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1 Introduction

Among European neighbourhood countries, Tunisia faces major challenges due to its rapid population
growth and its accelerated urbanization. The national urban “Risk Information and Analysing System”
(RIAS) is being developed by the Tunisian “Ministere de I'Equipement de [|’Habitat et de
I’Aménagement du Territoire” in an effort to assess the impact of natural hazards and lessen their
effects. The city of Monastir serves as a pilot case, representing Tunisian urban areas that are
confronted with similar challenges.

Urban zones and infrastructures are increasingly faced with challenges that are related to accelerated
urbanization as well as climate change related phenomena. Climate change and heavy rain events lead
to increased temperatures as well as high evaporation. As the heated air absorbs more moisture,
convective precipitation occurs. The intensity of this precipitation in the form of heavy rainfall or
thunderstorms can reach high intensities during a short amount of time. The subsequently occurring
flash floods can dramatically affect even small regions. Flash floods are the most dangerous type of
flooding, with 50% of all flood damages being caused by heavy rain events.!

They are characterized by rapidly rising, destructive currents that pose a major risk to humans and
their infrastructures. The prediction of flash flood events is crucial in order to prevent loss of human
life and to mitigate destruction of property. In order to cope with flash flood hazard, forecasting
methods with high spatial resolution need to be developed.

As a consequence of climate change, high intensity rainfall events have become more frequent and
are expected to increase even further in the future in many areas around the globe. These
developments have also taken place in the city of Monastir. Especially the arid areas in the south-west
of the Monastir region have been affected, predominantly in autumn and winter months.?
Consequently, the city has been affected by several flash flood, which have caused serious damages.
To increase preparedness concerning flash flood risk, analyses have been conducted which will be
described in the report. In order to be prepared for future events, a hydrological rainfall model is used
to analyse flash flood hazard in Monastir. Hazard prone areas in the municipality are located and water
depths as well as water flows are simulated. An analysis of past and current events is conducted in
order to simulate future developments. Multi-temporal meteorological data of the study area are
extrapolated to model a future extreme event. By statistical analysis of past and current events, based
on multi-temporal meteorological data, an extreme event is extrapolated and simulated. These
modelling results point out hazard regions in the area of interest.

Additionally, an analysis is conducted in the urban area of Monastir to identify and analyze exposed
areas. A focus is set on identifying affected residential urban areas as well as transport areas.
Furthermore, census data have been analyzed with the aim of quantifying the exposed population.

1 ERGO Group AG (2013)
2 ARCHIPLAN (2017)
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2 Fla$ Floods

Flash Floods are one of the most common and destructive natural hazards affecting urban areas
around the globe. The events result in direct losses like personal injury and property damage.
Furthermore, there is a growing indirect impact like interruption of public services and economic
activities.3

The process can be defined as a rapid flowing of water over land, caused by heavy rain or the release
of impounded water within minutes or up to several hours.* According to the American Meteorological
Society, “a flash flood is a flood that rises and falls quite rapidly with little or no advance warning,
usually the result of intense rainfall over a relatively small area.”” A flash flood can also be defined as
“...a rapid flooding of water over land caused by heavy rain or a sudden release of impounded water
(e.g. dam or levee break) in a short period of time, generally within minutes up to several hours, a
timescale that distinguishes it from fluvial floods.”®

Generally, flash floods are the result of a complex interaction between hydro-meteorological,
hydrological and hydraulic processes across varying temporal and spatial scales.” Physical
characteristics of the catchment like soil moisture conditions and permeability, topography, slope,
land-use and soil types are further drivers for flash floods.®

Urban areas are particularly exposed to flash floods as they mostly consist of impervious surfaces. Due
to the high degree of soil sealing, only a small amount of water can infiltrate into the soil.
Consequently, nearly all of the water has to be transported on the surface or through the sewage
system. A high-intensity rainfall event that occurs within a short time period can lead to the exceeding
of the capacity of the drainage canals and the sewage system, causing a flash flood.®

As a result of climate change flash flood hazards are expected to occur more frequently in the future.®
Average temperature rise and an accelerated hydrological cycle have led to increased research in the
field of urban flood modelling. A focus has been set on the detecting and modelling of upcoming
extreme precipitation events to prevent damages caused by the consequences of flash floods.

