduce the street’s overtopping. Thus, a more common solution is to use a DEM with
a finer resolution, if available (Wechsler, 2007; Dottori et al., 2013), as structures such
as narrow streets are, thereby, generally better represented (Wechsler, 2007; Fewtrell
et al., 2011; de Almeida et al., 2016). Nevertheless, as has been pointed out before,
finer resolutions might also lead to inadequate confidence in the extremely precise model
outputs (Dottori et al., 2013). Along these lines, it is crucial to note that the DEM
itself is an imperfect representation of the reality, irrespective of its resolution (Wechsler,
2007; Abily et al., 2016). Just as DEMs with coarser resolutions, topographical models
with finer resolutions are not flawless either and contain artifacts, which may cause
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false results, as illustrated in Fig. 4.7. Therefore, the DEM needs to receive particular
attention, i.e., it needs to be thoroughly pre- and post-processed, as other studies have
indicated, as well (Hankin et al., 2008; Hunter et al., 2008; Tyrna et al., 2017).
The models may produce distinctly different results under certain circumstances,

as highlighted by the models applied to the convex artificial surface characterized by
diverging flow patterns (Fig. 4.5). However, in real-world applications such forms are
likely less important in comparison to parallel and concave slopes, as exemplified by the
case study E2, for instance, which is characterized by concave topography (cf. Fig 4.8).
On such slopes, the models exhibit better model agreements (Fig. 4.5). Thus, in real-
world applications, the model choice seems to play an inferior role compared to the
previously discussed issues including the appropriate representation of effective rainfall
and topographical structures. In other words, the model choice is generally not the most
important factor determining whether the observed inundation area can be predicted well
by the corresponding model, at least for events associated with heavy rainfall. However,
it should be noted that this statement might be different for the prediction of flow depths
and/or flow velocities.

As mentioned before, the hydrodynamic models, i.e., FLO-2D, FloodArea and r.sim.water,
generally predict the number of wet cells less reliably for case studies associated with
weak rainfall. An exception is the flow algorithm MFD, which produce the least biased
results for all case studies (Fig. 4.11). Accordingly, MFD’s performance is relatively
robust in comparison to the other models. At the downside, the algorithm cannot
consider ponding or backwater, as exemplified by the model’s distinct underestimation
of the inundated area towards the outlet of the study site E2 (Fig 4.9, MFD).

Lastly, the model performance is also highly dependent on the used data. Therefore, it
is crucial to account for the uncertainties introduced by the input data, for instance by
carrying out an appropriate uncertainty analysis (e.g., Pianosi et al., 2016). At the same
time, the uncertainties need to be considered, which stem from the observational data
that are used to condition and/or evaluate the models. For instance, if the observational
data are a bad representation of the models’ simulated quantity, the performance of the
models are inevitably low, as exemplified by the case study E1 (Fig. 4.7 and Sect. 4.3.2).
Yet, as mentioned before, there is little high-quality observational data available, which
exhibit appropriate spatial and temporal resolutions suitable for model calibration and/or
validation (e.g., Hunter et al., 2008; Blanc et al., 2012; Neal et al., 2012; Yu & Coulthard,
2015). Thus, in this study, we were forced to exploit different data sources, including
external maps, eye witnesses’ photographs and videos, mapped flood traces based on
field visits partly supported by aerial photographs (cf. Table 4.5 and Fig. 4.4). Yet, the
mapped quantity is not the same for each source. While the exploited photographs and
videos represent a snapshot of the flow pattern at a certain instant during the respective
SWF, reconstructions based on flood marks are constrained to areas where the flood has
left discernible traces. For instance, overland flow with few suspended particles might
not leave identifiable traces. In consequence, this likely leads to an underestimation
of the actual inundated area. Accordingly, we assigned this data source with a lower
(medium) confidence level, as indicated in Table 4.5. Despite the increased confidence
level for overland flow reconstructed from photographs and videos, a similar bias might
apply to this data source, as well. Namely, a bias is introduced if the picture is not taken
at the instant of the maximal flood extent.
Therefore, just as the simulation outputs, the observational data should be regarded
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as uncertain (Bennett et al., 2013; Stephens et al., 2014; Savage et al., 2016a). Thus,
the representation of the observations and simulations as a crisp representation of the
reality might be inappropriate. To address this issue, Pappenberger et al. (2007) applied
a fuzzy set approach to measure the performance based on uncertain observational data.
Thereby, slight shifts between observed and simulated wet cells could be accounted for.
For simulated wet cells, it is straightforward to obtain a confidence level that a particular
cell is wet by considering the simulated flow depths (Pappenberger et al., 2007). In
contrast, this is not trivial for the observational data used in this study. Namely, ancillary
data are required for this task. For instance, flood traces mapped in the field could be
categorized according to the respective confidence that the corresponding area was in
fact inundated.
Overall, this study pinpoints that the approach in flood hazard assessment based on

