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Abstract. Rainstorm damage caused by the malfunction of
urban drainage systems and water intrusion due to defects
in the building envelope can be considerable. Little research
on this topic focused on the collection of damage data, the
understanding of damage mechanisms and the deepening of
data analysis methods. In this paper, the relative contribu-
tion of different failure mechanisms to the occurrence of
rainstorm damage is investigated, as well as the extent to
which these mechanisms relate to weather variables. For a
case study in Rotterdam, the Netherlands, a property level
home insurance database of around 3100 water-related dam-
age claims was analysed. The records include comprehen-
sive transcripts of communication between insurer, insured
and damage assessment experts, which allowed claims to be
classified according to their actual damage cause. The results
show that roof and wall leakage is the most frequent failure
mechanism causing precipitation-related claims, followed
by blocked roof gutters, melting snow and sewer flooding.
Claims related to sewer flooding were less present in the data,
but are associated with significantly larger claim sizes than
claims in the majority class, i.e. roof and wall leakages. Rare
events logistic regression analysis revealed that maximum
rainfall intensity and rainfall volume are significant predic-
tors for the occurrence probability of precipitation-related
claims. Moreover, it was found that claims associated with
rainfall intensities smaller than 7-8 mm in a 60-min win-
dow are mainly related to failure processes in the private do-
main, such as roof and wall leakages. For rainfall events that
exceed the 7-8mmh~1 threshold, the failure of systems in
the public domain, such as sewer systems, start to contribute
considerably to the overall occurrence probability of claims.
The communication transcripts, however, lacked information

to be conclusive about to which extent sewer-related claims
were caused by overloading of sewer systems or failure of
system components.

1 Introduction

Heavy rainfall causes considerable damage to building struc-
ture and content all over the world. Research on this topic has
mainly concentrated on the adverse consequences of river
flooding (Douglas et al., 2010; Jongman et al., 2012). Lit-
tle research focused on damage caused by the malfunction
of urban drainage systems and direct water intrusion due
to defects in the building envelope. Severe rainstorms have
demonstrated that the impact of local high-intensity rainfall
to cities can be large. On July 2011, Copenhagen was hit
by 150 mm of rainfall in 3 h, which resulted in surcharging
sewer systems, flooded houses, shops, roads and railways.
Danish insurers received more than 90 000 claims and paid
out more than EUR 800 million (2011 value) in compensa-
tion (Garne et al., 2013). Another example is the heavy rain-
fall event of autumn 1998 in the Netherlands, which was as-
sociated with a return period of about 125 years and caused
around EUR 410 million (1998 value) worth of damage to
private buildings and agriculture (Jak and Kok, 2000). The
cumulative damage of minor rainfall events can also be con-
siderable in the long run due to their high frequency of oc-
currence (Ten Veldhuis, 2011).

Many authors, from fields related to different kinds of
weather-related risks (e.g. hailstorms, landslides, river flood-
ing, coastal flooding), have recognised that damage data are
lacking or biased and that this is limiting the development
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of reliable damage models (e.g. Pielke and Downton, 2000;
Hohl et al., 2002; Elmer et al., 2010; Gall et al., 2009; An-
dré et al., 2013). The same is true for rainstorms; little re-
search has focused on the collection of rainstorm damage
data, the understanding of mechanisms causing damage and
the deepening of statistical methods to analyse damage data.
Among the exceptions are studies by Busch (2008), Smith
and Lawson (2011), Einfalt et al. (2012), Cheng (2012), Zhou
et al. (2013), Climate Service Center (2013), and Spekkers
et al. (2013, 2014), who analysed damage data sources
(i.e. from insurance industry, local media, rescue service re-
ports) and their relationships to rainfall data. As a result,
there is no strong foundation for the development and valida-
tion of prediction models for rainstorm damage. Such mod-
els could help homeowners and water authorities to make
better decisions on measures to prevent or reduce damage
(e.g. retrofitting of buildings and early warning systems).

A potential source of damage data are insurance damage
databases. They often contain claims collected over many
years and from a large number of insured. A difficulty of
insurance databases is that information on the mechanisms
that cause damage and building-related, weather and so-
cioeconomic variables are not or only limitedly available in
claim data, or cannot easily be retrieved from insurers’ data
archives (André et al., 2013; Spekkers et al., 2014).

This study aims to quantify the relative contribution of
different failure mechanisms to the occurrence of building
structure and content damage induced by rainstorms, and to
investigate to what extent the probability of occurrence of
these processes is related to weather variables. For this pur-
pose, a property level database of around 3100 water-related
damage claims was analysed, for a case study in Rotterdam,
the Netherlands. An interesting feature of this database is
that it includes comprehensive transcripts of communication
between insurer, insured and damage assessment experts,
which allowed the classification of claims based on the fail-
ure mechanisms causing damage. This information is, how-
ever, stored in an unstructured way that required substantial
data classification efforts before data could be used for the
analysis in this present paper.

The outline of this paper is as follows. In Sect. 2 insur-
ance damage data and classification of claims are described,
as well as the statistical method used to model the probability
of claim occurrence as a function of weather variables. Re-
sults of data analyses and regressions are presented in Sect. 3,
followed by discussion in Sect. 4. In Sect. 5, conclusions and
recommendations are summarised.

