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SUMMARY

Identifying the urban hot spots to flooding is @fdhe first steps in an integrated methodology for
urban flood risk assessment and mitigation. Thigsgl@ble employs two GIS-based frameworks
for identifying the urban hot spots for residentmwlildings and urban corridors. This is done by
overlaying the map of potentially flood prone ar@he topographic wetness index, TWI, CLUVA
DeliverableD1.2) and the map of urban morphology types (UMT, CLUD&liverableD2.7)
classified as residential or as urban corridorgnaimum likelihood method (MLE) is employed
for estimating the threshold used for identifyihg flood-prone areas (the TWI threshold) based on
the inundation profiles calculated for various ratwperiods within a given spatial window.
Furthermore, Bayesian parameter estimation is eyadlon order to estimate the TWI threshold
based on inundation profiles calculated for moentbne spatial window. For different statistics of
TWI threshold (e.g., MLE estimate, 16th percenti®th percentile), the map of the flood prone
areas is overlayed with the map of urban morphologys identified as residential and urban
corridors in order to delineate the urban hot sgotsboth urban morphology types. Moreover,
information related to population density is int@gd by overlaying geo-spatial datasets created
based on census data in order to estimate the mwhpeople affected by flooding. Differences in
exposure characteristics have been assessed fange rof different residential types. As a
demonstration, the urban hotspots to flooding aneéated for different percentiles of the TWI
value for the CLUVA case study cities of Addis Ababar es Salaam and Ouagadougou.

DISCLAIMER

This deliverable has been re-focused from its pabtitle. The first instance regards a change of
focus in order to discuss residential buildingsgeneral and not only adobe houses. Another
instance regards an extension of the focus in daddelineate the hot spots in term of flood hazard
and not only in terms of flood vulnerability. Theest instance regards the sewer systems which have
not been addressed in this deliverable. Nevertheldse procedure described later for the
identification of urban hot spots can be also eygudbto the sewer systems.

The results presented for the case-study in Ouagmadoconsist of the identification of urban flood
hot spots in terms of hazard without consideringrimation on exposure. This is due to lack of
exposure data (e.g., Urban Morphology Types andilatipn density datasets) for Ouagadougou at
the time of the elaborations.



CLUVAY®

SEVENTH FRAMEWORK
PROGRAMME

CONTENTS
1  INTRODUCTION ..ot 7

2 CONCEPTS AND METHODOLOGY ...cviviiiiiieiieeeeimeen, 9
2.1 GIS-BASED IDENTIFICATION OF URBAN HOTSPOTS..........9
2.1.1 Delineation of flood-prone areas using the topodmapwetness index
(Twi) 9
2.1.2 Using the inundation profiles for the calibratiohtbe TWI thresholdlO
2.1.3 Delineation of geographical functional units usithgg Urban Morphology

TYPES (UMT )ittt e e e 10
2.1.4 Identification of urban hotspots by overlaying ti¢/I and UMT datasets
11

2.2 MAXIMUM LIKELIHOOD ESTIMATION OF THE TWI THRESHOLD 12
2.2.1 Estimation of the likelihood function using thealrextents 13

3 IDENTIFICATION OF URBAN HOT SPOTS...........ccu..ee.. 17
3.1 The case of Addis ADaba ............ooeiiitt i 17
3.1.1 Delineation of flood-prone areas for Addis Ababangsthe topographic
wetness INAeX (TWL).....uu e 18
3.1.2 The inundation profile for Little AkakKi................cccooeeeennnin. 18

3.1.3 Maximum likelihood estimation of the flood-proneeghold20
3.1.4 Using Bayesian parameter estimation in order taneste 7 based on

information from more than one spatial windaw.......................... 24
3.1.5 UMT for Addis Ababa City..........ccccoiiiiiiiiiiiiiiiiii e, 26
3.1.6 Identification of urban hotspots by overlaying ti¢/I and UMT datasets
26
3.2 The case of Dar ES Salaam................. e e eeeineeiiieee e, 31
3.2.1 Delineation of flood-prone areas for Dar Es Salaasing the topographic
wetness INAeX (TWL)...o.uu e 31
3.2.2 The inundation profile for Suna...........cccooevviiiiiiiiiiineenn. 32
3.2.3 Maximum likelihood estimation of the flood-proneshold34
3.2.4 UMT for Dar es Salaam...........cccoceviieiiiiiiiiiiiii e 38
3.2.5 Identification of urban hotspots by overlaying ti¢/I and UMT datasets
38
3.3 The case of OUJAdOUGOU..........uveieriniiieiemcei e 43
3.3.1 Delineation of flood-prone areas for Ouagadougoingshe topographic
wetness INAeX (TWL)...c.uu e 44
3.3.2 The inundation profile..........cccooeiiiiiiiiiii e, 45

3.3.3 Maximum likelihood estimation of the flood-proneehold46



CLUVAY®

SEVENTH FRAMEWORK
PROGRAMME

List of figures

Figure 1- Hazard (H), Vulnerability (V) and Risk)(Rhe concept of an urban hot-spot............ 7.
Figure 2 - The main components of the TWI calcal@ti............ccccooooiiiiiiiiie 9
Figure 3 - Mapping UMT units using orthorectifieerial photography, an example in Addis
ADDA. ... —————— e e e e et a et et e eaaa s 11
FIQUIE 4 - FP @nd IN @rEaS. ... iiiiii i cem ettt et e e et e e e e e e e et e e e eaa e e eeean e aeees 12
Figure 5 - Identification of the total urban aréata) and the flood prone urban area, (A (FP))

for @ given threShOId ..........o.u e e e eeaa e 14
Figure 6 - DEM of Addis Ababa (overlaying the maiater COUrSes) ..........ccoovvvevnerieninieiennnan. 17
Figura 7 - TWI for Addis ADaDa ..........oooie e 18
Figure 8 - Inundation profiles in terms of gfk[in meters] for various return periods for theecas
Study area (LITLIe AKBKI) .......oeieie et ettt e et e e et e e et e e e et e e et e e aa e ae 19
Figure 9 - The TWI and the spatial the window fgdtaulic analyses at Little Akaki............... 20

Figure 10 - a) Probability of beirfgP andIN given . b) Probability of being?Dandm givenr. 21
Figure 11 - a) The likelihood functidr(7]W) (also the probability density faj; b) thresholdCDF.

