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ABSTRACT
The incapacity to cope with heavy rainfall events leads to flooding in urban areas. Urban flooding is
usually divided into pluvial flooding, sewer flooding, among others. Determining which of these types
was responsible to cause a flooding occurrence is, in most cases, an error-prone task, because it can be
triggered by more than one of them and there is frequently an overlap in their extent.

Given these problems, a classification based on the hydro-geomorphological features was applied
to Lisbon, in which the relief and the ancient floodplains are still crucial factors in the city’s current
overland flow behavior. Two types of flooding are proposed: flooding related to natural drainage net-
work (FREN) and flooding unrelated to natural drainage network (FUNN). In order to determine the
material damages associated to FREN and FUNN and their spatial distribution, an insurance flooding
database (2000-2011) was used. Through the accurate location of the APS (the Portuguese Associa-
tion of Insurers) database flooding records triggered by rainfall and the reconstruction of the Lisbon’s
natural drainage network, it was possible to define which type of flooding caused each reported claim.

There are different spatial patterns in Lisbon concerning FREN and FUNN. FREN occurs along
the valley bottoms, while FUNN has a more scattered spatial pattern, meaning that FUNN can occur
where there are overland flow difficulties. 53% of the claims were caused by FUNN; however, higher
payouts are associated with FREN (58%). Resorting only to the claims recorded during an extreme
rainfall event (in 18 February 2008), the weight of FREN is even more pronounced with 58% of the
claims and 71% of the payouts. This proves the higher FREN’s potential to cause material damages
when compared to FUNN’s. This knowledge can be applied to the flooding mitigation or adaptation
measures to be included in urban planning.
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1 INTRODUCTION
Material damages caused by flooding in developed countries are increasing due to the built-up
areas expansion, population growth and wealth and, possibly, climate change [1-8]. In the
European Union, the average annual costs related to flooding reach 4.2 billion € [4].

Flooding is one of the most important, dangerous and destructive natural hazards in the
Mediterranean region [8—13]. In Portugal, flooding was the most deadly natural disaster during
the 20" century [14], in which the Lisbon Metropolitan Area (LMA) is a particularly affected
region. More than half of the total fatalities registered in the country between 1865 and 2010
due to flooding were recorded here [15]. However, most of the mentioned facts are due to (fluvial)
floods, mostly flash floods, and not to urban flooding, whose potential to cause damages is lower
[16].

There are several terms applied to the flooding that occurs in urban environment, there being
no consensus in the scientific community [17, 18]. Urban flooding is probably the most used, but
its definition is not clear. It can be understood as all flooding that occur inside a city [5], or as the
flooding that occurs in urban areas as a result of heavy rainfall events, causing overland flow and
the surcharging of the drainage systems [19, 20]. Surface water flooding (SWF) is another con-
cept broadly used, which can be defined as the combined flooding during a heavy rainfall event,
in which are included pluvial flooding, sewer flooding, flooding from small open-channel and
culverted urban watercourses and overland flows from groundwater springs [17]. Therefore,
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pluvial, sewer or culverted watercourses flooding are more restricted terms/types of flooding,
which can be seen as subcategories of urban flooding or SWF [21]. Despite that, some studies
do not make any distinction between urban flooding/SWF and pluvial flooding [20, 22].

As was pointed out, there is no consensus and there is an overlap in the extent of these concepts.
In these conditions, determining which of these types of flooding was responsible to cause a given
occurrence is, in most cases, an error prone task, once it can be triggered by more than one. On the
other hand, they should not be included in the same category because they often have different
triggering conditions, resulting in different consequences [23]. Considering that, it is proposed a
different classification based on hydro-geomorphological criteria: FREN means: flooding related
to ancient natural drainage network. FUNN means: flooding unrelated to present or ancient natural
drainage network.