2 Data and methods
2.1 Case study description

This study focuses on Rotterdam, which is, with a pop-
ulation of around 620000, the second largest city of the
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Table 1. Inflation adjustment according to the online database of
Statistics Netherlands (2014). The average inflation per year for the
Netherlands is used, based on the consumer price index. Every dam-
age value associated with a year before 2013 was multiplied with
a correction index.

Year Inflation [%] Correction
2007 1.6 1.12
2008 25 1.10
2009 1.2 1.08
2010 13 1.07
2011 2.3 1.05
2012 25 1.02
2013 2.5 1.00

Netherlands (Statistics Netherlands, 2014). Because the city
is relatively flat (maximum ground level variations of 10—
15m), floods from heavy rainfall are typically characterised
by flood depths up to a few decimetres and limited sur-
face run-off. Rotterdam’s sewers are mainly combined sys-
tems (= 1800 km), although some parts of the city have sep-
arate systems for wastewater and stormwater (= 500 km)
(Gemeente Rotterdam, 2011). The average density of sewer
pipes in the city centre is 15.6kmkm~2 and 13% of the
area is surface water (i.e. city canals and ponds, not rivers)
(Statistics Netherlands, 2013; Gemeente Rotterdam, 2014).
The majority of the buildings in Rotterdam were constructed
in the 20th century. Rotterdam’s urban fabric is characterised
by a combination of terraced houses and high-rise residential
and commercial buildings (Kadaster, 2013). It is assumed
that within the study period no changes have been made to
the sewer infrastructure or the building portfolio of Rotter-
dam that have significantly affected the results of the present

paper.
2.2 Insurance data

Insurance damage data were provided by a Dutch insurance
company that is part of the Achmea insurance group®. Data
are available at property level for the period of January 2007—
October 2013 (data collected on: February 2014), containing
around 3100 water-related claims. A claim relates to build-
ing structure or content damage or a combination of the two,
depending on the available insurance policies at the risk ad-
dress.

From each claim, the following information was avail-
able: risk address; type of insurance coverage; damage date;
amount of compensation; and detailed transcripts of commu-
nication between insurer, insured and damage assessment ex-
perts (e.g. calls, abstracts from reports). The database was
checked on missing and incorrect values, such as duplicated
records, inconsistencies in date formats and claim coding.
Every value associated with a year before 2013 was adjusted

Lwebsite of Achmea insurance group: http://www.achmea.nl.
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Table 2. Key features of the home insurance policy related to the damage database used in present study.

Content insurance

Property insurance

For whom? Homeowners and tenants

Homeowners, landlords, housing cooperatives,
homeowners associations

Covers physical damage to ~ — Portable goods

— Semi-permanent objects (e.g. curtains, laminate, carpet,

window blinds, shutters)

— Additions or refurbishments to the property which enhance

— Building

— Building foundation

— Garden, garden sheds

—Permanent floors (e.g. floor tiles, glued wooden

the property value that have been made by a tenant floors)

(“tenants improvements”)

- Kitchens

Damage assessment is

based on than 40 % of current value

Replacement value or current value if replacement value is less

Costs to repair or rebuild (part of) the building,
deprecation costs

Other compensations

Temporary housing, costs of damage experts, costs to clean and dry goods and
materials and costs to detect and repair leakages

Damage assessment by
means of

“Small” claims — proof of payment

“Large” claims — independent damage assessment expert

Grounds for rejection

— Negligence by insured (e.g. windows or doors that were left open during

rainfall events, valves of the central heating system that were not closed
properly after refilling the system, no leaf basket installed in rain gutter)
— Lack of maintenance (e.g. poor quality sealant joints between walls and

floors, rain gutter clogged with leaves)

— Damage caused by “slow” processes (e.g. rotting, moisture intrusion through

walls)

— Construction errors (i.e. liability of building contractor or water company)
— Costs not covered (e.g. costs to repair leakage are in some cases not

compensated)
— Floods from rivers or sea
- Groundwater flooding

Others

— In case of underinsurance (i.e. insured sum is less than asset value),

compensation is proportional to the level of underinsurance

— The insurance policies do not have deductibles

for inflation according to the correction indices in Table 1.
On average, the data set contained information of around
16 000 risk addresses, which is 6% of the total number of
households in Rotterdam. These risk addresses constitute a
total number of around 21 000 insurance policies, of which
around 6000 insurance policies relate to building structure
insurance and around 15000 to building content insurance.
These numbers relate to data from one insurance company
of the Achmea insurance group and do not reflect the mar-
ket share in Rotterdam of the Achmea insurance group as
a whole. Table 2 summarises the key features of the home
insurance policy related to the present database.

The general rule for a claim to be accepted is that dam-
age should be unforeseen and to have occurred suddenly.
Damage due to river flooding is not covered. Damage due to
pluvial flooding is covered, provided that the damage is di-
rectly and solely related to localised heavy rainfall (Ministry
of Transport, Public Works and Water Management, 2003).