........................................................................................................................................... 22
Figure 12 - Overlay of FP and IN areas for theiapatndow W (Little Akaki). ..............ccouenee. 22
Figure 13 - a) Zones 1 and 2.d{y|W1).the posterior distribution calculated for the Zbr@ad used
=Rl o] T ] g (o] o] o L= PSP 24
Figure 14 - a) the likelihood(7]W,); b) the posterior distributiop( 7]\Wi,Wb)........ovvivviiiiiiiiieeeennn. 25
Figure 15 - High level UMT map for Addis Ababa............ccoooeuiiiiiiiiii e 26
Figurel6 - The urban residential hot spots fordiag delineated for different TWI thresholds: a)
residential area, b)fpercentile, cx u. d)maximum likelihood, e) 3bpercentile, it .. ........ 28
Figure 17 - Breakdown of the residential hot-spaierms of flood prone residential area and
people affected by flooding in the residential area.............ccoooviiiiiiiiiiii e, 29
Figure 18 - The urban corridor hot spots for flomddelineated for different TWI thresholds: a)
residential area, b)fpercentile, cx u.. d)maximum likelihood, e) 3bpercentile, it .. ........ 30
Figure 19 - a) Tanzania, b) Dar ES Salaam City ......c..viiiiiiiiiiiiii e 31
Figure 20 - TWI for Dar ES Salaam ..........ocouuiiiiiiiiiiii et e 32
Figure 21 - Inundation profiles in terms of ef:k[in meters] for various return periods for theecas
S (010 |- T (T PP 33
Figure 22 - The TWI and the spatial the windowHgdraulic analyses at Suna...................... 34

Figure 23 - a) Probability of beirfgP andIN given 7. b) Probability of being?D andIN givenr. 35
Figure 24 - a) The likelihood functidr(7]W) (also the probability density faj; b) thresholdCDF.

........................................................................................................................................... 36
Figure 25 - Overlay of FP and IN areas for theighatindow W. ............cccooiiiiiiiiiiiinesceeem e 36
Figure 26 - a) The likelihood functid(7jW). b) thresholdCDF for different return periods...... 37
Figure 27 - High level UMT map for Dar es Salaam.............cccoooiiiiiiiiiinii e 38
Figure 28 - The urban residential hot spots favding delineated for different TWI thresholds: a)
residential area, b)fpercentile, cx u. d)maximum likelihood, e) 3bpercentile, it .. ........ 40



CLUVAY®

SEVENTH FRAMEWORK
PROGRAMME

Figure 29 - Breakdown of the residential hot-spaierms of flood prone residential area and

people affected by flooding in the residential area.............coooviiiiiiiiii e, 41
Figure 30 - The urban corridor hot spots for flomgddelineated for different TWI thresholds: a)
residential area, b)fpercentile, cx u.. d)maximum likelihood, e) 3bpercentile, it .. ........ 42
Figure 31 - Burkina Faso, with Ouagadougou posifiomed).............oovvviiiriiiiiiiiiiii e, 44
Figure 32 - TWI for OUAgadOUQGOU .......cceuunieieueieiie e e ettt e e e e e et e e et e e eaa s 45
Figure 33 - Inundation profile of the event appen8ep 09..........oviiiiiiiiiiiiiiiiiii e e 45
Figure 34 - a) Inundation areas after the 2009 tsyéi Area 1 (the smaller) and Area 2 (the bigger)
........................................................................................................................................... 46
Figure 35 - The likelihood functiolo(t|Wi,W>), b) threshold CDF ..............cooovviiiiimn e 46
Figure 36 - a) Matching for the inundate areaslood prone areas for the entire city ............. a7
List of Tables

Table 1 - The statistics for the TWI threshold wlsttion as a function of the return period.....23
Table 2 - Exposure to flooding risk in terms of #gimated percent of residential area and people
affected DY flOOAING .....oun e e 28
Table 3 - Exposure assessment in terms of urbaitlos.............cocooveviiiiii i, 30
Table 4 - The statistics for the TWI threshold wlsttion as a function of the return period.....37
Table 5 - Exposure to flooding risk in terms of #gimated percent of residential area and people

affected DY FlOOAING ....coun e e 40
Table 6 - Exposure assessment in terms of urbaitlos.............cocoovevii i, 42
Table 7 - The statistics for the TWI threshold dhigttion for the case of Ouagadougou.......... 47



CLUVA»®

SEVENTH FRAMEWORK
PROGRAMME

1 INTRODUCTION

The hot spots in an urban setting can be defingdeagones likely to be exposed to climate-related
extreme events such as flooding. Arguably, idemgythe urban hot spots to flooding is one of the

first steps in an integrated methodology for urptanning and risk management. The delineation
of urban hotspots not only can provide useful infation for the policy makers but also it can be

useful as support information for indicating futumdan dynamics and trends. Figure 1 illustrates a
schematic representation of an urban hot spotifterzhtis R (standing for risk) as an area in which

high probability of occurrence of climate relatedemts identified as H (standing for hazard)

coincides with areas of high vulnerability iderdgdi as V (e.g., vulnerable buildings, vulnerable

roads, ..., etc.).

Figure 1- Hazard (H), Vulnerability (V) and Risk (R), the concept of an urban hot-spot.

This work employs two GIS-based frameworks for tdfgimg the urban hot spots for residential
buildings and urban corridors (i.e., major road3)is is done by overlaying a map of potentially
flood prone areas (identified by the topographictnees index, TWI) and a map of urban
morphology types (UMT) classified as residentialagrurban corridors. The topographic wetness
index (TWI, Qin et al. 201). allows for the delineation of a portion of a hygraphic basin
potentially exposed to flood inundation by identity all the areas characterized by a topographic
index that exceed a given threshold. The urban haogical typesRauleit and Duhme 2000, Gill
et al. 2008, Cavan et al. 2Q1ferm the foundation of a classification schemachitbrings together
facets of urban form and function. The applicatiohthe UMTs allows the delineation of
geographical units. The distinction of UMTs at asun’-scale (i.e. between the city level and that
of the individual units) makes a suitable basistter spatial analysis of cities.