3Yin et al. (2016), Wright et al. (2012)
4Hong et al. (2013)

5 American Meteorological Society (2000)
6 Hong et al. (2013)

7 Hapuarachchi et al. (2008)

8 Davis et al. (2001)

9Yang et al. (2015)

10 Marchi et al. (2010)
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The following chapter presents the methods applied to analyse hazard and exposure to flash floods in
Monastir. The input data as well as the workflow are described.

3.1 Hazard Analysis

To analyse the current and future situation of flash flood hazard in the study area, simulations are
conducted. The models consider the effects of a changing climate in the form of changes in

precipitation patterns.

3.1.1 Input Data

The data used for the hazard and exposure analyses are presented in Table 1. The majority of the input
data have been described in further detail in the report for “Deliverable 1.1”.

Table 1: Input Data - Hazard Analysis

DSM1 & DTM1 (Raster) IABG, 2017
prepared by WV3 imagery

Meteorological data (1986-2017) Institut National de la Météorologie (INM)*! 2017

Meteorological data (1982 — 2017) World Meteorological Organization (WMO)* 2018

Dataset IABG, 2017

Urban Development prepared by multi temporal analysis of LAC/LUC

(1984 - 2017) (Landsat)

Geodatabase UDRASP IABG, 2017

(Dataset Urban, Additional) prepared by integration of PAU and
mapping/updating based on WV3 imagery

Imagery 2017 EUSI — World View 3 - mosaic 2017

. . 2017

Imagery 1984 Centre National de la cartographie et de Ia
Télédétection (CNCT)*3

Geology / soil information Commissariats Régionaux au Développement 2017
Agricole (CRDA)

Topographical Structures IABG 2017

11 INM (2014)
12 WMO (2017)
13 CNCT (2017)


http://www.wmo.int/pages/prog/wcp/wcdmp/index_en.php
http://www.cnct.defense.tn/
http://www.cnct.defense.tn/
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D2.2/D3.3/D4.3 - Flash Flood Modelling in Monastir

3.1.2 Workflow

In the chapter the modelling steps are described. In preparation of the simulation, data preprocessing
is performed. To analyze flash flood hazard, a software-based modelling of the surface runoff and flow
paths is conducted.

3.1.2.1 Terrain analysis and preparation DTM:

The following steps have been executed to prepare the provided DTM as a baseline for modelling. The
1m DTM is converted into a 5m DTM. Additionally, the DTM is manually improved. Features like
bridges, walls and vegetation and are reviewed to check for inconsistencies in order to modify and
correct the pixel information if necessary (Figure 1).

Figure 1: 1) DTM after removal of inconsistencies, 2) Final DTM after Interpolation
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3.1.2.2 Derivation of the bathymetry from DTM

After preparing the DTM, the modelling is conducted, using MIKE FLOOD. MIKE FLOOD is a physical
process-based modeling suite that was created by the Danish Hydraulic Institute (DHI). It has
demonstrated high accuracy in simulating urban flood events.!* MIKE FLOOD is based on the
hydrodynamic functions of the Saint-Venant equations and the vertically integrated water equations.*

In a first step, the bathymetry, which represents the computational mesh for the model is computed
(Figure 2). To optimize the processing time, the bathymetry is derived from the DTM and calculated
with a resolution of 5m. The previously processed DTM represents the natural surface of the earth,
without infrastructures like buildings. However, as buildings have a high influence on the diversion and
accumulation of runoff, they are included into the model. The building shapes that are included in
raster format and are uniformly raised by a value of 0.5 meters. Furthermore, the roads are lowered
by 0.15 meters in order to define them as the main runoff channels. Raster cells that are located
outside of the area of interest are defined as “land value” to exclude them from the calculation.