2.3 Classification of claims

For the purpose of this study, claims were manually classi-
fied according to the actual cause of damage using the infor-
mation in the communication transcripts. Transcripts contain
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telegram style summaries of calls and abstracts from reports
and typically vary in length, from a few lines to a few thou-
sand words. When a claim is first reported at the insurer’s
call centre, the client is asked a few basic questions to verify
if the client was indeed insured at the time of the damaging
event and to make a quick assessment on the severity of the
damage (e.g. “Is the risk address still habitable?”). Follow-up
calls typically describe the actual cause of damage, an inven-
tory of damaged goods and materials and the costs related to
cleaning, drying, repairing or replacing goods and materials.

An easy-to-use web interface and SQL database was built
based on the classification scheme listed in Table 3. Failure
mechanisms described in Table 3 are also shown graphically
in Fig. 1. Only one cause class per claim could be selected.
Labels were given to each cause class to indicate whether the
class relates to precipitation or not and whether the class re-
lates to failures of systems in the public domain (i.e. respon-
sibility of water authorities) or private domain (i.e. responsi-
bility of homeowner, landlord or housing cooperative). Next
to the classification scheme, a number of checkboxes was
available to specify if (1) building or content was underin-
sured, (2) insured has not responded to a request for a long
time, (3) claiming process is still ongoing (a typical process-
ing time is a few months), (4) claim was rejected because of
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Table 3. Classification scheme of water-related failure mechanisms applicable to residential buildings. The column “Precipitation?” indicated
if the claim is related to precipitation. The column “Domain” indicates whether damage prevention mainly concerns homeowners (private)

or water authorities (public).

Id  Short name Description Precipitation?  Domain
1 Roof and wall leakages Rainwater intrusion through roofs, facades, walls, wall-window interfaces and closed doors, ~ Yes Private
which includes rainwater intrusion as a result of overloaded rain gutters
2 Rainwater through open window Rainwater intrusion through open windows, open doors Yes Private
3 Hail impacting roofs Hail impacting roofs or windows Yes Private
4 Precipitation-related in private domain® Precipitation-related in private domain, but other or unknown actual cause Yes Private
5  Melting snow Intrusion of melting snow and ice, in particular snow blowing up under roof tiles Yes Private
6  Blocked roof gutters Overflowing of roof gutters due to blockages in gutter or downpipe (e.g. by leaves or ice) Yes Private
7 Sewer flooding Flood water entering buildings through doors or openings as a result of overloaded public ~ Yes Public
sewer systems, including sewer backups
8 Depression filling Flood water entering buildings through doors or openings as a result of depression filling,  Yes Public
i.e. rainwater filling up depressions if no drainage facilities are available
9  Blocked sewer inlets Flood water entering buildings through doors or openings as a result of blocked sewer inlets ~ Yes Public
10  Flooding from local watercourses Flood water entering buildings through doors or openings as a result of flooding from local ~ Yes Public
watercourses (e.g. city canal, pond)
11  River flooding Flood water entering buildings though doors or openings as a result of flooding from river ~ Yes Public
systems
12 Precipitation-related in public domain® Precipitation-related in public domain, but other or unknown actual cause Yes Public
13 Precipitation-related® Precipitation-related, but other or unknown actual cause Yes Unknown
14  Leakages of household appliances Leakages of household appliances (e.g. washing machines, dishwashers, aquaria, wa- No Private
terbeds)
15  Burst household water supply pipes Burst household water supply pipes, including attached facilities No Private
16  Leakages of central heating systems Leakages of central heating systems, which includes boilers, radiators and pipes No Private
17  Blocked or leaking household wastewater systems Flooding of wastewater due to blockage in or leakage of wastewater system located inside ~ No Private
the building
18  Non-precipitation-related in private domain® Non-precipitation-related in private domain, but other or unknown actual cause No Private
19  Burst public water supply pipes Burst water supply pipes owned by water supply company No Public
20  External water discharges External water discharges (e.g. extracted groundwater from a construction site, fire extin-  No Public
guishing water)
21  Blocked public wastewater system Flooding of wastewater due to blockage in sewer lateral or sewer main, not related to rainfall  No Public
events
22 Non-precipitation-related in public domain® Non-precipitation-related in public domain, but other or unknown actual cause No Public
23 Non-precipitation-related® Non-precipitation-related, but other or unknown actual cause No Unknown
24 Water discharge from neighbours® Water discharge from neighbours, but other or unknown actual cause Unknown Private
25  Groundwater flooding Groundwater flooding due to persistent rainfall or sudden wall failure Unknown Unknown
26 Water-related® Water-related, but other or unknown actual cause Unknown Unknown

1 Residual group; a group of claims for which exact failure mechanisms could not be derived from communication transcripts.

a lack of building maintenance and (5) damage was (partly)
not insured.

Classification was done by three people, by dividing the
data set into three independent subsets containing 60, 36 and
4% of the claims. On average, classification took 4 min per
claim. The entire text was read first while making prelim-
inary classification choices. A second reading was used to
verify and finalise selections. If the available information was
unclear or multi-interpretable, the claims were flagged for in-
vestigation by one of the other two persons. This happened
to be the case for 7 % of the claims.