The TWI threshold value depends on the resolutidhedigital elevation model (DEM), topology
of the hydrographic basin (i.e. urban, peri-urbanraral) and the constructed infrastructure
(Manfreda et al. 2008, 20).1Assuming that the urban territory can be charaed by a single
threshold value, one can calibrate this threshalsktl on the results of detailed delineation of the
inundation profile for selected zones. In this gtuthe TWI threshold is calibrated based on the
calculated inundation profiles for various retueripds for selected zones within the basin through
a Bayesian framework. The Bayesian framework esatile probabilistic characterization of the
threshold by calculating the complementary prolighif false delineation of flood prone zones as
a function of various threshold values. For a givetirn period, the probability of false delineatio

7
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is calculated as the sum of the probability of aading a zone flood prone, while it is not indichte
as such by the inundation profile, and the prolgglihat a zone is indicated as not flood prone but
indicated as flood prone by the inundation pro#eplying the above-mentioned procedure, taking
into account all available information on the inatidn profiles for various zones within the basin,
leads to a probability distribution for the TWI élshold value.

In the next step, the urban residential hot spof®bding are delineated in the GIS environment by
overlaying the map of TWI and the UMT units claiesifas residential for various percentiles of the
TWI threshold. Additional information related to pmsure such as population density and
demographic information can be integrated by oyarfa geo-spatial datasets created based on
census data. Differences in exposure charactevisian be assessed for a range of different
residential types, including for example betweenmdmminium/multi-storey, single storey
stone/concrete and areas predominantly associatiesnud/wood construction. For each percentile
value considered, the delineated flood-prone resimleareas and the number of people potentially
affected to flooding are calculated. Moreover, pa¢ential dependence of the estimated threshold
percentiles on the flooding return period is inigeged. As a demonstration, the urban residential
hotspots to flooding are delineated for differeatqentiles of the TWI value for the cities of Addis
Ababa (Ethiopia) and Dar Es Salaam (Tanzania). Maxre the TWI threshold values are calibrated
for the city of Ouagadougou (Burkina Faso) basedthen observed spatial extent of the 2009
flooding event in the city.
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2 CONCEPTS AND METHODOLOGY
2.1 GIS-BASED IDENTIFICATION OF URBAN HOTSPOTS
2.1.1 Delineation of flood-prone areas using the topographic wetness index (TWI)

The topographic wetness index, initially introduceg Kirkby (1979, has been shown to be
strongly correlated to the area exposed to flooddation lanfreda et al. 2007; 2008; 201The
TWI for a given poinO within the hydrographic basin is calculated a®ofeing:

T™WI ﬂOg(ij (1)
tang
whereAs is the specific catchment area expressed in matet€alculated as the local up-slope area
draining through poin© per unit contour length (A/L)S is the local slope at the point in question
expressed in degrees. Figure 2 illustrates the s@imponents used for the calculation of the TWiI
at a given poinO within the hydrographic basin, namely the catchimaeaA for point O, the
lengthL of the contour line, and the specific catchmestaA.

The flowpaths dre
orthagonal to corntour-lines «

: STREAMTUBE

A = Upslope catchment area
L = Contour line length

Figure 2 - The main components of the TWI calculatin.

The TWI allows for the delineation of a portion @fhydrographic basin potentially exposed to
flood inundation (referred to herein as flood pranenore briefly as FP) by identifying all the asea
characterized by a topographic index that exceeds/en threshold. The TWI threshold value
depends on the resolution of the digital elevatimdel (DEM), the topology of the hydrographic
basin (i.e. urban, per-urban or rural) and the gmes of constructed infrastructures (e.g. sewage
system, bridges, culverts, ..., etc.). This thré&shs usually calibrated based on the results of
detailed delineation of the inundation profile gmlected zones.
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Data quality:

2.1.2 Using theinundation profilesfor the calibration of the TWI threshold

As it was mentioned in the previous section, thel TWgthod delineates the flood prone areas as the
portions of the basin for which the topographiceinexceeds a prescribed threshold. One way for
establishing the TWI threshold is to use the atelanundation profile for one (or more) zones of
interest within the basin. The inundation profileported as the flooding heights (and velocities) f
various nodes within a lattice covering a giverade different return periods, can be obtained by
means of classic hydraulic routines of various degrof sophistication and accuraéyél et al.
2009. The calculation of the inundation profiles cam dummarized in a step-by-step manner as
follows:

1. The definition of the rainfall curves for differeméturn periods () based on historic
rainfall annual maxima.

2. The acquisition of cartographic information suchdgital elevation model (DEM), digital
surface model (DSM), the geology map, and the laselmap, for the zone(s) of interest.

3. Calculation of the hydrographs for the various metperiods associated to the rainfall
curves. The hydrograph refers to the flow dischage function of time and constitutes the
input for the hydraulic diffusion model. The areadar the hydrograph is equal to the total
discharge volume for the basin under study.

4. Diffusion of the total discharge volume (area untter hydrograph) based on the general
constitutive equations of continuity and fluid dymas (i.e. one-dimensional or bi-
dimensional diffusion models). This can be donem®ans of various software tools (e.g.,
FLO2D, 2004 HEC-RAS, 2010..., etc.).

The inundation profile, obtained through a procedsimilar to the one described above, can be
used to delineate the inundated areas (referré@r@n as IN), for a given return period, as those
areas within the zones of interest where the intimddeight is greater than zero.

2.1.3 Delineation of geographical functional units using the Urban Morphology Types (UMT)

The urban morphology types UMT form the foundat@fna classification scheme which brings
together facets of urban form and function. The WVidan be viewed as a geo-spatial dataset,
containing seamless polygons of e&a¥dT unit, which include specific information for each land
parcel within an associated attribute table, sug;htlee UMT code, geometric properties, etc. This
geospatial layer provides complete and consistenerage across the city. Therefore, internal
consistency in data recording and coding in attaliables is essential in the process of delineatio
of the UMT units. Linear features such as roadsramas can be used as the outline of UMT units,
and matched with administrative units/zones whessible, e.g. for the boundary of the dataset, as
shown in Figure 3.

