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SUMMARY

This deliverable presents the f lood damage model case study results for future scenarios without
mitigation measures. The flood damage model developed and described in D3.3 is used to predict
expected annual damage (EAD) for different scenarios of drivers and pressures (urbanization,
climate change, management options) an d for different planning horizons in the case study cities.

The differences in geographical, climate, cultural and socio -economic conditions provide a wide
range for model parameter settings. The influences of climate change and urban growth scenarios

on flood damages for the case studiesaree x ami ned to Sspensiof ¥y hahotar e

flooding for given scenarios. The analysis of results will provide feedback to WP1 and WP2 for
adjusting urban growth prediction and setting up flood resilience m easures. The benefits of the
strategies will be re -evaluated for determining their cost effectiveness in Task 3.5.

Related deliverables
This deliverable requires inputs from:

9 Deliverable 1.2, Scenarios of urban growth, economic growth and climatengea
9 Deliverable 2.4 flood hazard modelling results under future scenarios

This deliverable provides inputs for:

9 Deliverable 3., flood damage results for future scenarios without mitigation measures
91 Deliverable 4 ¢ flood damage results for future seariosto assess resilience
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1 Introduction

This report will present theesults of thedamage or impact assessmentsdertaken in each of the
case study cities. These assessments reflect the current state or existing situation, ancegudise
serve as a benchmark from which future scenamaosl the corresponding flood impactan be

compared.

In this report, authors from each of the case study citiéédescribe themain stepgollowed in the
flood damageassessmentusing the flooddamage model This will include details of thieydraulic

modelling the driving conditions leading to flooding that have been simulated, the methodology of

the damageassessment, andhe main results, describing any particular damage hotspotse

authorswill also comment on the key assumptions that have been made, and the limitations of the

assessmentThe report willbe updated as more work is undertaken atice methodologies are
developed further
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2 Barcelona Case Study

2.1 Case studyarea overview

Barcelma with a population of B million inhabitants within its administrative limits on a land area

of 101.4 km2 (15,980 inhab./Km2) is located on the Northeast coast of Spain, facing the
Mediterranean Sea, on a plateau limited by the mountain rang€alfserola, the Llobregat river to

the southwest and the Besos river to the north east. The city benefits from a classic Mediterranean
climateand occasionally suffers heavy rainfalls of great intensiféareratingflash flood events. The
yearly averageainfall is 600 mm, but the maximum intensity in 5 min, corresponding to a return
period of 10 years, is 204.7 mm/Bonsequentlyit is not rare that 50 % of the annual precipitation
occurs during two or three rainfall events. The morphology of Barcgloesents areas close to the
Collserola Mountain with high gradients (with an average of 4%) and other flat areas near to the
Mediterranean Sea with lower slopes (with an average of Hgufe2-1). There are 31 catchments

in the city. This morphology produces flash floods in ble¢tom part of thecity in case of heavy
storm events.

Figure 2-1. Typical gradients and morphology in Barcelona. The red circle represents the location of
Raval District.

A specific area of Barcelona, the Raval District, was selected as case study, considering, for the whole
area, a flood risk assessment based on the hazard and vulfigradialuation. The Raval District,

with almost 50,000 inhabitants in an area of 1.09°ksnone of the most densely populated areas in
Europe (approx. 44,000 inh./Kn Figure 2-2 shows the boundaries of the Raval District and
Barelona.

This district, located in a hollow area of the city, suffers from flooding problems when heavy storm
events occur. These problems are caused by the excess of suufaafé and the poor capacity of

the sewer system. Then, stormwater not conveyed into the sewer network and overflows from
sewer manholesgenerate urban floods withow depths and high velocities Moreover the
hydrological response time of Raval Districtctament is very short (less than 30 minutes). Such
events produce significant hazard to the population, as well as economic damages to the buildings.
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Figure 2-2. Case study area: the Raval district oBarcelona.