2.4 \Weather variables

A set of weather variables was derived for each combina-
tion of risk address and day (i.e. a case) to investigate ex-
planations for claim occurrence (Table 4). Rainfall volume
and maximum rainfall intensity were extracted from weather
radar data, provided by the Royal Netherlands Meteorolog-
ical Institute (KNMI), according to a method described in
Spekkers et al. (2014). Maximum rainfall intensity was cal-
culated using a 15-min, 30-min and 60-min moving time
window to study typical time scales of failure processes.
Rainfall duration was not considered, because previous stud-
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ies based on a similar insurance database for the Netherlands
show that rainfall duration has no significant or weak ef-
fect to rainfall-related damage (Spekkers et al., 2013, 2014).
Maximum temperature, daily-averaged wind speed, maxi-
mum hourly wind speed and wind gust were obtained from
an automatic weather station operated by the KNMI, located
in the north of the city, around 10 km from the city centre.
The season of the year was included to account, for instance,
for the occurrence of snow, hail and blockages of rain gutters
due to autumn leaf fall.

2.5 Modelling the probability of claim occurrence

The modelling objective was to test the significance
of weather variables in explaining the occurrence of
precipitation-related claims. For each case, a unique combi-
nation of risk address and day, the outcome (Y;) can be a re-
ported claim (1) or not (0). The binary outcome can be linked
to a set of weather variables (x1, ..., x,) using various types
of models for binary data (McCullagh and Nelder, 1989). In
this study a logistic regression model was used:

0;
|Og (m) = Bo+ Brxti + ...+ BuXni, (1)
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Water supply pipe

®

Sewer

Figure 1. Water-related failure mechanisms applicable to residential buildings. A situation with a combined sewer system is depicted.

Descriptions of the numbers are listed in Table 3.

Table 4. Definitions of explanatory variables and variable value ranges.

Variable name Definition Min — Median — Max

Rainfall volume (vol) Volume of rainfall event at the radar pixel intersecting the building’s centroid 0 - 4.91 - 86.2
(mm)

Maximum rainfall intensity (maxis) Maximum intensity of rainfall event at the radar pixel intersecting the building’s 0 —3.81-102.3
centroid, using a 15-min moving time window (mmh—1)

Maximum rainfall intensity (maxsp) Maximum intensity of rainfall event at the radar pixel intersecting the building’s 0-2.81 - 62.3
centroid, using a 30-min moving time window (mmh—1)

Maximum rainfall intensity (maxgp) Maximum intensity of rainfall event at the radar pixel intersecting the building’s  0—-2.01 —34.2
centroid, using a 60-min moving time window (mmh—1)

Maximum temperature (temp) Maximum temperature measured at the KNMI Rotterdam weather station (°) —6-148-35

Daily-averaged wind speed (windg) Daily-laveraged wind speed measured at the KNMI Rotterdam weather station 0.7 -4 — 14.3
(ms™)

Maximum hourly wind speed (windy)  Maximum hourly-averaged wind speed measured at the KNMI Rotterdam 2-6-16
weather station (ms™—1)

Wind gust (windg) Wind gust measured at the KNMI Rotterdam weather station (ms—1) 3-11-28

Season (seas) Season of the year: winter = Dec—Feb, spring = Mar-May, NA

summer = Jun-Aug, autumn? = Sep-Nov

1 Median based on non-zero values only, 2 The level “autumn” was dropped to avoid multicollinearity.

where 6; is the probability of claim occurrence (¥; = 1) and
Bo, ..., By are regression coefficients. The regression coeffi-
cients were estimated using maximum likelihood estimation.
The significance of the regression coefficients is tested using
the Wald test. Logistic regression is known to generate bi-
ased estimates for rare events data, i.e. data series in which
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only a low percentage of events occur, resulting in an under-
estimation of the probability of rare events (King and Zeng,
2001). In present database, only 1031 precipitation-related
claims were recorded in the period of 2007—October 2013,
which is on average 2.67 x 10~° claims per day per risk
address. King and Zeng (2001) proposed a method, called
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Blocked roof gutters |:| 5.7%
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Melting snow |:| 3%
Sewer flooding l:l
Precipitation-related in private domain D *
Precipitation-related in public domain D
Depression filling D 0.75%
Rainwater through open window D 0.42%
Blocked sewer inlets H 0.19%

Flooding from local watercourses | 0.047%

Bursts of household water supply pipes

] 18%

] 18%

Blocked or leaking household wastewater systems
Leakages of household appliances

Non-precipitation-related in private domain :]
Leakages of central heating systems :] 4.7%

Blocked public wastewater system D 1.6%
Non-precipitation-related D *

Bursts of public water supply pipes D 1.2%
External water discharges D 0.42%

Non-precipitation-related in public domain ﬂ *

Groundwater flooding . 0.94%

Precipitation-related
Non-precipitation-related
= Unknown/others

T T T T 1
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Number of affected risk addresses