10
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Flgure 3- Mapplng UMT units using orthorect|f|ed aerial photography, an example |n AddIS Ababa.

In order to built a UMT map, it is necessary tonidy the variousUMT classedor the specific
urban area (e.g., farmland, transport, residergi@l.,). The UMT classes can be detected through
visual analysis of remote sensing data (orthofiedtaerial photography) as the primary method of
applying the scheme(ll et al. 200§. Furthermore, for each UMT class, typical images be
captured and kept for reference with a descrippibits characteristics. Finally the maps should be
checked trough field trips and eventually revisdere necessary. Once a complete UMT layer has
been created through the process of digitisattos,then suitable for further GIS analysis, and ca
be combined with other datasets to produce spatalators.

2.1.4 ldentification of urban hotspots by overlaying the TWI and UMT datasets

In this work, the urban hotspots for residentisdaar and major urban corridors are identified by
overlaying the layer of flood prone areas identifiey TWI values larger than the threshaldnd

the layers delineating the urban morphology unieniified as residential and major urban corridor
types, respectively. In the following section, aolpabilistic method for estimating the TWI
threshold is presented. Therefore, the urban hteasp@ identified taking into account not just a
single value of the TWI threshold but considerirtg probability distribution. Obviously,
considering the probability distribution far(in other words, the uncertainty in the evaluatodm),

iS going to influence the results in terms of tipat&l extent of the hot spots and the estimated
number of people affected.

11
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2.2  MAXIMUM LIKELIHOOD ESTIMATION OF THE TWI THRESHOLD

The delineation of flood-prone areas is strictlpeledent on the TWI threshold, assuming that the
urban territory can be characterized by a singlestiold value. In this study, the TWI threshold is
calibrated probabilistically based on the calcudateindation profiles for various return periods fo
a selected zone within the basin by employing th&imum likelihood parameter estimation. This
section describes how the likelihood function fbe tTWI threshold is calculated based on the
inundation profile available for a selected (miscale) zone of interest within the basin.

Let W represent the spatial window of a zone of intef@ghin the basin) for which the inundation
profile is calculated. Moreover, let FP represdm flood-prone areas identified as TWind
IN(TR) represent the inundated areas for a given rgtenodTr identified ash(Tr)>0; whereh(Tg)

is the flooding height calculated for a given powithin the zone of interestV. Figure 4a)
illustrates in a schematic manner z&d@and the portions identified as FP and TR)(

’ O IN(T,) and FP area
[ IN(T) and FP area
™ N

OIN(T) area|
O FParea

Figure 4 - Schematic diagrams of the spatial windowV: (a) the areas indicated as flood prone by theW! (FP)

and the inundation profiles (IN(Tg)) (b) the intersection of the areas indicated asdod prone by TWI and the

inundation profile; and the intersection of the aras indicated as NOT flood-prone by TWI and the inudation
profiles.

Let W represent the spatial window of a zone of intef@ghin the basin) for which the inundation
profile is calculated. Moreover, let FP represdm flood-prone areas identified as TWiand
IN(TR) represent the inundated areas for a given rgtenodTr identified ash(Tr)>0; whereh(Tg)

is the flooding height calculated for a given powmithin the zone of interestV. Figure 4(a)
illustrates in a schematic manner z&d@and the portions identified as FP andTR)(

The probability of the correct delineation of theold-prone areas or the likelihood function for the
TWI thresholdr denoted as Li(|W) for various values of can be calculated as following:

L(rIw)= P(FR INCE) [, W+ B FR INT)Ir, W 2

where P(FP, IN[r)|7,WW) denotes the probability that a given point withoneW is identified both
as flood-prone FP (using the TWI method) and intedlalN(Tg) (using the more accurate

12
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inundated profiles), for a given return peribgiand conditioned on (the | sign) a given value @ff
the TWI thresholdThe area FP and INI§) is indicateddy colour orange in Figure(d). Similarly,

P(FP, IN(T;) |,W) denotes the probability that a given point wittiie zone of interest is neither

identified as FP nor as INI§) conditioned on a given value ofof the TWI threshold The area not
FP and_not IN[R) is indicatedoy colour green in Figure(4). It can be shown that the likelihood
function in Eqg.2 can be equivalently expressed as the complemenprabability of false
delineation of flood-prone areas or the so-catigdwolf:

L(rIw) =1~ F{ FPIN(R) I7. W~ B FRINT)F W (3)

where PFP,WTR) |7,W) for a given point within zon&/ denotes the probability that it is indicated
as FP by the TWI method but not T in the more accurate delineation of the inundaieaes.
Vice versa, PEP, IN(T;) |,W) for a given point within zon®&/ denotes the probability that it is not
indicated as FP but its results as inundated idéteeation of the inundated zones.

Going back to Eqg2, the termsP(FP, IN|7,W)and P(ﬁ’,mv,w) can be expanded, using the

probability theory's product ruldgynes, 1995 as following:
P(FP, IN(R)I7.W) = K FAr, WOR IND)| FR, W (4)
P(FPIN(R)17,W) = R FRZ, WOR INDI Fr, W (5)
wherethe termP(IN | FP,7,W) for a given point denotes the probability of beihggiven that it
is identified as FP an@(m|ﬁ>,r,w) denotes the probability of not being IN conditidren not

being FP, given the threshold value The terms P(FP|r,W)and P(ﬁﬂr,w) represent the
probability of being FP or not being FP respectivgiven the TWI threshold value

2.2.1 Estimation of the likelihood function using the areal extents

Part 1-The micro-scale estimationiset AW(FP) denotethe areal extent of the flood-prone portion
of the zonaW identified via the TWI method (note tha{(FP) is a function oft since the flood-
prone areas are identified as areas with TiVthe extent of the portion coloured as red in Fagu
4(a)) and AW(IN(TR)) the areal extent of the inundated potion\Wfindentified via hydraulic
calculations for a given return period (the extehthe portion coloured as blue in Figur&}.