2.2 Scenarios

As requested by the Scenario Development Guidelines, the future scenarios in which the case
studies will be assessed are centred in tharizon 2050. For the case of Barcelona, and more
specifically for the Raval District, a combinatiof different future scenarios of climate, adaptive
capacity and socioeconomic aspects was developed.

cC2ff26Ay3 (GKS NBO2YYSYRIGA2ya 2F (GKS 3FdzA RSt AY
asdzi dz £ ¢ o. ! ! 0 aO0OSyl NR 2 Jesiwgre impleménied aha it waRdsdodilated A 2
to medium growthpathway, with pessimistic climate change impadthe other scenarios covered a

wide range of plausible futures, and imply different adaptive capacity levels. Of course, these
scenarios shouldbe put into context with the current situation or baseline scenario, which
represents the nowadays flood risk situation in the Raval disfFicfure2-3 displays a schematic
representation of the framework of scenarios that will be used in this case.

Baseline
scenario usual
-
capacity

Figure 2-3. Representation of the current and future scenarios that will be implemented in the Raval
district

Q)¢

N A
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As described in the Deliverable D1.2, three socioeconomic pathways (implying low, medium and high
growth) and two future climate situations (a pessimistic scenario, showing the most extreme results,
and an optimistic one) were consideretlaking mto account that the studied area (as well as its
upstream basins) is totally developed and is not likely to vary essentially until 2050, different
scenarios for landise changes were not considered. Nevertheless, the planned changes considered
by the distict authorities will be included for 2050. To do so, the shape file representing the land
use types in the area was updated. This map was the same for all future scenarios.

Regarding adaptive capacity, three different levels that could be reached weideosd: low
(related to nonstructural strategies), medium (corresponding to the implementation of SUDS) and
high (building new structural measures to cope with the impacts of floods).

As presented imable2-1, different combinations of these scenarios have been created depending
on the goal of the study. Several different goals can be achieved using these scenarios:

1 Assesghe efficiency of the sevalt adaptation strategies, presenting the results in maps to
ease the interpretation of the results

1 Undertake a cost benefit analysis of the implemented strategies, in order to prioritize them
for each case

9 Carry out a sensitivity analysis of the effects of the socio economic scenarios

9 Carry out a sensitivity analysis of the effects of the climate scenarios

In order to be able to compare the efficiency of the different adaptation measures, they were
relatedto the same climate scenario (pessimistic scenario) and the medium socioeconomic scenario
for the horizon 2050. These scenarios (shown in green cololiale2-1) will be represented by
maps related to flood hazard, flood vulnerability and flood.risk

To undertake the cost benefit analysis, the scenarios represented in green and orafagaea-1

will be used. In this case, all the combinations regarding climate and adaptive capacity levels will be
used, maintaining the same socioeconomic scenario. Using the medium growth scenario for all of
them, it is possible to disregard the effects of the socioeconomic changes, which could lead to bias in
the results.

The dher combinations of scenariogresented in blue and pink are related to the two different
sensitivityanalyses that can be done: one fine socio economic scenarios and another one for the
climate scenarios. From these sensitivity analyses, it will be determined which aréuttire
changedghat imply higher flood risk levels. Therefore, no adaptation strategies will be considered in
anycase.

The following sections present a brief descriptiorhofv the socio economic and climate scenarios
were obtained. After thatthe scenarios that will be finally modelled and represented by maps
(Business as usual, Adaptation 1, Adaptation 2 and #atlap 3), will be also described summary

of the characteristics of these scenarios can be fourfeignre2-5.

10
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Table 2-1. Combinations of the possible scenarios for the Raval district. In green, the three scenarios that
will be modelled and represented by maps. In orange, blue and pink colors other scenarios that will be

considered for cost benefit anglsis and sensitivity analysis are shown.