The material damages in Lisbon are estimated resorting to an insurance database provided
by the APS (the Portuguese Association of Insurers), which is available between January
2000 and October 2011. Through this database, it was possible: (a) to define which records
have been caused by each proposed type of flooding; (b) to determine the material damages
associated with each type of flooding in Lisbon; (c) to understand if an extreme rainfall event,
like the one that occurred in 18 February 2008, is able to produce different consequences and
to modify the standard pattern concerning the prevailing type of flooding; and (d) to represent
the spatial distribution of material damages in Lisbon.

2 STUDY AREA
Lisbon is the Portuguese capital and comprises an area of 85 km?, which represents 3% of the
LMA’s area. It is the most built-up municipality of the 18 that compose this region. More than
70% of its surface corresponds to built-up areas, where 506.892 people lived in 2015.
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Figure 1: Location of Lisbon, the other LMA municipalities and the rain gauges used.
Note: The rain gauges’ labels can be found in Table 1.
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This city is located near the Atlantic coast and in the North bank of the Tagus River (Fig. 1).
In Lisbon, elevation ranges between 0 (by the Tagus River) and 227 meters (in the Monsanto
Mountain), being known as ‘the city of the seven hills’ essentially due to the natural hydro-
graphic network action. This municipality is drained by a set of small drainage basins, whose
sizes vary between 42 km? and less than 1 km?. With the exception of some upstream sections,
all watercourses were progressively being culverted or buried mainly in the 20th century. As a
result, Lisbon is almost exclusively affected by urban flooding.

3 DATA AND METHODS
3.1 The APS database and the support rainfall data

The APS database stores the material damages caused by flooding for the period between
January 2000 and October 2011 in Portugal, comprising about 60% of the national universe of
insurance policies. The APS database records are designated as APS claims, containing data
on: (a) communication date (when the APS claim was reported to the insurance company); (b)
location based on the postal code (only accurate and localizable with seven digits); (c) capital
sum affected; and (d) payouts. Capital sum affected corresponds to the capital sum insured in
the insurance policy when an APS claim is reported. Payouts are the amount of money (€) paid
by an insurance company to a policyholder when an APS claim is reported (the maximum
value is equal to the capital sum affected). The ratio between payouts and capital sum affected
is designated by loss. It was calculated for each APS claim and is expressed as a percentage;
however, as the overall losses are low, the total results are expressed as per 1000.

An APS event corresponds to a flooding situation triggered by rainfall, causing one or
more APS claims. Nevertheless, the APS database has no information about the flooding
cause. Thus, there are APS claims caused by rainfall, coastal flooding or when pipes burst in
the street or inside home. To fulfil the purpose of this research, it was necessary to define the
APS events and to determine which APS claims were triggered by rainfall. To achieve this,
the newspapers’ information was used. Five hundred and fifty localizable APS claims were
identified, corresponding to 57 flooding events related to rainfall.

In order to maximize the number of usable APS claims, daily rainfall data of seven rain
gauges inside or near Lisbon were collected (Fig. 1 and Table 1). The Lisboa/Geofisico rain
gauge belongs to IPMA (Portuguese Institute for Sea and Atmosphere), whereas the other six

Table 1: Characteristics of the rain gauges collected.

Number of  Days with

. records records
Altitude
Code Rain gauges (m) Start date  End date (daily data) (%)
CAC Cacém 173 01-10-1979 Active 10,763 81.2
CAN Canegas 277 01-10-1980 Active 11,731 89.9
LG Lisboa/Geofisico 77 01-10-1941 Active 25,536 100
LI Lisboa/INAG 52 13-01-2005 20-05-2009 1,155 72.7
MC Monte da Caparica 96 01-05-1985 Active 8,456 74.3
SC Sacavém de Cima 46 01-10-1980 30-09-2002 8,035 100