single deterministic simulations with uncalibrated and/or unvalidated models is associated
with manifold uncertainties. To reduce these uncertainties, an extensive uncertainty
analysis could be carried out, e.g., as outlined by Pianosi et al. (2016). However, there
are also alternative approaches that might be more suitable for simulating SWFs in rural
areas, given the availability of high-resolution DEMs and a distinct lack of observational
data. For instance, based on the finding that the simplest approach exhibits the most
robust performance in this study, simple conceptual models, as termed by Teng et al.
(2017), are promising. There are models that may overcome some of the limitations of
the MFD, such as the incapability to simulate ponding water. At the same time, they
are much less constraining in terms computational demand, owed to their simplicity.
Thus, such simple conceptual models, as termed by Teng et al. (2017), can be applied to
(almost) any scale and area, which makes them interesting candidates for regional or
even nation-wide hazard assessments. Moreover, such models are predestined to be used
in probabilistic modeling approaches (e.g., Merwade et al., 2008; Aronica et al., 2012;
Savage et al., 2016a). Thus, the applicability of a probabilistic modeling approach in
relation to SWFs in rural areas should be investigated in the future.

4.5 Conclusions and outlook

The main aim of this study was to test a SWF hazard assessment approach that is
currently employed in practice and is based on single simulations with uncalibrated and/or
unvalidated flood inundation models. For that matter, we applied four uncalibrated
raster-based models to four characteristic artificial surfaces and eight real-world case
studies. The models’ application to the artificial surfaces exemplified that the flow
patterns are heavily disturbed by streets, insofar as the prediction of inundated areas
downslope of such structures are significantly influenced. Thus, there are large differences
of how each model predicts these flow disturbances. Moreover, the modeling exercise has
indicated that the models disagree most about the prediction of flow on the convex slope
of an ellipsoid. The performances of the models applied to real-world case studies were
assessed qualitatively as well as quantitatively in relation to inundated areas inferred from
different sources. In summary, the performance of the selected grid-based hydrodynamic
models indicates that they are not (yet) suited to be employed in an uncalibrated mode
to reliably and deterministically predict inundations caused by SWFs in rural areas.
Mainly, the models’ performances are impaired by biased predictions of effective rainfall,
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insufficient representation of topographical structures and observational data associated
with varying quality and value.

To improve the prediction of SWF hazards, various approaches seem prospective.
First of all, the deterministic modeling approach could be improved by incorporating a
better prediction of the complex runoff generation mechanisms under various conditions.
Moreover, the representation of topographical structures could be improved by considering
DEMs with finer resolutions. Alternatively, irregular meshes and corresponding models
could be used for a better representation of structures such as streets. At the same
time, this study indicates that the models’ calibration and/or their results’ validation is
imperative. For this task, the uncertainties of the observations, should be considered,
as well. In general, the quantification and communication of the models’ associated
uncertainties are crucial, as the models’ extremely precise outputs have indeed the
potential to provoke overconfidence in their results, which may lead to inappropriate
decisions in flood risk management (Dottori et al., 2013).
A different way forward would be to exploit simple conceptual models such as MFD.