Figure 2. Occurrence rates and relative occurrence frequencies of failure mechanisms causing water-related claims (n = 3126). An asterisk
next to a bar indicates a residual group: a group of claims for which exact failure mechanisms could not be derived from communication
transcripts. Percentages are based on the number of claims in the non-residual groups.

rare events logistic regression, to deal with rare events data.
This method encompasses a case-control design where ten
times more non-events (i.e. no claim from an insured) are se-
lected than events (i.e. a claim from an insured). The method
first estimates regression coefficient using an ordinary logis-
tic regression model (Eq. 1), then correcting regression co-
efficients for finite sample and rare events bias. For this pur-
pose, the Rare Events Logistic Regression (relogit) routine
from the Zelig package (Imai et al., 2007) for R was used.
Collinearity among explanatory variables was tested by cal-
culating the Pearson’s correlation coefficient between each
pair of explanatory variables. None of the correlation coef-
ficients yielded values > 0.7, which means that collinearity
effects can be neglected (Dormann et al., 2013).

The likelihood ratio and a pseudo-R? statistic were used
to evaluate goodness-of-fit of a model. The likelihood ra-
tio compares the likelihood of a model with predictors to
the likelihood of a model without predictors (i.e. intercept-
only model), which tests if adding explanatory variables to
a model significantly improves its fit. For logistic regression,
there is no universally accepted measure that represents the
proportion of variance explained by the predictors, such as
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R? for ordinary least-squares regression. Several pseudo- R2
statistics exist; however, these statistics generally score much
lower than their equivalent in ordinary least-square regres-
sion and are therefore found less informative. They can be
used, nevertheless, to compare predictability of nested mod-
els. In this study, McFadden’s R? is used (e.g. Long, 1997).

2.6 Discarded data

During the validation process of the insurance data, it was
found that on three extremely stormy days (i.e. storm Kyrill
on 18 January 2007 and storms on 27 July 2013 and 28
October 2013), despite occurrence of rainfall, no or hardly
any precipitation-related claims were recorded. Upon fur-
ther inquiry, the insurer has indicated that on extremely
stormy days, precipitation-related claims are often inaccu-
rately recorded as storm-related claims. These 3 days were
therefore excluded from the logistic regression analysis.

www.nat-hazards-earth-syst-sci.net/15/261/2015/



M. H. Spekkers et al.: On the occurrence of rainstorm damage 267

3 Results

3.1 Relative occurrence frequencies and costs of claims

Analyses of the relative occurrence frequencies of damage
causes show that leakage of roofs and walls is the most
frequent failure mechanism generating water-related claims,
followed by burst household water supply pipes, blockage
or leakage of household wastewater systems and leakage of
household appliances (Fig. 2). Besides roof and wall leak-
ages, other common precipitation-related failure mechanisms
are blocked roof gutters, snow melting under roof tiles and
sewer flooding.

In general, 34% of the claims were related to precipita-
tion and 43 % to non-precipitation causes. For the remain-
ing 23 %, it was unknown if the claim was related to pre-
cipitation or not. These unknowns include claims caused by
water discharges from neighbouring properties and ground-
water flooding. For groundwater flooding particularly, there
was insufficient information to be able to distinguish between
floods as a result of persistent rainfall or because of sud-
den wall failures not related to rainfall. For insurers, there
is no strong need to collect information on the actual cause
of groundwater flooding as they do not compensate for this
type of flood (see also Table 2).

The top of Fig. 3 shows the yearly distribution
of precipitation-related claims (white), non-precipitation-
related claims (grey) and claims for which the cause was
unknown (black), for the years 2007-2013. There is an in-
crease in the number of claims through the years. This
increase is most apparent between 2008 and 2010 for
precipitation-related claims and between 2009 and 2012
for non-precipitation-related claims. Possible explanations
of these trends are discussed in Sect. 4. Most precipitation-
related claims are recorded in July—August and December—
January (bottom of Fig. 3); the December—January claims
can partly be explained by the damage due to melting snow.
Claims related to sewer flooding mainly occur in June—
August.

Although claims related to sewer flooding were less
present in the data, they are associated with significantly
larger claim sizes (EUR 1150-3160, based on the 95 % con-
fidence interval around the median in Fig. 4) than claims
generated by roof and wall leakages (EUR 680-840), the
majority class. Sewer floods are costly because of the re-
quired (chemical) cleaning of sewage spills and replacement
of goods that cannot be cleaned properly. In contrast, costs
related to roof and wall leakages, which usually do not in-
volve large water volumes, are relatively low and are limited
to the repair of the leak and the painting of walls and ceiling.

Based on a qualitative analysis of outliers, it was found
that exceptionally large claim sizes are related to cases where
water leakage could not be stopped easily (e.g. a burst wa-
ter supply pipe just outside the property), flooding occurred
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Figure 3. Yearly and monthly distribution of the number of claims:
(a) the yearly distribution of precipitation-related claims (white),
non-precipitation-related claims (grey) and claims for which the
cause was unknown (black), for the years 2007-2013. The values
of the year 2013 (denoted with an asterisk) are estimated, because
no data was available for the months November and December;
(b) The monthly distribution of precipitation-related claims for the
years 2007-2012, per cause class. The year 2013 is excluded be-
cause data was not available for the entire year.

while no one was at home or temporary housing was re-
quired.