SJT  Sao Julido do Tojal 6 10-01-1955 Active 21,018 98.7
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rain gauges belong to the SNIRH (National Water Resources Information System) network.
This option was taken because there are APS claims not reported in newspapers occurring in
dates with high daily rainfall values. So, if at least one of the rain gauges has recorded a value
greater than or equal to 20 mm/day, and there were one or more APS claims in the same date,
an APS event is considered and those claims are related to rainfall. The value of 20 mm/day
is slightly higher than the 90th percentile (19.8 mm/day) of the rain gauges (4) with more
than 30 years of daily rainfall data. When high rainfall values dates (higher than the 90th percentile)
and the APS claims dates are coincident, it was assumed that these claims were triggered by rainfall.
One hundred and two more localizable APS claims and 52 more flooding events related to rainfall
were detected resorting to this methodology. These correspond to minor events in the amount of
APS claims and material damages; otherwise, it would have been reported in newspapers. In total,
652 localizable APS claims and 109 flooding events related to rainfall were accounted for the
considered period in Lisbon. Incorrect records (misplaced, duplicated and with missing data) were
eliminated.

In the APS database, the claim date may not correspond to the date of the flooding occurrence,
but to the date the situation was communicated to the insurance company. The APS estimates
that the lag time between the flooding date and the communication date is approximately 5
business days. Therefore, an APS claim related to rainfall was considered when it has
occurred up to 5 business days after the last day of a flooding event. When two APS events
are less than 5 business days apart, there are some APS claims that may belong to both events,
corresponding to 4% of the total APS claims. In those circumstances, it was decided not to
associate those APS claims to any APS event. It must be recognized that the average lag time
of 5 business days between the communication date and the flooding date may not allow
determining with absolute safety if some APS claims are related to rainfall or not.

The total number of localizable APS claims for the 2000-2011 period (652) corresponds to
56% of the total of claims reported in the APS database for Lisbon, which is a very acceptable
sample to achieve the goals of this paper.

3.2 Classification and determination of types of flooding

The APS claims were classified as FREN and FUNN. All the situations occurred in places
where there are (through pipes) or there were watercourses are FREN. This includes: flooding
from culverted watercourses, flooding from buried watercourses and flooding from old water-
course routes. To a certain extent, FREN corresponds nowadays to the floods that occurred in
small streams before the land artificialization. This type of flooding occurs along the Lisbon’s
ancient floodplains, proving that the relief is still a crucial factor in the city’s current overland
flow behavior [24]. All the situations not related to natural drainage network are FUNN, which
means that their occurrence is not influenced by watercourses. FUNN occurs in flat areas,
low-lying areas and natural depressions. It can also occurs when grated inlets are obstructed by
leaves or debris and whenever there are situations of overland flow blocking, whether they are
natural or human induced. This type of flooding is highly related to the urban grid features.

Through the location of the APS claim, its hydro-geomorphological context (floodplains, valley
bottoms or topographic natural depressions) and the reconstruction of the natural drainage network
(using a set of the 19th and the 20th centuries topographic maps with 1:10,000 or 1:25,000 scales),
it was possible to determine the type of flooding for each APS claim.
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4 RESULTS
4.1 The APS database global results for Lisbon

Through the APS database, 109 flooding events with material damages were identified in
Lisbon between January 2000 and October 2011, causing 652 localizable APS claims (55 per
year) and 2,266,083 € in payouts (191,500 € per year). On average, 6 APS claims and 20,790
€ of payouts per event were registered.

The 18 February 2008 event had a major influence in the APS database: 161 claims (25%
of the Lisbon’s total) and 1,020,521 € of payouts (45% of the Lisbon’s total). The second
most important event (29 October 2010) totalled 41 APS claims and 134,725 € in payouts.
The 2008 event can be considered an extreme rainfall event, fitting in what Fragoso [25]
defined as a torrential rainfall episode for the LMA (greater than or equal to 100 mm/day). In
the Sao Julido do Tojal rain gauge (SJT - Fig. 1 and Table 1), which is often used as the ref-
erence rain gauge for the LMA due to the duration and reliability of the daily rainfall series
[26], 140.9 mm in 24 h were registered. This value exceeded by far the average monthly value
of February in this rain gauge (89.4 mm), being only surpassed by the value recorded in 18
November 1983 (163.7 mm/day). The other record above 100 mm/day in the SJT rain gauge
was registered in 25/26 November 1967 (137 mm), when a very destructive flooding event
caused about 700 fatalities [14]. Considering the Lisboa/Geofisco rain gauge (located inside
the Lisbon municipality — Figure 1 and Table 1), the highest value in its daily rainfall series
was recorded during the 2008 event (118.4 mm).