As a matter of fact, the sole dependence on the DEM by MFD turns out to be a slight
advantage over the other models in this study. Thus, similar conceptual models could
be tested that overcome some of the limitations of the MFD, while providing similarly
robust results. The computational effort of such simple models is by far the least.
Such approaches are therefore also interesting for the application to large areas, for
instance in the context of regional or even national SWF hazard assessments. Yet, due
to lower computational constraints, even the topographical data with the finest available
resolutions might be exploited. Most importantly, such models could be applied in a
probabilistic simulation framework, which could potentially better handle the lack of
observational data in comparison to the current deterministic approaches.

Finally, this study highlighted once more that observational data are crucial irrespective
of the chosen way forward. Thus, a standardized method to document and report SWFs
in rural and urban areas is required and should be developed. At the same time,
systematic observations should be put in place to lie the ground for future research,
which is certainly necessary.
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5 Conclusions

Surface water floods (SWFs) constitute a serious natural hazard that frequently causes
substantial damage. With ever-growing population and wealth, the incurred adverse
effects are expected to increase further in the future, possibly aggravated by climate
change. So far, we know relatively little about most aspects of SWFs. Within this
context, this thesis has made three main contributions: Firstly, a vast harmonized data
set of flood claim records has been collated and methods have been developed, which
allow to classify such spatially-explicit data according to the responsible flood type,
i.e., SWFs or fluvial floods. Secondly, the relevance of SWFs has been demonstrated
and quantified by analyzing the collated data set of registered damage to buildings in
space and time. Lastly, a current SWF hazard assessment approach based on single
deterministic flood simulations has been thoroughly tested, revealing that it is not (yet)
fit to reliably predict inundations caused by SWFs in rural areas.

In this chapter, the findings related to the three main contributions of this thesis are
first summarized in more detail. Thereafter, the main conclusions are drawn and an
outlook is provided.

5.1 Summary of results

5.1.1 Classification scheme for spatially explicit flood damage

Before a certain flood process can be analyzed based on spatially explicit damage data,
each data entry needs to be classified according to the responsible flood type. For that
matter, a classification scheme has been developed to exploit the potential of flood claim
records from insurance companies. The algorithm associates any flood damage with one
of five classes, by relating the damage’s known geographical location to flood maps as
well as to the hydrological network. The following five classes are differentiated:

• A: Most likely surface water flood
• B: Likely surface water flood
• C: Fluvial flood or surface water flood
• D: Likely fluvial flood
• E: Most likely fluvial flood

The classification scheme is based on the general idea that objects affected by fluvial
floods are necessarily clustered around the river network, while SWFs must be the cause
for damaged objects located far away from any watercourse.
The method was developed in a pilot study based on data from four different Swiss

public insurance companies for buildings (PICB) (cf. Sect. 2.2). Meanwhile, the data
set was enlarged including a total of 14 PICB, in addition to data from the Swiss
Mobiliar, a cooperative insurance company (CIC) (cf. Sect. 3.3.1). As the delivered
flood damage records were heterogeneous, the data had to be harmonized. For instance,
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deductibles needed to be explicitly accounted for in order to obtain total direct tangible
losses. Furthermore, the loss values had to be corrected for inflation, so as to provide
homogeneous values as of 2013. Most importantly, the data were geocoded based on the
reported address, in case the delivered data from the respective insurance company did
not contain corresponding coordinates already (cf. Sect. 3.3 for more details). Thus, it
was possible to compile a vast, spatially explicit data set, including 63’117 flood damage
claims covering 48 % of all Swiss buildings and periods of 10 to 33 years, depending on
the data source.

The application of the initial scheme to the full data set highlighted a potential for
improvements. Therefore, the method was refined before applying it to the extended data
set (cf. Sect. 3.3.2): First of all, as the initial scheme disregarded topography altogether,
a measure was developed called “altitude constrained Euclidean distance” (ACED),
which combines the simplicity of Euclidean distances with an implicit consideration
of topography. Accounting for the rivers’ size turned out to be unessential, after the
method had been applied to a larger data set, and was therefore dropped. Moreover,
the incorporation of flood maps stemming from different sources was adjusted and the
treatment of lakes was refined. Lastly, the terminology was amended based on the
observation that terms related to SWFs are not well-defined on an international level.
For that matter, the general term “overland flow”, rooting in the translation of the
frequently used German term “Oberflächenabfluss”, was replaced by the more specific
term “surface water flood” (cf. Sect. 3.2 for a detailed discussion of the terminology).