-13.330

’ -13.00

4 = It -12.66°
. -12.33

-12.00

. -11.66

A rrsinsznrent N -11.33
X -11.00

: -10.66

-10.33

2= NN

Figure 2: Bathymetry without (left) and with (right) consideration of the roads

3.1.2.3 Estimatiorof roughness of the surface

Based on the 5m surface raster, different roughness values are assigned to main elements like road
networks, green zones or fallow lands according to their drainage characteristics (Figure 3). For
example, roads are assigned a low roughness factor, whereas vegetated areas exhibit higher roughness
values. Consequently, low roughness values lead to a high runoff velocity, whereas high roughness
results in slower surface runoff. Manning-Strickler-Values of ks: 7 — 35 m*3/s were applied. The values
were defined according to Engman (1986) for water with a laminar flow and low water depths.'® The
values for the feature classes were defined based on empirical values from similar areas:

4 Hlodvesdottir (2015)
15 DHI (2016)
16 Engman (1986)
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- Roads (35 m3/s)
- Green spaces and fallow land (10 m*3/s)
- Agriculture zones (7 m*3/s).

Cells outside of the model area are set to a default value of ki 5 m/3/s and are not considered in the
calculation.

Above
32 -
30-
28 -
26 -
24 -
22-
20 -

MERRRRSETITITT]

Grid Data [m(1/3)/s]

34
34

Figure 3: Roughness Values according to Land Use Classification

3.1.2.4 Consideration ofifiltration properties

To take into account the infiltration properties of the different Land Use classes in the study area,
values have been derived from the soil maps and are included in MIKE 21 (Figure 4). Apart from the
infiltration values [mm/h] of the soil, the following parameter values are defined:

- Porosity [-] (20%),

- Ground water floor distance [m] (1.5 m),

- Discharge into lower layers [mm/h] (0 mm/h)
- (Pre)-Saturation [%] (0%)

Roads and buildings are defined as closed surfaces without any infiltration capacity. For the remaining
areas values between 1- 0.5 mm/h are assigned.
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MR T

Figure 4: Infiltration Values [mm/h] according to Soil Maps and Land cover

3.1.2.5 Precipitation

To include the precipitation into the model, precipitation values from 1982 as well as 2016 are used.
Furthermore, precipitation data from the period between 1982 and 2017 are examined to extrapolate
a 100-year flooding event. Precipitation analysis is conducted by statistical procedures based on the
following meteorological data.

- Meteorological data: 1986 — 2017 / daily values but not used as reference data set due to
crucial lack of data (only backup)?’

- Meteorological data (Station: Monastir - Skanes (607400 (DTTM)): 1982 — 2017 / daily values
are used as reference data to investigate past events'®

Based on the daily precipitation values from 1982 to 2017 the extreme events are extracted and
prioritized according to their precipitation values (Table 2).

17 INM (2014)
18 WMO (2017)

10
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Table 2: Selection of extreme precipitations events in the past

Date/Year Measure Priority
29.01.1997 170.94 1
26.09.1991 135.89 2
29.03.1982 103.89 3
03.01.2013 101.09 4
06.11.1992 82.04 5
21.09.1993 81.03 6
31.10.1982 78.99 7
27.09.1995 75.95 8
09.12.2016 75.95 9
29.01.1982 74.93 10
18.12.1992 71.12 11

A statistical analysis for Monastir-Skanes defines a value of > 70 mm as an extreme precipitation event
in the region, which is determined by extrapolating the probability of occurrence (Figure 5).

y = 40.759In(x) + 15.561

150

100

50

0.0 20.0 40.0 60.0 80.0 100.0 120.0

Figure 5: Probability of Occurrence of Extreme Precipitation > 70 mm

Based the extrapolation, a 100-year precipitation event (HQ100) is defined at a value of

203 mm. The simulation of the HQ100 scenario in Monastir is executed by the application of a 12-hour
rainfall according to EULER Il distribution over the study area. Table 3 shows the applied rain intensities
in mm/h for the three different time periods.