Lisbon is the LMA’s municipality with the highest number of APS claims (33%) and payouts
(36%). Payouts per claim reached 3471 € in Lisbon, being above the LMA’s average (3229 €).
This is partly explained by the fact of being the most built-up municipality (73%). Impervious
surfaces lead to increases in volume and speed of overland flow [27-29], and, consequently, to
increases in flooding frequency and magnitude [17, 30-32]. Lisbon has also the highest number
of insurance policies (22%), dwellings (22%) and inhabitants (19%), which means a higher
flooding exposure. On the other hand, factors like the hydro-geomorphological and the urban
grid features, the undersized urban drainage network and the tidal influence contribute to the
high amount of APS claims in Lisbon.

The Portuguese capital suffers the effects of urban flooding with some frequency, being a
heavy rainfall episode that lasts a couple of hours enough to cause damages. Resorting to the
APS database, it is possible to confirm that a high number of APS claims are not necessarily
demanding of big rainfall events. In fact, the same amount of rainfall can cause few or many APS
claims, or may not even trigger any APS claim. This is expressed by the low correlation coef-
ficient (r = 0.51) between the number of APS claims per event in Lisbon and the daily
rainfall values recorded in the Lisboa/Geofisico rain gauge. Several factors can explain
this: (a) the quality and availability of rainfall and insurance data [33, 34]; (b) the spatial
and temporal distribution of the triggering rainfall; (c) the geomorphological, lithological
and hydrological features; (d) the extent of built-up areas; (e) the amount of exposed (and
insured) dwellings; (f) the capacity of the stormwater drainage systems to cope with heavy
rainfall events; (g) the obstruction by leaves or debris of the grated inlets [35]; (h) the
urban grid features; and (i) the tidal and/or storm surge influence.
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4.2 Types of flooding and their spatial distribution

All the previously mentioned factors make Lisbon particularly prone to urban flooding.
However, the water depth and volume reached used to be low [24]. This partially justifies the
absence of fatalities in this municipality since 1966 [15, 16]. The progressive culverting of
Lisbon’s watercourses in the 1940s, 1950s and 1960s led to the disappearance of flash
floods, which is the most dangerous type of flooding in the Mediterranean region [13].
Despite the human damages caused by flooding are currently low, the same does not happen
with material damages.

During the analyzed period, Lisbon achieved 36% of the APS claims caused by urban flooding
(FREN and FUNN) recorded in the LMA. It should not be forgotten that this municipality occu-
pies only 3% of the LMA’s area, showing the weight of the Lisbon’s urban flooding in this
region.

As expected, FREN and FUNN have distinct behaviors regarding the amount of claims and
the consequences both are capable of generate. This is predictable due to their proper charac-
teristics and the places where these types of flooding occur. FREN only takes place along the
ancient floodplains, presenting high densities of APS claims in some sectors located in the
most important Lisbon’s drainage basins (Fig. 2). On the contrary, FUNN has a scattered
pattern, which is more dependent on the urban grid (Fig. 2). Generally, rainwater is ponded
where there are overland flow difficulties due to blocking situations or in flat areas, having no
relation with drainage basins.

Considering the total records, FUNN presented a higher number of APS claims (53%) (Fig.
3a), which is understandable taking into account the larger area that may be affected by this
type of flooding. Nevertheless, FREN was able to cause higher payouts (58%) (Fig. 3b). In
order to eliminate the effect of the absolute numbers, payouts per claim were obtained (Fig. 3c).

50W

Figure 2: Spatial distribution of FREN and FUNN claims in Lisbon.
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Figure 3: Material damages per type of flooding (2000-2011) in Lisbon: (a) APS claims, (b)
Payouts, (c) Payouts per APS claim, (d) Losses.

This relation pointed in the same direction. FREN had 4313 € per claim and FUNN had 2735
€ per claim. Losses in FREN were also higher than in FUNN (1.66%o against 1.01%o) (Fig. 3d).