Overall, the refined classification scheme improved the categorization of individual
damage claims, while the shares of claims per class were only slightly affected. It should
be noted, though, that the presented numbers obtained with the initial method (Sect. 2.4)
cannot be compared directly to those produced with the refined method (Sect. 3.4),
because the considered time period is different and the numbers were not aggregated in
the same way.

The classification scheme allows for an objective and pragmatic classification of any
data set reporting flood damage, with the sole requirement of being spatially explicit.
The scheme can be directly applied to such data sets in Switzerland, by using the
corresponding published AECD percentile values (Table 3.4 in Sect. 3.3.2), ideally, but
not necessarily, in combination with the corresponding flood maps. It remains to be
tested, whether the percentile values are also representative for regions with similar
geographical settings as the Swiss regions chosen for this thesis. Nevertheless, the scheme
is applicable to other regions as well, but needs to be conditioned on corresponding
damage data and adapted to the available flood maps.

The main limitation of the classification scheme is that it is not able to separate SWF
claims from fluvial flood claims within fluvial flood zones. All claims located within such
zones are being associated with fluvial floods, neglecting the fact that also surface water
floods might have been the cause for the damage. However, a further differentiation is
difficult, or often impossible, as additional data are missing. On the other hand, objects
that are not in the vicinity of any watercourse can reliably be associated with SWFs.
Consequently, the method provides a robust lower estimate of damage claims caused by
SWFs.
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5.1.2 Occurrence of surface water floods in space and time

The classified data set was analyzed with respect to the occurrence of SWFs in space
and time. For that matter, the data were constrained to data from PICB, as they each
hold a monopoly position within the respective canton, as opposed to CICs. Analyzing
records from the latter mentioned source is therefore more challenging, as such data are
subjected to certain (unknown) market shares. In contrast, the records from PICB cover
virtually all buildings within the respective canton (cf. Sect. 3.3 or refer to Schwarze et al.
(2011) for background information about the Swiss insurance system). To account for
effects of socio-economic development on the damage data, relative number of claims and
associated losses were assessed. For that matter, the absolute values were aggregated on
regular grids and were then divided by the number of buildings or the total sum insured,
respectively.

Overall, the analyses of the classified data have shown that 45 % of all damage claims
could be associated with SWFs for the gapless period 1999–2013. The corresponding
loss fraction was remarkably lower and amounted to 23 % of the total direct losses to
buildings. The spatial distribution of the damage revealed large regional differences,
whereas the patterns of number of claims were quite similar to the patterns of associated
losses. The hilly lowlands of Switzerland were affected most by SWFs, both in terms
of absolute and relative numbers. In contrast, the alpine areas were rather dominated
by fluvial flood damage. Moreover, the damage is not evenly distributed within each
region either. By considering relative values, the effect of higher absolute values driven
by more densely populated areas could be accounted for. Temporally, the damage caused
by SWFs is by far the highest in summer, while almost no damage is caused between
October and April, save a few exceptions.

In all regions, the relative number of damage claims and associated losses do not exhibit
upward trends within the period 1993–2013. Although the period is relatively short for
such an analysis, the lacking trends indicate that the socio-economic development is
the main driver of the increasing absolute damage values. Moreover, it pinpoints to the
importance of considering such effects, when analyzing damage data.

SWF claims are more numerous for smaller events as opposed to fluvial flood claims,
which are most numerous for the largest flood events, defined pragmatically as days with
at least one registered damage of any class. In contrast, most of the associated losses are
incurred during the largest events, irrespective of the flood type.