Business as usual

Pessimistic Medium None
Adaptation 1 Pessimistic Medium Low
Adaptation 2 Pessimistic Medium Medium
Adaptation 3 Pessimistic Medium High
Business as usual  Optimistic Medium None
Adaptation 4 Optimistic Medium Low
Adaptation 5 Optimistic Medium Medium
Adaptation 6 Optimistic Medium High
SSE1 Pessimistic Low None
SSE1 Pessimistic Medium None
SSE1 Pessimistic High None
SSE2 Optimistic Low None
SSE2 Optimistic Medium None
SSE2 Optimistic High None
SeCCl1 Optimistic Low None
SeCC1 Pessimistic Low None
SeCC2 Optimistic Medium None
SeCC2 Pessimistic Medium None
SeCC3 Optimistic High None
SeCC3 Pessimistic High None

2.2.1 Socio economic scenarios

For defining socio economic scenarios for the Raval District in 2050, it was assumed that its
economic development reflects the regional development of Catalonia. The socio economic
pathways for Barcelona contain growth projecticias real gross value added (GVA) by industries
and (working age) population until 2050. In total there are three different scenario variants
associated with different economic growth paths (high, medium and low growth). The scenarios
contain disaggregate@VA projections for several economic sectors.

¢tKS Y2RStftAy3a 2F FdzidzZNBE SO2y 2 YA O -aiaiNAE( KINRY S.RIg
described by the Scenario Development Guidelines (Kurztzah 2012):

A Step 1, Eypost analysis: Applicationf @ regression analysis on the-past development in
order to identify past trends and drivers. This part of the analysis focuses on identifying
deviations of the Barcelona province from national trends.

A Step 2, Projections: Applying estimated-most rdationships in combination with the
corresponding scenarios at the national level to simulate growth paths for Barcelona.

11
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Following steps 1 and 2, the future scenarios for Catalonia were obtained. These results are
summarized inTable 2-2. Assuming that the socio economic development of Barcelona and
Catalonia is quite similar, these results provide insights on the future deweloipof Barcelona.

Table 2-2. Summary of the results obtained for Catalonia.

Baseline High growth Medium growth Low growth
Increase Increase Increase
2008 2050 20092050 2050 20092050 2050 20092050
GVAMOYATfTAZ2Y €X Hs 122509 267274 118% 222245 81% 191979 57%
Employment (thousands) 2711 2907 7% 2536 -6% 2303 -15%
Population (1564 years, thousands, 5084 5059 0% 4513 -11% 4244 -17%
Population (total, thousands) 7364 9492 29% 8640 17% 8023 9%

The value of assets and damages caused by flooding will change over time due tecencimic
development as well as changes in the type of contents, construction materials and mitigation
measures. Within the framework of CORFU, the proposed approachetsusceptibility analysis
consists in increasing the total value of exposed assets as a linear function of the urban cover and
GDP, as it has been previously applied in several studies (Joregrahr2012; Hansomt al. 2011).

This approach iepresented by equation 1:

.00 i’)z 01 Q®u'000L r‘]zo’i € r]Z 01 Qw

YOoEQR wN € WiIQIQR® ¢ VO QR——? 57— wic— 2L s ~
d @ O0OUL 0iI QWO0LNWENOT Qw

)

Where:" $ @nd' $ @epresent the total gross domestic product in the baseline year and
the future;' $ 0 Bepresents the GDP per capith] presents the total population; and
I O Aefers to the surface of the region under consideration.

For determining the value of assetsd damages in the Raval District in the year 2050, the
aforementioned approach to susceptibility assessment is applied taking into consideration the future
socioeconomic scenarios.

Based on the specific characteristics of the Raval District, sevesamptons are made for
estimating the value of future damages and adapting the depth damage curves that were estimated
for 2010 to the scenarios of 2050. Firstly, since the case study is focused on an a clearly delimited
and very developed district, it Bssumed that the area is the same in 2010 and 2050, namely 1,09
km?. Secondly, against the background that the Raval District constitutes one of the most densely
populated areas in Europe with an approximate population density of 44.000 inh./ng it is
assumed that the local population will not further increase until 2050.

Combining these assumptions with equation 1, the ratio of exposed assets per unit area in the Raval
District can be yield as below:
JO00U 1 d)z 0én L6 Q0 000 N ®

YOHOLOR OGN £ HIQIQO &G & Qb | QR 75 e
WoEdR wN € HROYRG ¢ Qb ("‘O'Ol’)r‘]w 0én o001 Qo "O0LN W

)
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Consequently, the future value of exposed assets in the Raval solely depends on variations in the
GDP per capita. For this reasdhe economic growth scenarios developed constitute the baseline
for determining this indicator.