Analogously, FP)and IN(T,)) refer to the areas of the not flood-prone andimadated
Ay Ay R

portions, respectively. The probability terrdg IN(T,) | FP,7,W) and P(IN(TR) |ﬁ°,r,w) can be
estimated by the ratio of areal extents, as expcessthe following:

(IN(T). FP)

P(IN(T,) | FP,r,V\b:AW NG (6)

13
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P(INCT) | P, W) = %

where A, (IN(T;), FP) denotes the areal extent of the portion of the ®ethat is both FP and

(")

IN(Tr) (the extent of the area coloured as orange iarEigb)); A, (IN(TR),ﬁD) denotes the areal

extent of the portion of the ar&¥ that is neither FP nor INIR) (the extent of the area coloured as
green in Figure @)). As mentioned above, the areal exteAs(IN(Ty), FP), A, (IN(TR),HD),

AW(FP) and A, (ﬁ) are --by definition-- all functions of the TWI #shold.

Part 2-The meso-scale estimationén the previous section, it was demonstrated how
P(IN(T,)| FP,7,W) and P(IN(TR)|ﬁD,r,W) were estimated using the areal extent ratios

calculated in a micro-scale delineated by windwHowever, alsoP(FP|7,W)and P(ﬁﬂ r,W)

need to be estimated in order to be able to cakuke likelihood function. It has been chosen to
estimate the above two terms using the areal extemitulated in the meso-scale (city-scale)
Denoting the total administrative area of the aityler consideration as,f«nand denoting the total
areal extent within the city having TWI greaterrihthe given threshold as AafFP), one can
estimate the ternP(FP|7)? as:

P(FP|7) = Phwen FF) (8)

Au rban

Figure 5 - Identification of the total urban area (A,man) and the flood prone urban area (Aman (FP)) for a given
threshold

! Note that this term could have also been estimaased on the information contained within windowMéwever, it
was chosen to use the whole extent of the cityeerence. Therefore, in this case the informatimviged by the
inundation profiles within W is not used. In faitte termP(FP{,W) for simplicity is referred to as P(RPhereafter.

2 The conditioning on W is left out for brevity asiinplicity of formulations.
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Figure 5 demonstrates schematically the areal ext&®manand Aivad FP) for a given value af for
the city of Addis Ababa. The probability(FP|7) can then be calculated &s P(FP 7).

Finally, the likelihood function in EqR can be calculated by substituting the terms caledlan
Egs.6,7 and8 in Egs.4 and5 and summing up these two last equations. The maritikelihood
estimate for the TWI threshold can be calculatedhasr value that maximizes the likelihood
function in Eq.2.

Using Bayesian parameter estimation in order toneste 7 based on information from more than
one spatial window

Suppose that some background information is availab the value of the TWI threshoidIn that
case, the maximum likelihood method presented @ glevious section can be extended to a
Bayesian parameter estimation, where the availbatkground information is represented by a
prior probability distribution. That is, theosterior probability distribution forr given the
information provided by the inundation profile wiittthe spatial windowV can be expressed®as

LW p)
AT =5 rwy ) ©)

where p(7|W) denotes the posterior probability distribution forgiven spatial windoww;

L(7 |W) is the likelihood function forr calculated in the previous section apdr) is the prior

probability distribution forr before having the information on the inundatioofge for window
W. Note that Eq9 is particularly useful for calculating the threkha having the inundation
profiles for than one spatial window within the imasin that case, the posterior probability

p(7|W) can be used as prior probability distribution ider to calculate the posterior probability
distribution p(7 |W, W) considering both spatial windowg andW, and so on and dorth.

Calibration of TWI threshold based on informatiaher than the inundation profile

It is worth noting that the probabilistic methodgyopresented in this report for the estimation of
TWI threshold can also be used based on informatither than the inundation profile. For
instance, approximate maps delineating the floazh@rareas for a city (e.g., based on historical
information) can be used instead of the inundapiafile for calibrating the threshold. Of course, i
this case, the spatial window of inter#¢twwould be equal to the entire area of the cityher partial
area for which the flood prone areas are delineated

3 Strictly speaking, the formulation in Eq. 9 shohlve been conditioned on the "correct identifatiof the flood-
prone areas for window W (see Eq. 2). However tlier sake of simplicity and tractability of the etjoias, we have
used the symbol W in order to imply in, a concisanmer, all the additional information about thenidation profile
contained within window W.
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A simple description of the methodology adopted fothe calibration of TWI threshold

The topographic wetness index (TWI) is used asaxypffor delineating the potentiall
flood-prone areas in the meso-scale. One of the mgsortant components of the TW|
map is the TWI threshold since the potentially dlearone areas are identified as those wjth
TWI greater than the threshold. In this deliverabie TWI threshold is updated through|a
probabilistic method based on available informasanh as inundation profiles for various
return periods or historical flooding data. Howstlealibration works? The first important
step is to delineate the spatial window that cestahe additional information that arg
going to contribute towards the calculation of timeeshold. Then, the threshold is chosen|as
the value that maximizes the probability of thereot identification of the flood-prone
areas based on the available additional informatdahin window W. The probability of
correct identification for a given threshold valoan be calculated as the sum of two
probability terms, namely, the probability that e/l map and the additional informatio
both indicate that the area within W is flood-pram the probability that the TWI map
and the additional information both indicate thas &area within window W is not flood
prone. These probability terms are estimated asdtie of areal extents. For example, the
probability that both TWI and inundation maps iradethat the area is flood prone is
first expanded as the product of the probabilitgt tthe area is flood-prone based on the

extent of area that is identified as flood-pronéhwmi W by the inundation profile clipped
over the area that is indicated as flood prone Wi, Tdivided by the total areal exten
identified as flood prone by TWI. The estimation prbbability terms as ratio of are
extents renders the procedure particularly suitédnes1S-based implementations. Finall
the TWI threshold that is calibrated based on imfation available within W is going to be
used in order to create the map of potentiallydipoone areas in the meso-scale.
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3 IDENTIFICATION OF URBAN HOT SPOTS

In the following, the methodology described in grevious section is applied to two CLUVA case
study cities: Addis Ababa and Dar Es Salaam. Fdh Ithe cities, the calibration of the TWI
threshold is realized based on calculated inundatiofiles.