The losses related to SWFs are limited to a remarkably narrow range, while the losses
associated with fluvial floods are skewed to a much higher degree. This clearly suggests
that the losses caused by SWFs are not as dependent on the severity of the triggering
event in comparison to the fluvial flood losses. Most likely, this circumstance is caused
by differing flood impact mechanisms. SWFs are characterized by low flow depths, which
lead to rather low damage ratios. In contrast, fluvial foods are associated with both low
and high flow depths as well as with pronounced static (e.g., flooding from overtopping
lakes) and dynamic flood impacts (e.g., from debris flows). Hence, fluvial flood damage
ratios vary within a much larger range from frequent low values to values around one
indicating a building’s complete destruction, observable during the most severe events.
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5.1.3 Modeling surface water floods in rural areas

In practice, the hazard of SWFs is commonly assessed by using single realizations of
a deterministic flood inundation model. As data for a thorough model evaluation are
usually lacking, such models are often applied in an uncalibrated and unvalidated mode.
To test this approach, three raster-based hydrodynamic models were selected, i.e., “FLO-
2D”, “FloodArea”, and “r.sim.water”, whereas each model is associated with a different
level of model complexity. In addition, the models were complemented by a simple flow
accumulation algorithm, i.e., the multiple flow direction algorithm “MFD” (cf. Sect. 4.2.1
for details).

The models were tested in two steps. Firstly, the models were applied to four artificial
surfaces, i.e., to a parallel slope of an inclined plane, a convex surface defined by an
ellipsoid, a concave slope given by the ellipsoid’s inverse and a saddle, representing the
combination of a convex and a concave surface. Additionally, an artificial street was
incised into the corresponding digital elevation model (DEM). For this exercise, the
models were fed with a constant rainfall intensity of 50 mmh−1 for one hour, while
neglecting all losses such as infiltration, interception, etc. Secondly, the models were
applied two eight real-world case studies that cover a wide range of different geographical
and meteorological settings. The models were then validated with reconstructions of
inundated areas based on various data sources. For that task, commonly used binary
pattern performance measures were exploited.

The modeling exercise with artificial surfaces exemplified that the flow is significantly
disturbed by structures such as streets, whereby each model simulated this flow dis-
turbance differently. The predicted flow depth on the street highlighted the need for
calibrating the corresponding roughness values obtained from linking the land use to
common literature values. Namely, r.sim.water produced flow depths on the street below
the chosen dry/wet threshold of 0.02 m for all surfaces, while FLO-2D predicted flow
depths exceeding 0.5 m. The pattern of inundated areas, i.e., the pattern of cells with a
flow depth above the threshold value, agreed better in the regions upslope of the street.
In general, the model spread was largest for simulations on the convex slope, which are
characterized by diverging flow. The models’ (undisturbed) flow patterns agreed better
for simulations on the other slope forms.

Without exception, all models exhibited generally low performances for all real-world
case studies. Above all, the results indicate that the uncalibrated models are not able
to reliably predict inundations of rural areas within a wide range of settings. Hence,
the models need to be calibrated to improve the models’ prediction skills under the
corresponding circumstances. When such an approach is employed for SWF hazard
assessments, special attention should therefore be payed to the introduced uncertainties
in the observational data, the input data as well as the simulated results.
In more detail, the performance of the hydrodynamic models was better for events

associated with more intense rainfall. In contrast, too little effective rainfall was esti-
mated for the other events, which led to biased results and, consequently, particularly
low performances. The flow accumulation algorithm MFD was less biased, as the algo-
rithm’s prediction of wet/dry cells is not dependent on rainfall. Overall, MFD slightly
outperformed the other models. On the downside, MFD does not route any water, so
that the estimated flow accumulation area has to be converted to the desired quantity,
e.g., to flow depths. Yet, this conversion is generally not universal, but may depend on
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the specific settings.

5.2 Conclusions and outlook

The classification scheme presented in this thesis is a pragmatic algorithm, which allows
to separate spatially explicit flood damage records of insurance companies. The differen-
tiation of five classes with various levels of confidence provides additional information
and qualitatively reflects the uncertainty associated with the claims’ classification.
The presented algorithm might be of use for various applications. For instance,

insurance and re-insurance companies could classify their data sets to obtain new insights
about their portfolio with respect to SWFs. Furthermore, insurance companies may
apply the scheme in case of a damage to provide prior knowledge, enabling a more
efficient and reliable damage assessment during the claim settling process. However, the
utility of the scheme is not limited to insurance data, but can basically be applied to
any spatially explicit data containing unclassified flood damage records.