Based on the development of the GDP per capita in Catalonia, the ratio of exposed assets in the
Raval is calculated for the different so@oonomic growttpaths.Table2-3 shows the results.

Table2-3.Si mul at ed GDP per <capi t andifatiownfexpdsediassetd he Rav g

Year High growth Medium growth Low growth
2010 21,689 21,686 21,648
2050 41,098 36,260 33,163

Ratio of exposed

. 1.89 1.67 1.53
assets in the Rava

Estimating the ratio of exposed assets in the Raval District baséduyas on the GDP per capita in
Catalonia proves valid as long as one may assume that the economic growth rates in both regions
follow the same trend. Although there are indications that the level of GDP in the Raval District may
differ from that one of @talonia, there is no obvious reason to assume that the long term growth
rates differ from each other.

2.2.2 Climate scenarios

In order to quantify the impacts of climate changes on the Raval District for the horizon 2059, 4 CO
emission scenarios (Al1B, A2, Bdnd B2) were considered. Through spatial and temporal
downscaling techniques, coefficients of climate change were dedu€aguré 2-4). Further
information about spatial and temporal downscaling is available in Rodré&wdz (2013).

Horizon 2033-2065
£ 120
2 1.15 | gl
= A
£ 110 p———t - =t A
E 1.05 == Al
2 100 B1
£ 4
E 0.95 a T T B2
w
= 0.90 — Average
E os8s
Y o080 . . . . . . |
1 5 10 20 50 100 500
Return period T

Figure 2-4. Climate change coefficiens for the horizon 20332065. It is possible to observe that emission
scenarios A1B, A2, B1 show an increase of rainfall intensities, while B2 scenario shows small decreases.

13
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Climate changéactorscan be defined as the ratio between the rainfall intepsitith a return period
Tand a duratiord for a future climate scenari@(T/d),w.and the corresponding rainfall intensity in
the present climatel(T/d)esent (ArnbergNielsen, 2012):

C :M (1)
" (T,d) present

FromFigure2-4, it is observed that the A1B scenario is the one presenting the highest increases in
precipitation extremes. Therefore, this will be conseléithe pessimistic scenario for this case. On
GKS 2GKSNJ KI'yRTZ (KS 2LIAYAEAGAO a0SyIFNR2 OFyQi
the effects of climate change are uncertain, and some of the scenarios obtained even consider
reductions in &treme precipitation (i.e. uplift factors smaller than one), this optimistic scenario has
been considered as if there would be no change in extreme precipitations due to climate change
(which means that this scenario is the same as the baseline).

Consequatly, the two climate futures and its climate change factors are the ones preseniebin

2-4. The future rainfall scenarios will be obtained by ltiplying the design storms with its
corresponding uplift factor. Therefore, the shape of design storm will remain the same, and the
uplift factor will be used as a scale parameter that proportionally modifies each five minute block of
the hyetograph.

Table 2-4. Uplift factors of selected scenarios of climate change for 2050.

Return periods

Scenario 1 10 100
Pessimistic 1.08 1.12 1.15
Optimistic 1.00 1.00 1.00

Additionally, using information from the same study, a valu@.@fmof sea level rise has also been
considered

2.2.3 Description of scenarios

2.2.3.1 Business as usual (BAU)

This no-policy scenario provides the baseline for comparison with the other future situations (in
which higher adaptive capacity is achieved and the resilience of the Raval district is increased). It is
assumed that no new measures are implemented until 2050 and theigetrel of adaptive capacity

in 2050 is the same as in 2010. In order to evaluate the worst possible impact of climate change on
flooding in the Raval area if no additional adaptation measures are taken, thislity scenario is
combined with the most p&simistic climate future considered for Raval. This business as usual
scenario is developed for providing a benchmark for comparison with other possible scenarios.