11
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Table 3: Precipitations Values per mm/h in different years

Time (h) 1982 2016 HQ100
0 5.62 5.7 15.25
1 7.34 7.44 19.91
2 10.62 10.76 28.8
3 27.32 27.7 74.12
4 4.22 4.27 11.44
5 4.22 4.27 11.44
6 2.97 3.01 8.05
7 2.97 3.01 8.05
8 2.97 3.02 8.05
9 2.23 2.26 6.06
10 2.23 2.26 6.06
11 2.23 2.26 6.06

The applied rainfall intensities over 12 hours are visualized in in Figure 6.

Rain

1 8-N100 [mn

—¢-1982 [mmjhour] i
703 —9-2016 [mmhour] | |
Vhour] !

Figure 6: Modelled Rain intensities [mm/h] during 12 hours for 1982, 2016, HQ100
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08:00
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12
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3.1.2.6 Addtional modelling parameters
Additional modelling parameters are defined to further adjust the model:
Time step

In order to define the time step, the CFL condition is used as a criterion. The CFL condition defines to
what degree the model can convey information during a time step. It depends on the water depth and
the flow velocity. To properly represent the extension of the water, very short time steps can be
required, especially if steep slopes are present. For the model, a value of 1 second is defined. The value
of the time step has a clear impact on the computing time. The processing time is lower if the time
step is longer but this value depends on velocity and the water depths. In general, steep areas require
lower values to visualize water distribution during precipitation.

Flood and dry

The flooding depth (Flood determines at what value a grid cell is defined as wet and therefore
considered in the calculation. In order to represent the runoff formation by precipitation, this value is
set at 1 mm. If a raster cell reaches a volume that exceeds the defined flooding depth, the calculation
algorithms are activated for that cell and flow movement through the cell is enabled. Dry represents
the drying depth. If the value of a cell goes below 0.5 mm, the raster cell is considered dry and is no
longer integrated into the calculation.

Eddy Viscosity

In numerical modelling, Eddy Viscosity is an established method to take into account friction losses
that arise within grid cells due to turbulence, vertical flow processes and small-scale effects. Eddy
Viscosity contributes to stabilizing the model calculation. For the model, the more stable, runoff-based
(flux) approach was chosen. Eddy Viscosity was defined as follows:

™ Qi DWMWB'Q 8t & va 2 va .
— z vd Fi
0 Q4 @ Qn pO

13
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3.1.2.7 Flood Hazard Rating

After depth and velocity data for each cell have been computed, a flood hazard rating is calculated
considering a depth-velocity-related debris coefficient. An equation by DEFRA (2006) was used, which
takes into account the effect of debris, that is carried by a flash flood. Depending on the land use, a
value of 0, 0.5, 1 or 2 can be defined depending on the place of the flood and the features of the flow.
Consequently, flash flood hazard was calculated combining water depth, flow velocity and the debris
factor.

0OY Q20 M@ 00
HR...(flood) hazard rating;
d...depth of flooding (m);
v...velocity of floodwaters (m/sec); and
DF...debris factor

The combination of the previously created raster files was conducting using the ArcGIS “Raster
Calculator”. The resulting raster layer was transformed into vector format and smoothed using the
software eCognition. The hazard layer was then classified into categories that correspond to increasing
hazard levels (Table 4). Values lower than 0.75 are not considered a hazard.

Table 4: Flash Flood Hazard Classification

Hazard Class Range
Moderate 0.75-1.5
Significant 1.6-25
Extreme >2.5

3.2 Exposure Analysis

In the course of the exposure analysis, the HQ100 model for flash flood hazard was applied to identify
and quantify exposed residential urban areas, population as well as transport areas.