3.1 THE CASE OF ADDIS ABABA

In the following, the methodology described earlgeimplemented in order to identify the urban
hot spots for residential buildings and major urbarridors for flooding phenomenon in the city of
Addis Ababa (for brevity referred to also as Addis)hiopia. Addis is the capital and the largest
city in Ethiopia, with a population of 2739551 andiag to the 2007 population cenSuhe city is
situated in the high plateaus of central Ethiomiathe North-South oriented mountain systems
neighbouring the Rift-Valley. The city is overloakdy the mount Yarer in the east, the mount
Entoto in the north and the mount Wochecha in tlestvpart. The orography of Addis Ababa is
represented in Figure 6 by a digital elevation nhgD&M), overlaying also the main water courses
in the city.

- 3020 m
. 2050 m

Figure 6 - DEM of Addis Ababa (overlaying the mainwater courses)

Several small streams originate in the mountain®saading the city and flow into the metropolitan
area of Addis Ababa. Torrential rains, which arexown during the rainy season, cause sudden rise
in the flow of these streams and periodically inatedthe settlements built along their banks.

The flooding of August 2006, the worst in Ethiopiaistory, has affected 363000 people and has
left approximately 200000 people homeless. The mari rainfall in the month of July 2006, prior

to the catastrophic event, reached the record \@l225 mm. The final death toll is estimated at
around 647. Lifelines were affected across the tguRor instance, the telephone and power lines
were interrupted and the main roads to Addis Ababee blocked rendering the city inaccessible.

* It is worth mentioning that the population of Addis is growing very fast. The precise figure reported above is the
reference total population in the population density dataset used herein.
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Last but not least, the floods have had a sevepadinon urban agriculture, leading to widespread
food shortages in one of the world’s poorest states

3.1.1 Delineation of flood-prone areas for Addis Ababa using the topographic wetness index
(TWI)

The topographic wetness index is calculated inGHe framework by applying Ed. and based on
the digital elevation model of the city (verticadsplution: 1 meters). Figura 7 illustrates the
resulting TWI map for Addis. It can be observedtttiee TWI values vary between 7 and 22; in
particular, largest TWI values can be spotted ailldhe natural water channels.

Legend

—17-10
]10-11
111-13
113-15
15 -17
17 -19
19 - 22 0 2 4 8

e eessssw————— Kilometers

Figura 7 - TWI map for Addis Ababa

3.1.2 Theinundation profilefor Little Akaki

In order to calibrate the TWI threshold for Addike inundation profile for various return periods
have been calculated for the Little Akaki area tedain the southern part of Addis. Little Akaki
results as flood-prone based on past flooding éspees. The inundation profile has been
calculated by bi-dimensional simulation of floodlwme propagation using the software FLO2D
(using historical rainfall records, the DEM, anck tbalculation of the hydrograph based on the
curve number method) assuming a simulation time4®fhours. The outcome of the flood
propagation is illustrated in Figure 8 in termsnadximum flow depthnyax with reference to five
considered return periodsg10, 30, 50, 100 and 300 years).
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Figure 8 - Inundatlon proflles in terms of of hyax [in Meters] for various return perlods for the ca® study area
(Little Akaki)
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3.1.3 Maximum likelihood estimation of the flood-prone threshold

In this section, it is demonstrated how the procediescribed previously in the methodology can
be applied in order to calculate the likelihood bafing flood prone as a function of the TWiI
threshold.

2 4
s Kilometers

Figure 9 - The TWI and the spatial window for hydraulic analyses in Little Akaki

A spatial window identified a8V with A(W) around 11 krhis defined in the zone of little Akaki
(Figure 9). For a return periock¥100 years and for all the possible valueg,dhe probability that

a given zone is flood prone P(FPis calculated from Ecf (based on meso-scale estimations) and
is plotted in Figure 1@) (as the black dots). Moreover, the probabilitytthagiven point is
inundated P(IN|FR) given that it is already indicated as FP for\egivalue ofr is calculated from
Eg. 6 (based on micro-scale estimations) and plotteBigure 10a) (as the stars in gray). The
probability that a given point is indicated bothfla®d prone (by the TWI method) and inundated
(based on the hydraulic profile), P(FP,fNis calculated from Eg} as the product of P(Fi|and
P(IN|FP7) from Eg.4 and plotted in Figure 1(a) (as the circles in red). In a similar manner, the
probability that a given point is not indicatedfla®d prone based on the TWI method is calculated
as the complementary probability of being floodr@ron Eq.8 and plotted in Figure 1D) (as the
black dots). The probability that a given zoneas indicated as inundated given that it is not dloo
prone for a given value afis calculated from Eq/ and is plotted as the gray stars in Figuré10
Finally the probability that a given point is natindated and not flood prone for a given valueg, of
is calculated from Edp and plotted as the red circles in Figurél.0
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Figure 10 - a) Probability of that the area withinthe spatial window is indicated as flood prone by ath TWI and
inundation maps (FP and IN) given threshold valuer. b) Probability that the area within the spatial window is

indicated as not flood prone by both TWI and inunddéion maps (ﬁ:’ andm) given threshold valueT.

The likelihood function for windowV at Tr=100 years is finally calculated from Ezjby summing
up the probability of being flood prone and inursthtind the probability of not being flood prone
and not being inundated for all possilzlevalues (i.e., summing up the curves illustratedrdxy
circles in Figure 1() and Figure 1()). It is noteworthy that the probabilitP(FP|r)and its

complement are both defined in the domain of thestiold values ranging between 7.5 and 22.8
(the meso-scale estimations, Figura 7). Instead, tdrms P(IN | FP,r)andP(m|ﬁ>,r)are

defined in the domain ranging between 12.07 and®@he micro-scale estimations, Figure 9).

The resulting likelihood functioh.(7]W) is plotted in Figure 1k) as a function of the TWI
thresholdz. Consequently, the maximum likelihood estimate #fi¢r.e., the value that corresponds
to the maximum likelihood) can be identified &sl7.11. Furthermore, by identifying thievalues
corresponding to 99% of the maximum likelihood ealit is possible to define a maximum
likelihood interval, that varies betweeiy, =16.66 andi*y.=17.89. That is, from a practical point
of view, the information used for calibrating th&VT threshold lead to identifying a maximum
likelihood interval [16.66, 17.89] for.