For Switzerland, the reported distance percentile values (Table 3.4 in Sect. 3.3.2) can
be used directly, save for Southern Switzerland and the Western Inner Alps. For these
two regions, values could be estimated based on the other regions’ values. An open
question is, whether these values are also representative for other regions embedded
in a similar geographical context. Thereby, the geographical setting does not only
encompass the physical characteristics such as topography, geology, pedology, hydrology
and meteorology, but likewise, societal factors determining how flood risks are managed,
how the settlements are built and protected against fluvial hazards. These combined
factors determine the distribution of fluvial flood damage in the landscape, which in
turn is the basis for the classification scheme. Thus, prior to the application of the
scheme to other regions, it should be adapted to the local or regional context. The
minimum requirements are a representative number of damage records, fluvial flood
maps, in addition to a DEM, and a spatial data set representing the river network.
Obviously, the classification is dependent on the representation of the hydrological

network. Specifically, the spatial data’s implicit (or explicit) definition of a watercourse
also determines what is considered to be a SWF or fluvial flood, respectively. For
instance, if a spatial data set contains only large rivers, damaged objects located outside
of the flood maps might be associated with SWFs, albeit they were caused by overtopping
streamlets. In contrast, if a spatial data set contains artificial channels and large sewers,
claims classified as fluvial flood damage might in fact have been caused by a SWF
following the definition by Falconer et al. (2009), for instance. These pointed examples
illustrate the classification scheme’s pragmatism, which is necessary, however, as to make
the algorithm applicable to large data sets, since a detailed manual classification is not
feasible in such cases. Nevertheless, the dependence of the classification on the respective
spatial data should always be considered. Thus, it highlights the need for transparent
and consistent definitions of all involved processes using unequivocal terminology, as
advocated by this thesis.
The results of this thesis unambiguously demonstrate that SWFs are a significant

natural hazard in Switzerland. Although anecdotal evidence has suggested that SWFs
are causing substantial damage, a quantification of the relevance has been lacking, so
far. Overall, 45 % of the damage claims can be associated with SWFs. Hence, SWFs
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are responsible for almost as many damaged buildings as are fluvial floods. As the
classification scheme provides a lower estimate of SWF damage, the numbers are likely
even higher in reality. At the same time, SWFs “only” account for 23 % of the total
flood losses to buildings. The lower loss share of SWFs is due to a lower and narrower
distribution of losses per claim in comparison to fluvial floods. Nevertheless, based
on the presented loss values, SWFs are ranked among the costliest natural hazards in
Switzerland (cf. Imhof, 2011; Hausmann et al., 2012) and, thus, are certainly a serious
concern for our society.
Remarkably, the median of yearly losses caused by SWFs is slightly higher than the

median of yearly fluvial flood losses. In fact, SWFs cause quite regular losses with
a distinct seasonality peaking in the summer months. At the same time, increased
losses are always constrained to certain areas. This is exemplified by the time series of
normalized damage within the period 1993–2013 (Fig. 3.14 in Sect. 3.4), indicating that
the regions were never simultaneously affected to a similar degree. Although certain
regions are significantly more affected by SWFs than others, e.g., the Swiss lowlands in
comparison to the alpine regions, damage has been registered in all regions. It should be
kept in mind, however, that by analyzing damage data, only damaging SWFs can be
observed, as opposed to floods in the hydrological sense (Barredo, 2009). Thus, even
more so, the data indicate that SWFs can occur practically anywhere in the landscape.
Given the distributed manner and the suddenness with which SWF occur (Yu &

Coulthard, 2015), the affected people are often taken by surprise. As the damage number
and associated losses are in fact increasing in absolute numbers, mostly attributable to
socio-economic development, it is not surprising that the media coverage is seemingly
increasing, as well. As society is frequently reminded about the hazard of SWFs due to
the relatively high recurrence of SWFs, this might support the required political process
to advance and establish measures to better manage SWF risks.
However, the tools for assessing such risk still have to be developed, tested and

established. Moreover, strategies need to be elaborated with which the hazard can be
managed most efficiently. Given the distributed occurrence of SWFs, it is obviously not
reasonable to protect the built environment with area protection (Kron, 2009), unlike
for fluvial floods. However, owing to the rather low flow depths associated with SWFs,
damage could often easily be prevented.