3.2.1 Input Data

For the exposure analysis, the input data from the hazard analysis (Table 1) and the results from the
hazard modelling were used. Additionally, census data from the city of Monastir were included in the
analysis.

14



® /"\ UNITED NATIONS SN 74 UD-RASP - Urban Disaster Resilience
7N

m UNIVERSITY through Risk Assessment and Sustainable Planning.
UNU-EHS

ECHO/SUB/2016/740186/PREV19

Institute for Environment OCtOber 2018
and Human Security
Table 5: Input Data - Exposure Analysis
Population Data Total population per administrational unit 2014
Institut National de la Statistique (INS)*®
Flash Flood Hazard Modelling by DHI using MIKE Flood 2017
Dataset IABG, 2017
Urban Development prepared by multi temporal analysis of LAC/LUC (Landsat)
(1984 —2017)
Geodatabase UDRASP IABG, 2017
(Dataset Urban, Additional) prepared by integration of PAU and mapping/updating
based on WV3 imagery

3.2.2 Workflow

The aim of the exposure analysis is to identify the exposed areas in the city of Monastir and to classify
the areas depending on the degree of exposure. A focus is set on locating the exposed Urban Fabric as
well as the exposure values of the transport areas.

In a first step, the urban dataset of the UDRASP Geodatabase is used in order to select the built-up
areas with residential use (“Urban Fabric”). The “Urban Fabric” features are selected as a base for
further exposure analyses. Furthermore, the “Transport” roads as predefined in the UDRASP database
are selected.?

The census data provide the total population per Unit. Monastir is divided into 78 administrative units
that range in size between of 20 km? and 0.03 km?2. In order to get more detailed information about
the distribution of the population within a unit, the information is downscaled. The aim of the
calculations described is to determine the total population for each building block within a unit (Figure
7).

To achieve a more detailed representation of the population distribution within a unit area, only the
“Urban Fabric” areas (i.e. the residential areas) within the unit are selected. Therefore, the building
blocks of the Urban Fabric are intersected with the administrational units to assign each building block
to its corresponding unit. Due to discrepancies in the delineations of the Units and the Urban Fabric,
some building blocks overlap with the unit boundaries. The resulting slivers can lead to inaccuracies in
the further steps of the analysis. Therefore all areas smaller than 227m? (=size of the smallest building
block), are deleted to clearly assign each building block to a distinct unit.

19INS (2017)
20 Eyropean Environment Agency (2011), see also Deliverable 1.2
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Units
[C] Building Blocks

In a next step, the total population is calculated for each building block, depending on the Urban Fabric
class as well as the size of the building block. A factor is assigned to each “Urban Fabric” class to account
for the different population densities (Table 6). The factor is defined referring to the Urban Atlas
classes. The classes categorize the built-up residential areas according to the average degree of soil
sealing, which allows a conclusion on the population density of the area.?

Table 6: Class factor depending on population density

Urban Fabric Class Class Factor
Continuous urban fabric 1
Discontinuous dense urban fabric 0.8
Discontinuous medium density urban fabric 0.5
Discontinuous low density urban fabric 0.3
Discontinuous very low density urban fabric 0.1

In addition to the Urban Fabric class, the size of the building block is considered in the process of the
downscaling of the population distribution. Depending on the size of the building block, the
distribution of the total population within a unit is weighted.

21 European Environment Agency (2011)
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D2.2/D3.3/D4.3 - Flash Flood Modelling in Monastir

To calculate the exposure, each building block is intersected with the hazard layer of the HQ100 rainfall
event scenario. As a final result, for each building block the absolute exposed population as well as the
exposed transport areas are calculated.

4 Resultaand Discussion

The identified hazard areas are presented and discussed. In a second step, the exposed urban areas as
well as transport routes are identified and described in further detail.