Recalling that the likelihood function also repmasethe probability density function (PDF) for
the cumulative distribution for can be calculated as the cumulative sum of the. FiRfare 11b)
illustrates the CDF forr together with the threshold values correspondingl€” and 5¢'
percentiles of the probability distribution equall4.31, and 17.69, respectively.
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Figure 11 - a) The likelihood functionL ( 7]W) (also the probability density for 7); b) cumulative density function
(CDF) for threshold value r

A basic and visual check of the accuracy of thelltegwithin windowW) can be performed by
overlying the inundated zones (obtained from thar&wylic routine) and the TWI map for threshold
values lager than the maximum likelihood estimate # denoted byry. equal to 17.11 (i.e.,
TWI> . ). Figure 12 below illustrates for the local winddV, the result of overlaying of
hydraulic profile and TWI>ny, for Tr of 100.

. S 7 Legend

[ ]FParea TWI>17.11
[ ]INarea TR=100 Ys

0 025 05 1
Kilometers

Figure 12 - Overlay of FP and IN areas for the spé&l window W (Little Akaki).
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The maximum likelihood estimation procedure is e¢pd also for the other return periods for
which the hydraulic profiles have been calculatEde results are illustrated in Figure(d2and
Figure 12b) as the likelihood function and the cumulative mlsttion function forz, respectively.

As it can be depicted from Figure (32 the maximum likelihood estimate does not depemdhe
value of return period. Moreover, the cumulativstmalbutions functions plotted for various return
periods are almost identical. This is revealed &lg@xamining the inundation profiles for various
return periods in Figure 8. It can be observed thatdelineation of the inundated areas is not
sensitive to the return period (as opposed to [dedfheight that is sensitive to the return period)
One possible interpretation is that the flood pgsp®n extent depends on the topography of the
area and not on the propagated flood volume.
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-
2r : B 0.4F
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0.5k < 50 Years|| 0.1"
= 100 Years
0 * 300 Years, oL ‘ ‘ ‘ ‘ ‘ ‘
a) 8 10 12 14 16 18 20 22 b) 8 10 12 14 16 18 20 22
T — TWI threshold T — TWI threshold

Figure 12 a) The likelihood functido( 7]W). b) thresholdCDF for different return periods

The above-mentioned discussion can be summarizateirfollowing table that reports various
statistics of the threshold value the maximum likelihood estimate (ML), the " @nd 5¢'
percentiles for TWI threshold and the 99% maximikelihood interval f w.,t"m] for various
return periods.

TR ML T16 Tso T ML 'L

10 17.48 14.33 17.72 16.71 17.99
30 17.11 14.32 17.70 16.66 17.93
50 17.11 14.32 17.70 16.66 17.91
100 17.11 14.31 17.69 16.66 17.89
300 17.05 14.31 17.69 16.64 17.85

Table 1 - The statistics for the TWI threshold distibution as a function of the return period
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Hereafter in this work, maximum likelihood thresthdty.) equal to 17.05, T6percentile fi)

equal to 14.31, 30 percentile ) equal to 17.69 and the 99% maximum values interva
[16.64,17.85], are adopted.

3.1.4 Using Bayesian parameter estimation in order to estimate rbased on information from
more than one spatial window

As mentioned, Eg9 can be used to calculate the thresholohsed on the inundation profiles for
than one spatial window within the city. In the maation profiles for =300 yrs were available
also for another zone of Addis herein referred $oZane 1. This area is located between the
subcities of Akaki (on the right) and Nefas Silka(dhe left). Using the same procedure outlined in
the previous section for the zone Little Akaki @®fter referred to as Zone 2), the likelihood
function for 7 can be calculated. The probability density functtwadenoted by (7jW,) is plotted in
Figure 13b) below, recalling that the likelihood function (If\W:) is equal to the probability
density function for t (using a uniform prip(7) in Eqg.9). It can be observed that the distribution
becomes almost uniform (in other wordsn informativé for 7 larger than about 17.

-3

3X }0
2.5¢
2,
3
E 1.5-
=¥
1,
0.5
O Il Il Il Il Il Il Il
8 10 12 14 16 18 20 22
T — TWI threshold
a) b)
Figure 13 - a) Zones 1 and 2. i)(7]W1):the posterior distribution calculated for Zonel ard used as prior for
Zone 2

The posterior distributiop(zjW,) obtained for Zone 1, can be used as prior dididhuor Zone 2,
(the procedure outlined in the previous sectioeqsivalent to using a uniform distribution). In
Figure 14 below, the results based on inundatiofilps calculated for Zone 2 (part (a), reported in
the previous section) and the results based ordation profiles calculated for Zone 1 and Zone 2
(part (b)) can be compared.
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Figure 14 -a) the likelihood L (7]|W,); b) the posterior distribution p(7]W.,W5).

It can be observed that the statistics calculatedhie TWI threshold do not change significantly by
calibrating based on two spatial windoWs andW;; for example, theyw. changes from 17.05 to
17.69. However, considering both spatial windows dalibration, leads to slightly wider 99%
maximum likelihood interval for.
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3.1.5 UMT for Addis Ababa city

The urban morphology types for Addis Ababa aresifi@sl and delineated based on aerial photos
acquired in December 2010. Below in Figure t¥e high level UMT map for Addis Ababa is
shown.

[ Agriculture
[ 1Bare Land
[ Community Servicel
[ Industry & Business
[ 1 Mineral

Recreation
[ I Residential
[ Retail
Il Transport
[ Utilities & Infrastructure
I Vegitation

Figure 15- High level UMT map for Addis Ababa (2011)

4
Kilometers

It can be observed that the field crops make up owme quarter of the area of the Addis Ababa
study area, by far the largest area associated aviimgle sub-UMT category. Around over one
third of the city is associated with UMT's classtfias residential; among which, the mud/wood
construction has the largest proportion (46%). A%4% of the city area is covered by major road
corridors (i.e. width bigger than 15m). Althougleté is some evidence of an urban core, the UMT
map provides further evidence of Addis Ababa’s mulicleated characteiN{arirangwe 2008
There is a large proportion of bare land (9%)eatst some of which is likely to be associated with
future urban development. More detailed informat®pout the identification of UMT sub-
categories and the delineation of the UMT unitstha city of Addis Ababa, reference is made to
Cavan et al(2012.