Manifold types of measures are potentially suitable to reduce adverse impacts of SWFs
on our society, including, but not limited to, informational, organizational, political,
ecological, agronomic, technical, and structural measures. In particular, potential
measures include raising awareness among all stakeholders, compiling hazard or risk maps
supporting the consideration of SWFs in spatial planning and development, drafting and
enforcing building codes, reducing overland flow generation through agronomic measures
and improved drainage systems in rural and urban areas, implementing technical measures
to retard overland flow, and physically protect objects, wherever necessary. Thus, the
options to better start managing SWF risks in an holistic manner are manifold. However,
to be able to make well-informed decisions, SWFs have to be better understood, in the
first place. So far, relatively little is known about the main drivers and influencing factors
of SWFs. Moreover, as highlighted by this thesis, SWFs do not occur as an isolated
process, but are highly inter-linked with other flood processes in a complex interplay.
Hence, SWFs should not be regarded as a separate process, but as an integrated part of
the catchments.
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A better understanding of the involved processes and their (inter-) dependencies is
imperative for enhancing existing prediction tools or devising new ones that can be
employed for hazard assessments. The need for improving commonly used instruments
has been demonstrated by the modeling exercises presented in this thesis. However, the
endeavor to develop more reliable tools for hazard assessments should not be focused only
on advancing deterministic approaches, but should exploit the whole range of promising
tools such as probabilistic methods or simple conceptual models, as well.

After all, the central problem with modeling SWFs is an issue of scale. While small-scale
features may determine a flood’s flow path and, ultimately, may be decisive whether a
certain object is affected or not, the data available for calibration and validation are often
either inexistent altogether or only available at a much coarser scale. Therein lies a scale-
asymmetry, as models are able to make predictions at extremely fine scales, supported
by the increasing availability of corresponding DEMs, while there are practically no
observational data available to evaluate such models (Refsgaard et al., 2016). There
are some examples, though, that have addressed this problem. For instance, Cea et al.
(2014) have used observations of water depth and velocities at high resolution to evaluate
a two-dimensional overland flow model at a plot scale.

Thus, a prerequisite for a better understanding of SWFs, as well as better tools to
predict this natural hazard, are appropriate data. Specifically, SWF events should
be systematically observed and registered at a high spatial resolution. Although the
demand for better observational data is not new (e.g., Blanc et al., 2012; Spekkers et al.,
2014; Yu & Coulthard, 2015), little progress has been made along these lines. Thus,
major efforts are needed to institutionalize and promote the collection of data regarding
SWFs. In fact, this study exemplifies that Switzerland, as well as many other countries,
have an extremely broad and dense observation network constituted by the insurance
companies’ portfolios. Of course, such data may contain sensible information, however,
such constraint should not be the reason for leaving such data treasures unexploited.
Nevertheless, the quality of the insurance companies’ records could be improved, as
well. For instance, the insurance companies might start to explicitly differentiate flood
types during the claim settling process. Apparently, efforts in this direction have been
undertaken in practice. Namely, the Swiss Association of Public Insurance Companies
that collects damage records from its members has introduced a new damage cause
category with which SWFs can be identified (M. Imhof, personal communication, 2017).
However, further-reaching improvements are desirable, such as the collection of ancillary
data including flow depths, deposited sediments, event descriptions, etc. Additionally,
emerging data sources in combination with data mining techniques are promising (e.g.,
Eilander et al., 2016; Huang et al., 2017) and should be exploited, as well. Last but not
least, test fields in SWF prone areas could be set up for long-term monitoring of SWFs,
similar to the gauging system of watercourses.

However, not only better and more data are required, but also enhanced methods
for an adequate treatment and interpretation thereof. Namely, even the best available
observational data are associated with a degree of uncertainty, just as simulation results
are, too. Thus, along with improving the data situation related to SWFs, all sources of
uncertainties should be quantified and considered, including those of observational data.
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