4.1 Hazardviodelling

The analysis of the maximum flow velocity (HQ100) resulted in values of an average of 0.08 m/sec
(Figure 8). In the southern part of Figure 8, the main train station is located. The flow velocities reach
maximum values of 2.13 m/sec and average values of 0.71 m/sec. Water accumulates in the area of
the train station as it flows in from the surrounding main roads and accumulates in the area. Further
north, the area of the Medina is also affected by runoff with flow velocities of 0.15 m/sec on average.
Generally, the highest flow velocities exist along major roads. Due to a high degree of soil sealing in
the area, water cannot infiltrate into the ground. As a consequence, the runoff is channelled during
high intensity rainfall events.

O Flow velocity (m/sec) HQ100
<VALUE>
[10-0.0693
[10.0694 - 0.208
0.209 - 0.381
[ 0.382 - 0.589
[ 0.59 - 0.797
I 0.798 - 1.07
I 1.08-139
W4-1.77
N1.78-243
MW244-374
M375-523
W Above 5.24

The values of maximum water depth in the study area exhibit average values of 0.2 meters (Figure 9).
As with the maximum flow velocities, the main train station is the area with the highest values. The
water depth in that area reaches values up to 2.13 meters.
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Water Depth (m) HQ100
<VALUE>
[J0-0.09
[10.0901 - 0.246
[ 0.247 - 0.43
[ 0.431 - 0.628
[ 0.629 - 0.812
[ 0.813 - 0.968
[ 0.969 - 1.12
m1.13-132
I 1.33-1.61
m62-2
N 2.01-258
I Above 2.59

The information about the flow velocity and the maximum water depth, combined with the debris
factor result in the final flash flood hazard map. In Figure 10, the modelled hazard areas for flash flood
events in Monastir are presented. In case of a flash flood event the surface runoff is channeled along
main roads, which follow their path until the water accumulates at hotspots around the city. During a
100-year rainfall event, the eastern part of the city is especially influenced by flash floods. Big areas
are affected by inundation. The western part is characterized by various spots of smaller size with
“moderate” hazard. In several areas a “significant” hazard occurs.

18
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The area around the main train station is highly affected by flash flood hazard (Figure 11). In case of a
high intensity precipitation event the water runs along the railway tracks until it reaches the main train
station. The area east of the train station is also prone to flooding during flash flood events.
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DSy
[1Moderate (0.75 -1.5)
[ Significant (1.6 - 2.5)
B Extreme (>2.5)

In Figure 12, the modelled hazard scenarios for 1982, 2016 and the HQ100 event are compared. The
Medina of Monastir is located in the north. In that area, the flash flood hazard rises from “moderate”
to “significant” between the 1982 event and the HQ2016 scenario. In the south, in the region of the
main train station, the hazard increases from “moderate” to “significant”. Along transport roads, the
hazard also rises to “extreme”. In the HQ100 scenario, the hazard class as well as the expansion of the
hazard increases. The Medina as well as the area of the main train station are affected by widespread
inundation along the roads as well as in the urban fabric.
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M Significant (1.6-2.5) !,
L- Extreme (>2.5)

4.2 Exposure Analysis

The results of the exposure analysis are presented by describing three exemplary units (U4, U15, and
U61) in the study area. The exposure of the building blocks and the transport areas are described.

Unit 4 is characterized by predominantly residential urban areas. 66% of the unit’s area consists of
Urban Fabric and 31.31% of Transport area (Figure 13). 8.98% of the Urban Fabric are exposed to flash
flood hazard and 33.04% of the Transport area are exposed to flash floods. The unit has a total
population of 950, 10% of which are exposed to flash floods.