2.2.3.2 Adaptation 1

This scenario represents the minimum adaptive capacity that will be needembpe with the
pessimistic climate future in the Raval district for 20BR0evaluates if dedicating only low resources

to the improvement of the adaptive capacity, it is enough to adapt to the pessimistic climate future
scenario. Therefore, the measuresglmented should be nostructural, and specially focusing on
vulnerability reduction. This scenario allows comparing the results to BAU scenario with the results

14
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several strategies.

HE G!' RELIGEFGAZ2Y o0é aO0OSyl NR

2.2.3.3 Adaptation 2
In this case, only SUDS (Sustainable Urban Drainage Systems), specifically infiltration trenches and
green roofs, will be implemented. The climate future assigned to this situation is the pessimistic one,
in order to compardhe effects of these measures with the effects of the measures implemented in

GKS aOSYyIFINAR2&a G!RFLIGFGA2Y mME FYR a! REFLIWGFGAZ2Y ¢
Combined Socio
scenarios for Future Tl Adaptive Climate
the Raval land use athwa capacity future
district P y
e N N NONE N
No adaptation
BAU measures are
implemented
between 2009
and 2050
Y A
LOW
Only non
i structural
Adaptation 1 | MEDIU';/I adaptation PESSIMISTIC
ncreases irom measures are Unplift fact
Planned 2009 to 2050: implemented (20%'9 . 3‘;8;%):
land use GVA 81% T=10 1.08
) in 2050 Empl t- ) '
sl T=100 1.12
0
. . . MEDIUM T=100° 1.15
Adaptation 2 Population-11% SUDS are
implemented
| N
N T T
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Adaptation 3 ML
designed in the
Barcelona DMP
\ L L Yy tare implemented J

Figure 2-5. Combined scenarios for the Raval district in 2050.
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2.2.3.4 Adaptation 3

This case will reflect the highest adaptive capacity that can be achieved in this area. It will represent
the adaptation measures included in the last Drainage Master Plan (DMP) of Barcelona (classical
structural measures like storage tanks, new pipes, dtcheduce flooding problems in the Raval
District. The climate future assigned to this situation is the pessimistic one in order to analyse if the
strategies planned in the DMP have to be updated. The socioeconomic scenario will be the medium
as in the pevious scenariosn order to compare the results of this scenario with titeer ones.

2.3 Hydraulic modelling

A detailed 1D/2D coupled model, simulating surface and sewer flows was developed using Infoworks
ICM version 3.0 by Innovyze (2013). ICM sdlliescomplete 2D Saint Venant equations in a finite
volume semimplicit scheme (Godunov, 1959) with a Riemann solver (Alcrudo and Mialet,

2005).

The estimation of flood depth in a very accurate way is crucial for a micro scale assessment as this
one. Therefore, there was a need for a coupled 1D/2D approach in order to take into account
surface flows coming from upstream catchments and the interactions between the two drainage
freSNa 61y26yI NBalLISOGAGStesr |aapid RBAZaAa8a086YQYH
aeaitsSYQ FT2NX¥SR o0& UGUKSFigusea®& NI ySUGG2NJ 0 & aKz2gy A

Special attention was paid to the hydraulic characterizatibthe inlet systems (representing the
interface between surface and underground flows) using experimental expressions achieved in the
Technical University of Catalor{i@émez and Russo, 2011)

In order to consider surface and sewer flows coming into theaR®istrict from upstream
catchments, an extended area was considered in the study. Only main sewers were considered for
these catchments, while main and secondary networks were taken into account for Raval District.
The final model considered a total aref 44 kmiwith 3874 nodes, 241 km of total pipe length and 6
major storage facilities with a total capacity of 170,000 m

A 2D mesh covered the whole analyzed domain with 403,822 triangles. Parks and other green areas
were represented inthe same 2D nieE GG NRB dzZAK dH5 AYFAELGNI GA2Yy T 2y
hydrological, physical and geometric parameters, while buildings were represented as void areas.
Runoff produced in the building areas was estimated considering an approximation of single no
linear reservoir (whose routing coefficient depends on surface roughness, surface area, ground slope
and catchment width) and directly conveyed into the sewer network. This goes in accordance with
local practice in Barcelona, where roofs and terracepi@ximately corresponding to 50% of the
whole analyzed domain) are directly connected to the underground sewers.