3.2 Effects of rainfall intensity on claim occurrence
probability

In Fig. 5, the empirical probability of precipitation-related
claim occurrence per day per risk address is shown, as a func-
tion of the rainfall intensity (black dots, based on 1031
claims). Within the subset of precipitation-related claims,
a further distinction was made between the occurrence prob-
ability of claims caused by failure of systems in the private
domain (grey dots, 876 claims) and the public domain (light
grey dots, 89 claims), according to column 5 (“Domain”) of
Table 3. The empirical probability is calculated as follows:
within a bin, with a size of 5% of the range of x values, the
number of successes (i.e. claims) are divided by the sample
size (i.e. number of combinations of days and risk addresses
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Figure 4. Distribution of claim sizes associated with various failure mechanisms. Claim size is the sum of property and content damage. Only
risk addresses are included for which both property and content insurance were available. Results are only shown for failure mechanisms
with at least 20 claim records. The grey rectangles display the 95 % confidence interval around the median. If the grey rectangles of two
boxplots do not overlap, there is a strong indication that the median are statistically different. The vertical solid line represent the median
claim size. The number of claims () within each class are given next to the boxplots.
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Figure 5. The empirical probability of precipitation-related claim occurrence per day per risk address as a function of rainfall intensity, using
a 60-min (top left panel), 30-min (top right panel) and 15-min moving time window (bottom left panel). Results are related to precipitation-
related claims (black dots), broken down to those classified as “private” (grey dots) and “public” (light grey dots). The range of x values is
from 0mmh~1 to the rainfall intensity associated with a return period of 5 years. Locally-weighted regression lines are based on penalised

B-splines.
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that can generate claims). Empirical probabilities are evalu-
ated at each x value that corresponds with a claim.

The top-left plot of Fig. 5, based on a 60-min window,
shows that the occurrence probability of precipitation-related
claims increases with increasing rainfall intensity and that
it increases considerably when rainfall intensity exceeds 7-
8 mmh~L. For events with rainfall intensities smaller than 7-
8 mmh~1, the occurrence probability of precipitation-related
claims is mainly determined by failure processes in the pri-
vate domain, which are primarily roof and wall leakages.
Thus, roof damage and wall leakage already occur at small
rainfall intensities, which suggest that leaks may be latent be-
fore first observed during a rainfall event. For rainfall events
that exceed the 7-8 mmh~1 threshold, failure processes in
the public domain start to contribute substantially to the over-
all occurrence probability. Similar conclusions can be drawn
from the other two plots related to a 30-min (top-right) and
a 15-min window (bottom-left), with the difference that rain-
fall threshold shift to 9-10 and 12 mmh~—! respectively. The
locally-weighted regression lines reveal that relationships us-
ing the 30-min and 15-min window have a less linear nature
than the ones based on a 60-min window.

3.3 Logistic regression results

Logistic regression analyses were performed to test the sig-
nificance of various combinations of explanatory variables in
explaining the occurrence probability of precipitation-related
claims. Separate analyses were made for the occurrence of
claims caused by failures of systems in the public and pri-
vate domain (according to column 5 in Table 3). From the
three variants of maximum rainfall intensity, the one based
on a 60-min window was used for modelling. Regression co-
efficients were estimated based on the data in the rainfall in-
tensity range of 5 to 12 mmh—1 (60-min window). Data asso-
ciated with 12 mmh~1 or larger are scarce and are, therefore,
likely biased towards single rainfall events. In a first attempt
to fit a logistic regression model to data in the range of 0-
12mmh~1, it was found that much weight was given to the
data in the range of 0-5 mmh~—1, resulting in a poor fit to data
in the higher rainfall intensity range. Possibly, claims asso-
ciated with rainfall intensities of 0-5 mmh~1 are generated
by a different process than the claims associated with rainfall
intensities larger than 5mmh~1. More on this can be read in
Sect. 4.

The goodness-of-fit measures of the various models, in-
cluding a comparison of the likelihood ratio statistics be-
tween models, are summarised in Table 5. The models that
combine maximum rainfall intensity and rainfall volume re-
sult in better fits compared to the intercept-only models.
Maximum temperature, wind parameters and season signif-
icantly improve the model fit for claims caused by failures
of private systems, but not for claims caused by failures or
public systems. Most of the explanatory power derives from
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maximum rainfall intensity and rainfall volume. Of all wind
parameters, wind gust has best explanatory power.

Table 6 lists the estimates of the regression coefficients for
the two models that include all explanatory variables (using
wind gust as wind parameter), further referred to as the “pri-
vate model” and the “public model”. The categorical vari-
able “season” was modelled as four separate binary variables,
where one level was dropped to avoid multicollinearity. The
summer season was found to positively correlate with the oc-
currence of claims related to failure of private systems. More-
over, regression analysis revealed that the regression coeffi-
cient of the maximum rainfall intensity is larger for the pub-
lic model than for the private model, which means that rain-
fall intensity more strongly affects the claim occurrence by
failures of public systems than private systems. The odds ra-
tio (exp(B)) related to maximum rainfall intensity varies be-
tween 1.16-1.27 for the private model and 1.33-1.95 for the
public model, which means a 16-27 % and a 33-95% in-
crease in odds for each mmh~1 change in rainfall intensity,
for private and public models respectively.