Unit 4
2.68% Unit 4 Value Percentage

Unit area 64466.06 m* 100.00%
Urban Fabric 42550 m? 66.00%
Transport Area 20186.48 m? 31.31%
Other Land Use 1729.58 m2 2.68%
Total Population 950

Exposure Value

Exposed Urban Fabric 3818.88 m? 8.98%
Exposed Transport Area 6668.64 m? 33.04%
Exposed Population 89 9.37%

= Urban Fabric = Transport Area = Other Land Use

Figure 13: Unit 4, Exposure Urban Fabric and Transport
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The eastern part of the unit is the main area affected by “moderate” flash flood hazard (Figure 14).
The Urban Fabric is densely populated and predominantly classified into “continuous urban fabric”. As
the building blocks in the western area of the unit are not touched by hazard areas, only a small
percentage of the population in that area is exposed to flash floods. The exposed transport areas are
consequently mainly located in the eastern part of the unit.

Unit 4
[IUnit

Building footprints

Urban Fabric Subtype
[ Continuous urban fabric

[ Discontinuous dense urban fabric

[] Discontinuous medium density urban fabric
[ Discontinuous low density urban fabric

[] Discontinuous Very Low Density Urban Fabric

Hazard Class

[ Moderate (0.75 - 1.5)
I Significant (1.6 - 2.5)
I Extreme (>2.5)
Total exposed population
(absolute number per building block)
o-1

[112-36

[37-85

Mm86-184

N 185 - 623

Exposed Transport Areas
[]Moderate (0.75 - 1.5)
Significant (1.6 - 2.5)
B Extreme (>2.5)

p

Figure 14: Unit 4, Exposed Urban Fabric
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In Figure 15, the exposure values of Unit 15 are illustrated. The unit consists of 55.35% Urban Fabric
and 33% Transport area. The unit has a total area of 83,903 m?2. With 7278.19 m?, almost 16% of the
Urban Fabric exhibit exposure to flash floods. More than half of the Transport area (60.6%) display
flash flood exposure. Of the total population of 1319, about 15% are exposed.

Unit 15

11.64%

33.00%

Unit 15 Value Percentage

Unit area 83903.3 m? 100.00%
Urban Fabric 46441.92 m* 55.35%
Transport Area 27691.01 m? 33.00%
Other Land Use 9770.37 m? 11.64%
Total Population 1319

Exposure Value

Exposed Urban Fabric 727819 m? 15.67%
Exposed Transport Area 16780.13 m? 60.60%
Exposed Population 186 14.10%

= Urban Fabricin Unit = Transport Area in Unit = Other

Figure 15: Unit 15, Exposure Urban Fabric and Transport

The northeastern part of Unit 15 is particularly affected by flash flood hazard (Figure 16). As runoff is
accumulated and channeled along the major roads, these areas are classified as “significant”. In the
Urban Fabric areas, the exposure is mainly classified as “moderate”. The building block located in the
northeastern corner is especially exposed to flash floods and therefore exhibits a large amount
exposed people (44). Consequently the transport areas in the northeast are also significantly exposed.
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Hazard Class Total exposed population
[ 1Moderate (0.75 - 1.5) (absolute number per building block)

[ Significant (1.6-2.5) []0-11

B Extreme (>2.5) 012-36
Exposed Transport Areas 37 - 85
86-184

[ Moderate (0.75 - 1.3)

[ Significant (1.6 - 2.5) N 185 - 623

[1Discontinuous Very Low Density Urban Fabric B Extreme (>2.5)

Figure 16: Unit 15, Exposed Urban Fabric
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The results of the exposure analysis of Unit 61 are depicted in Figure 17. The unit is dominated by
Urban Fabric which is 51.29% of the unit area. Of the area, 31.66% are exposed to flash flood hazard.
The Transport area makes up 21.53% of the unit area. 48.81% of that area are exposed to flash flood
hazard. The total population of the unit is 1849, with 489 people being exposed to flash floods.