w»
QX

Sewer model was calibrated and validated using data regarding 4 critical rainfall events occurred in
2011 and provided by CLABSA Control Ceileese data concerned 11 rain gages, 29 limnimeters
and several time series related to real time control devices. Moreover, other data collected in the
post events emergency reports (elaborated by policemen and firemen), and amateur videos
recorded duringhe selected storm events were used to calibrate surface flow. Detailed information
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about the features of the model and, above all, the interactions between 1D and 2D layers is
available irother deliverables (D2.2 and D2.4) aRdsscet al. (2012and 20B).
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Figure 2-6. Interaction of surface and sewer flow (dual drainage concept) (Schmitt et al. 2004)

2.4 Damage / impact modellin ¢

The flooding problems that occur in the Raval produce significant hazarthdovehicular and
pedestrian circulation, as well as economic damages in terms of goods and properties. Since the goal
of this study is to determine the cosffectiveness of several adaptation strategies, an accurate
economic appraisal of the damagesiisaial. Then, comparing the baseline scenario with the future
ones (taking into account both global changes and adaptation meastines)enefitsof adaptation

can bequantified and the different measures prioritized.

In the following sections, differertypes of impacts should be assessed. However, due to the area
studied, only direct damagdsave been included-irst of all, the direct tangible damages related to
the buildings are assessed. Then, in an intangible way and giving several risk levielpaittsto
people and vehicles are calculated.

Riskis definedasthe probability or threat of a hazardoccurringin a vulnerabk areaandthat maybe
avoidedor minimisedthrough preventiveactions.For the three different impact categories, flood

risk isassessed in the same way. Flood risk maps related to each specific scenarios and return period
are obtained by combining hazard maps and vulnerability maps, as shdviguie2-7.

In the caseof direct tangible damagesrisk is expressedn terms of monetaryvaluesthanksto the
depths damage curves. For the other two categories, risk maps are created multiplying the
vulnerabilityindex (1, 2 or 3, correspondingo low, moderate and high vulnerability) by the hazard
index(1, 2 or 3, correspondingo low, moderateand highhazard).Finallythe total risk variesfrom 1
to 9 where higherlevelsindicatehigherrisk. This methodologyis summarizedn the following matrix
(Figure2-8).
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hazard map vulneroble mop

Figure 2-7. Combination of hazardand vulnerability maps to produce a flood risk map.

Risk Matrix
Hazard
1 2 3

1( 1 2 3

21 2| 4

Vulnerability

3| 3

Figure 2-8. Risk matrix obtained by multiplying the vulnerability index by the hazard index.

In the several subsections, the methodologies and datsented in D3.4 are going to be used.
Therefore, following, only the main results regarding the business as usual scenario and its
comparison to the baseline scenarios are going to be presented. For further details on the
methodologies, data and refereas, D3.4 should be reviewed.

2.4.1 Direct tangible impacts

2.4.1.1 Hazard levels for direct tangible impacts

Figure2-9 shows the depths generated by the three rainfall events simulated. It is worth noting that,
the model outputs (i.e. water depth in the streets) have been converted into water depth inside the
buildings in order to ease the calculation of the damages. Cares#ly, Figure2-9 shows water only
inside the buildings and not in the streets. In addition, the reader should note that water depths of
less than 15cm will cause no damage, due to the depth damage curves developed. Therefore,
although the light blue colour is sometimes widespread, only the values over 15 cm will be
considered for the damage model.

From the maps presentedin Figure2-9 it is possibleto observethat climate changecould have
significanteffectson the flow depthsinsidethe buildingsof the RavalDistrict. Themainincreaseis
related to the return period of 10 years.Generallythesemapsindicatethat the southernpart of the
Distrid ismore susceptibleo sufferdamage due to flooding.
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Figure 2-9. Flood depths inside thearcels of the Raval District for rain events with return period of 1

year (left), 10 years €entre) and 100 years (right) for the Baseline scenario and Business as usual

scenario.

19











































































































































































































































































































