4 Discussion

Based on the insurance data for the case study in Rotterdam,
a distinct rainfall intensity threshold could be defined, above
which failures of public systems start to contribute consid-
erably to the occurrence of damage claims (Fig. 5). Inter-
estingly, this threshold of 7-8mmh~! (based on a 60-min
window) is not in line with the design standards of sewers
in the Netherlands. Dutch sewers are designed to cope with
rainfall intensities of 20 mmh~1, which is associated with an
event return period of approximately 2 years (Van Mameren,
1997; Van Luijtelaar, 1997; Koot, 1977). This suggests that
the threshold relates to some other damaging process than
the simple overloading of sewer systems, for example, block-
ages in sewer pipes or malfunctioning of non-return valves
in sewer laterals. On closer inspection of the communica-
tion transcripts of claims labelled as “sewer flooding”, it was
found that most cases relate to sewer backups from toilets or
floor drains, and to a lesser extent to run-off entering build-
ings at ground level. Still, communication transcripts were
inconclusive about the extent to which these claims were re-
lated to overloaded sewer systems or failure of system com-
ponents.

Findings from the current body of work have implications
for pluvial flood risk management. The return period of de-
sign storms as currently being used to design sewer systems
in the Netherlands is largely based on political consensus.
Potentially the results presented here can be used to obtain
an objective design criterion based on risk assessment. Fur-
thermore, this study provides insights into contributions of
urban drainage systems to flood damage at city level. The
results will support urban water managers in the evaluation
of urban drainage system capacity and their decision-making
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Table 5. Goodness-of-fit measures of logistic regression models.

Claims related to failure of private systems

Claims related to failure of public systems

Model Likelihood ratio  d.f. Pseudo- R? Likelihood ratio ~ d.f. Pseudo- R?
1 Maxg 13497 1 0.033 57.72%% 1 0.094
2 Maxgg + vol 253.66*** 2 0.063 112.68%** 2 0.183
3 Maxgg + vol + temp 261.95%** 3 0.065 114.24%* 3 0.186
4 Maxgg + vol + temp + seas + windqg 276.11%* 7 0.069 120.4% 7 0.196
5 Maxgg + vol + temp + seas + windy, 284.49%* 7 0.071 121.01%* 7 0.197
6 Maxgg + vol 4 temp -+ seas + windg 302.71%** 7 0.075 122.16%** 7 0.199

Comparison models 2-1 118.69*** 1 54.96™** 1

Comparison models 3-2 8.29%* 1 156 1

Comparison models 4-3 14.16** 4 6.16 4

Comparison models 5-3 22.54%* 4 6.77 4

Comparison models 6-3 40.76™** 4 792 4

* pvalue < 0.05, ** p value < 0.01, *** p value < 0.001

Note: because the relogit routine does not report goodness-of-fit statistics, statistics are based on the ordinary logistic regressions.

Table 6. Estimates of regression coefficients of the rare event logistic regression models.

Model related to failure of private systems

Model related to failure of public systems

B (SE) exp(B) (95% C.I.)

B (SE) exp(B) (95% C.1.)

(Intercept)

Maximum rainfall intensity (60-min)

Rainfall volume

—14.841%** (0.605)
0.192*** (0.046)
0.048*** (0.006)

1.21 (1.16-1.27)
1.05 (1.04-1.06)

—22.263%* (3.504)
0.479* (0.191)
0.053** (0.017)

1.61 (1.33-1.95)
1.05 (1.04-1.07)

Maximum wind gust 0.082*** (0.019) 1.09 (1.06-1.11) 0.154 (0.084) 1.17 (1.07-1.27)
Maximum temperature 0.083*** (0.019) 1.09 (1.07-1.11) 0.156 (0.080) 1.17 (1.08-1.27)
Season: spring 0.095 (0.265) 1.10 (0.84-1.43) 0.211 (0.890) 1.23 (0.51-3.00)
Season: summer 0.521* (0.242) 1.68 (1.32-2.15) 0.319 (0.825) 1.38 (0.60-3.14)
Season; winter 0.324 (0.251) 1.38 (1.08-1.78) 0.054 (0.976) 1.05 (0.40-2.80)
Likelihood ratio x2 302.71 122.16
df. 7 7
p value 0.000 0.000
Pseudo-R? 0.075 0.199

* p value < 0.05, ** p value < 0.01, *** p value < 0.001

Note: standard error (SE) of estimate is given between brackets; the upper and lower bound of the 95 % confidence interval (C.1.) are exp(8 + 1.96 SE), assuming

normality on the log odds scale.

about the need for and prioritisation of investment to increase
drainage capacity. Further research is needed to explain why
damage related drainage capacity occurs below the level of
design capacity; this will help water managers to focus ef-
forts on ensuring that their systems reach design capacity.