Unit 61

Unit 61 Value Percentage
Unit area 126626.12 m? 100.00%
Urban Fabric 64947.03 m* 51.29%

27.18% Transport Area 27266.5 m* 21.53%
Other Land Use 34412.59 m* 27.18%
Total Population 1849

Hos Exposure Value
Exposed Urban Fabric 20562.89 m? 31.66%
Exposed Transport Area 13308.65 m? A8.81%
Exposed Population 489 26.45%

= Urban Fabric in Unit Transport Area in Unit = Other
Figure 17: Unit 61, Exposure Urban Fabric and Transport

The northern part of Unit 61 is extensively affected by flash flood hazard (Figure 18). The building
blocks in the northern part are therefore highly exposed with large parts of the unit’s population
(26.45%) being affected. The transport areas in the northern part of the unit exhibit “significant” flash
flood exposure.
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Unit 61
[IUnit
Building footprints

Urban Fabric Subtype
I Continuous urban fabric

[ Discontinuous dense urban fabric
[71 Discontinuous medium density urban fabric
[] Discontinuous low density urban fabric
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Hazard Class Total exposed population

[ |Moderate (0.75 - 1.5) (absolute number per building block)
[ Significant (1.6- 2.5) []0-11

B Extreme (>2.5) [112-36

[m37-85

Mm6- 184

185 - 623

Exposed Transport Areas
[ 1Moderate (0.75 - 1.5)

[ Significant (1.6 - 2.3)

B Extreme (>2.53)

[ Discontinuous Very Low Density Urban Fabric

Figure 18: Unit 61, Exposed Urban Fabric
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5 Conclusions and Outlook

In the course of the project, an analysis of the situation concerning flash floods in Monastir was
conducted. The objective was to perform an analysis of past, current and future flash flood hazard and
exposure. Three events (1982, 2016, HQ100) were considered to model flash flood scenarios in the
study area. Maximum water depths and maximum flow velocities of the runoff were combined with a
debris factor to calculate flash flood hazard and derive exposure values.

The results of the analyses clearly demonstrate extensive surface runoff as a consequence of high
intensity rainfall for all three scenarios. The northeastern area of Monastir is affected by the highest
flash flood hazards concerning intensity as well as expansion. In case of a high intensity rainfall event,
the runoff is channeled along major roads, where it reaches high flow velocities. The water
accumulates in low-lying areas, leading to inundation of urban areas. In Monastir, the area of the
medina as well as the main train station are especially affected by the hazard. The main train station
is part of the city’s critical infrastructure. In these areas, further studies should be conducted to provide
more detailed predictions. The areas are characterized by a high population density and are therefore
highly exposed.

The accuracy and level of detail provided through the input data are the main influencing factors that
significantly determine the significance of the model results. Therefore, a database with a high spatial
and temporal resolution is crucial for further analyses. An improved data quality will lead to a
maximized accuracy of future models. High accuracy input data help to better estimate any effect of
future heavy rain events and support sustainable planning efforts.

Sewage systems play a major role during a flash flood event as they significantly influence the course
of runoff. Consequently, the future models can be further refined by creating a cadastral database of
hydraulic structures like culverts, drains, sewage systems and flow channels. Integration of data on
sewer systems and their condition can additionally improve the validity of the modelling. In particular,
the interaction between sewer and surface model will point out the entire risk potential by heavy rain
events. Changes in land use as well as urbanization are other factors that determine the runoff patterns
during flash floods. Consideration of different urban development models in the hazard and exposure
analyses can contribute to the creation of more detailed scenarios.

Comparing the three scenarios, an increasing trend in the intensity and magnitude of flash floods can
be observed. The flow velocities as well as the water depths increase over time. Furthermore, the
expansion of the inundation increases over time. As all scenarios were calculated using the same urban
model as a basis, it can be concluded that the differences are caused by variations in precipitation. As
a result, climate change and its effects on the urban environment have to be taken into account in
future planning efforts. With an increase in frequency and intensity of extreme weather events, Tunisia
and Monastir in particular will be exposed to a further increase in natural hazards like flash flood.

Future land use planning needs to consider the developments that are influenced by a changing climate
and increasing urbanization. Detailed characterization of affected areas contribute to provide a better
insight into the processes of future extreme events. Investments into risk reduction measures have to
be made to improve risk management processes and reduce future losses.
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