As it was previously said, the 2008 event has a major relevance in the APS database. This
event highlighted the weight of FREN in the material damages recorded for Lisbon. Isolating
the 2008 event, this type of flooding was responsible for a higher number of claims (58%),
payouts (71%), payouts per claim (7779 € against 4370 €) and losses (7.48%o against 1.01%o)
when compared to FUNN (Fig. 3).

The weight of this event in the total records can be seen if it is excluded (total without the
2008 event — Figure 3). In fact, if the 2008 event had never happened, the results would be
substantially different, once payouts per claim would drop 1513 € in FREN and 400 € in
FUNN. On the other hand, the prevalence of FREN would no longer exist because APS
claims, payouts and losses would be higher for FUNN (Fig. 3). The only exception would be
payouts per claim, in which FREN would continue to present a higher value.

5 DISCUSSION AND CONCLUSIONS

The APS database was used in this research to determine the location of the flooding claims
triggered by rainfall and to account the material damages caused by this natural hazard in Lisbon.
The spatial planning decisions mainly taken in the 1940s, 1950s and 1960s, by culverting the
majority of the watercourses, led to the flash floods disappearance. However, the expansion of
built-up areas has increased the urban flooding problems, since increases in volume and speed of
the overland flow are generated, and the stormwater drainage systems design capacity is
frequently exceeded during heavy rainfall events.

Six hundred and fifty-two APS claims with an accurate location were registered in Lisbon
between January 2000 and October 2011. However, it is necessary to take into account that the
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material damages reported here are an estimation of the total material damages occurred in
Lisbon in the studied period because: (a) the 652 localizable APS claims only correspond to
56% of the total APS claims recorded by the APS database in the study area; (b) not all residen-
tial, commercial and industrial spaces have insurance policies; (c) insurance companies may
refuse to make or to renew an insurance policy or they may require a very high premiums due
to past flooding occurrences; (d) payouts generally do not cover all damages, because there are
limits stablished in the insurance policies or some types of damages may not be included [19];
and (e) the paid amounts depend on the evaluation of the insurance companies’ experts.

Lisbon presented the highest number of APS claims and payouts of the 18 municipalities
that compose the LMA. Beyond the hydro-geomorphological and urban grid features, also the
largest percentage of built-up areas, the highest capital sum insured and the highest number of
insurance policies, dwellings and inhabitants can influence this result. It must be kept in mind
that the APS database only comprises buildings insurance policies. Thus, the higher the
building densities, the higher the flooding exposure.

In Lisbon, FUNN was the most common type of flooding, presenting a scattered spatial
pattern. If valley bottoms are excluded, FUNN can practically occur wherever there is a
(exposed) building. Nevertheless, FREN reached higher payouts, payouts per claim and
losses, being essentially concentrated in some critical sectors of the main drainage basins.
These facts confirm the FREN’s larger destructive potential. This is even more notorious
when an extreme rainfall event, like the 2008 event, occurs. The presented numbers and values
support the idea that, when a high magnitude rainfall event occurs, the relief is the key factor in
Lisbon and, in practice, the ancient watercourses respond in a similar way as before they were
culverted. This happens because the overland flow is directed to the built-up valley bottoms,
not being able to enter into the drainage system. In these cases, watercourses are formed
along the streets, in the same places they existed before. In this sense, high magnitude rainfall
events more easily cause FREN and the more frequent events (with lower magnitude) tend to
trigger FUNN, there being less likely to cause FREN.

Based on the precise location of APS claims and the Lisbon’s hydro-geomorphological
features, two types of flooding are proposed. Given the difficulties in defining which of the
normally used types of flooding (pluvial flooding, sewer flooding or other) causes a given
APS claim, the separation in FREN and FUNN can be an important contribution in this
matter. Resorting to this classification, it is possible to determine the material damages
caused by two different types of flooding that occur in urban areas. This knowledge can be
applied to the flooding mitigation or adaptation measures to be included in urban
planning.
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