The results of this research have practical relevance for in-
surers. From this present case study, it became evident that
the majority of the water-related claims are caused by roof
and wall leakages. Thus, damage prevention programmes fo-
cusing on these causes may be helpful. When it is raining
heavily (> 7-8 mm in a 60-min window) insurers can expect
more claims related to sewer flooding that require special ser-
vices for the cleaning of sewer spills.

In the higher range of rainfall intensities in Fig. 5, re-
lationships between rainfall intensity and claim occurrence
probability become less distinct, which can partly be ex-
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plained by the limited amount of claim data associated with
extreme rainfall events. The present insurance database cov-
ers almost 7 years of claim data (2007-October 2013), where
around 80 % of the precipitation-related claims relate to rain-
fall events with return periods less than 2 years. Around 10 %
of the claims can be attributed to two exceptional rainfall
events with a return period of 14-18 years. As a consequence,
empirical probabilities in the higher range of rainfall intensi-
ties are unreliable and biased towards single rainfall events.
Claims associated with rainfall intensities of 0-5mmh~1
in Fig. 5 (60-min window) are possibly generated by a dif-
ferent process than the claims related to rainfall intensities
larger than 5mmh~1. It maybe the case that more specific
damage processes can be distinguished within the existing
cause classes. For example, the class “roof leakages” may
contain two processes; one related to the presence of latent
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leaks that are first observed when it is raining and another
one related to the exceedance of the “hydraulic capacity”
of roofs. The hypothesis could not be tested based on the
present database, because it lacked information to distinguish
between the sub-processes.

In the top panel of Fig. 3, an increasing trend is observed in
the number of water-related claims in the period 2007-2013.
There are a number of possible explanations for this trend. To
start with, the number of policyholders may have increased in
time. This could not be verified, because in the present study
only policyholder data were available for a single snapshot in
time. Another explanation may be related to burst household
water supply pipes, which is the most frequent cause of non-
precipitation-related claims. Based on an unpublished report,
the insurance company has observed a substantial increase in
defects in water supply systems in the recent years, mainly
because of incorrectly installed compression fittings. Other
explanations that may be worthwhile to investigate are differ-
ences in climate variables between years and the effect of the
2007-2008 financial crisis on people’s claiming behaviour.

There are a number of aspects with regard to uncertainty
in insurance data. The occurrence of claims that relate to
causes that are not covered by insurers (e.g. groundwater
flooding) are probably underestimated by the data, simply
because people may be aware of the fact that damage is not
covered and, thus, not make a claim. Moreover, the reported
claim date may not always be the date on which the damage
occurred, for example, because the exact damage data is un-
known, which may be the case when people are on holidays.
Furthermore, addresses of the insured are based on static pol-
icyholder information, i.e. a situation on a snapshot in time
(reference date: 31 July 2013). Errors in addresses may occur
if policyholder information has changed (e.g. policyholders
moving to another address).

Failure of public systems (e.g. sewer system) will proba-
bly mostly affect buildings that occupy ground floor. In the
present study, no distinction was made between terraced or
detached houses and high-rise buildings (i.e. houses that oc-
cupy first floor or higher). As a consequence, claim occur-
rence probabilities related to the failure of public systems
is likely to be higher than the probabilities estimated in the
present study, which is based on all building types.

5 Conclusions and recommendations

The main goal of the current study was to investigate the rel-
ative contributions of different failure mechanisms to the oc-
currence of rainstorm damage to building structure and con-
tent, as well as the extent to which the probability of occur-
rence of these failure mechanisms relate to weather variables.
For this purpose, a property level home insurance database of
around 3100 water-related damage claims was analysed, for
a case study in Rotterdam, the Netherlands.
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The results of this investigation show that the leakage of
roofs and walls is the most frequent failure mechanism caus-
ing precipitation-related claims, followed by blocked roof
gutters, snow melting under roof tiles and sewer flooding.
Although claims related to sewer flooding were less present
in the data, they are associated with significantly larger claim
sizes (EUR 1150-3160, 95 % confidence interval around the
median) than claims generated by roof and wall leakages
(EUR 680-840), the majority class. Rare events logistic re-
gression analysis revealed that maximum rainfall intensity
and rainfall volume are significant predictors for the occur-
rence probability of precipitation-related claims. Moreover,
it was found that claims associated with rainfall intensities
smaller than 7-8 mm in a 60-min window are mainly caused
by failures of systems in the private domain, such as roof
leakages and blocked roof gutters. For rainfall events that
exceed the 7-8mmh~1 threshold, the failure of systems in
the public domain, such as sewer systems, start to contribute
considerably to the overall occurrence probability of claims.
The communication transcripts, however, lacked conclusive
information about the extent to which sewer-related claims
were caused by the overloading of sewer systems or failure
of system components.

It is worthwhile investigating the spatial distributions of
water-related claim data in a future study, considering local
conditions, such as building age and type and percentage of
impervious area. An important limitation of this study is that
the number of claims associated with extreme rainfall events
was relatively small. Given the fact that manual classification
took considerable amount of work, it is recommended to ex-
plore methods to automate and standardise classification of
claim data, with the aim to process more data in future anal-
ySses.
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