3.1.6 Identification of urban hotspots by overlaying the TWI and UMT datasets

The urban hot spots can be delineated by overlayingg flood prone areas and the urban
morphology units classified as residential or majoad corridors. Furthermore, integrating
information from census results and/or field sus/eyerviews, it will be also possible to estimate
the exposure to flooding expressed as the estinmatedber of affected people.
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The residential UMT: The spatial units characterized as residentiabc@bout the 35% of the
entire city surface; in which about the 46% of fh@pulation is concentrated. This category is
further divided in three subategories: a) condominium and multi-storey buadi (cover the 5.3%
of the city surface and contain the 4 % of the gafon), b) villa and single storey stone/concrete
buildings (cover the 13.3% of the city surface andtain the 16% of the population), and ¢) mud
and wood construction (cover the 16.1% of the sitsface and contain the 26% of the population).
Figurel6 illustrates the delineated urban hotsfibes coloured zones), obtained by overlaying the
UMT and the TWI datasets, for different estimateswI threshold.

People n° \,
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Bl 6-12
13-21
22-29
30-36
37-42
UMT class 43-53
I Condominium & multi-storey I 54 -73
Il Villa & single storey stone/concrete B 74 -94
I Mud/wood constructi 012 4 I 95 - 110 012 4
a) udiwood construction = Kilometers b) - = Kilometers
People n° People n°
ENo-5 ENo-5
6-13 Eme-13
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. 70-82 I 70 - 80
N 83-95 W s1-93
o511 012 4 D 012 4
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Figurel6 -The urban residential hot spots for flooding delinated for different TWI thresholds: a) residential

area, b)16" percentile, ¢)T"w, d)maximum likelihood, e) 50" percentile, f) L.

Furthermore, the information on population densiiytained from the city census (2007) is
integrated in order to estimate the number of &dig@eople by flooding for different statistics of
the TWI threshold. Table below demonstrates the percentage of residemntéd affected by
flooding (the areal extent of hot spots illustrated=igure1l6 normalized by total residential area)
and the percentage of people that live in the eesidl area affected (estimated population
normalized by total population in the residentiaag, for different estimates of the TWI threshold.

% of Residential ML T16 Ts0 T wL T
Area 4.64% 22.18% 3.07% 5.96% 2.74%
People 5.59% 26.86% 3.67% 7.11% 3.31%
Table 2 - Exposure to flooding risk in terms of theestimated percent of residential area and peopldfacted by
flooding

It can be noted that the percentages of peoplectatfeto flooding for Addis Ababa in
correspondence tosp and 116 varies in the interval [2.60%, 12.50%] of the tofaldis Ababa
population. This can interpreted as the 5@nd 84" percentiles of the number of people (in the
residential areas) affected to flooding. In patdcuthe 84 percentile (12.50% of 2.8 millions) of
the number of people affected in the residentigaaris about 350000 people which can be
compared (as a means of back analysis) to thertotaber of people affected in the 2007 flooding.

% of City ™ML T16 Ts0 T ML ML

People 2.60% 12.49% 1.71% 3.31% 1.54%

> If the process of calculating the number of affected people is strictly monotonic, the percentiles of threshold value
would be translated directly into the same percentiles for the estimated number of people.
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Discussion:
The pie chart shown in Figure 17 below illustrétes percentage brealown of the residential hot

spots areal extent (correspondingi@ equal to 17.05) in terms of different residensiab-classes;
namely, a) condominium/multi-storey, b) single storstone/concrete and c¢) mud/wood

construction.
People affected by flooding

Flood prone
in the residential area

residential area

Condominium & multi-storey Mud/wood constructior

Mud/wood construction
9% 67%

51%

Condominium & multi-storey
15%

Villa & single—storey Villa & single-storey
34% 24%

Figure 17 - Breakdown of the residential hot-spotri terms of flood prone residential area and peoplaffected by
flooding in the residential area

It can be observed that 67% of the population enfthod prone residential area lives in mud and
wood constructions (constituting 51% of total residal area) that are particularly vulnerable to

flood action.

The major road corridors UMT: The UMT class thajor road corridor$ covers about 3.4% of
the whole city surface. Below in Figure 18, theirkdted urban road corridor hotspots (the red

zones) are shown for different estimates of TWéshold.

UMT class
[ urban_corridors _:2—4Kilometers

[ FP urban corridors (14.31) —:2—4Kilometers
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Figure 18 - The urban corridor hot spots for floodng delineated for different TWI thresholds: a) restential

area, b)168" percentile, ¢)T"w, d)maximum likelihood, e) 50" percentile, f) L.

Table 3 below reports the percentage of roads affectetioogling (estimated as the extent of red
hot spots illustrated in Figure 18 normalized bakarban corridors area) for different estimatés o
the TWI threshold.

% of Urban ™ML T16 Tso T M T+ML
Corridors Area 5.18% 23.45% 3.38% 6.93% 2.92%

Table 3 - Exposure assessment in terms of urban cadors
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3.2 THE CASE OF DAR ES SALAAM

The city of Dar Es Salaam in Tanzania is locatesveen latitudes 6.36° and 7.0° to the South of
Equator and longitudes 39.0° and 33.33° to the &a&reenwich. It borders Indian Ocean on the
east and its coastline stretches about 100 km kette Mpiji River to the north and the Mzinga
River in the south. The total surface area of DarS&laam city is about 1800 kncomprising of
1393 knf of land mass with eight offshore islands, whichal®ut 0.19% of the entire Tanzania
Mainland’s area. Administratively, Dar Es SalaantyGs divided into three municipalities and
Districts of Kinondoni, Ilala and Temeke, with d@abpopulation of 2698651 according to the 2005
population census.

a) :
Figure 19 - a) Tanzania, b) Dar Es Salaam city

3.2.1 Dedlineation of flood-prone areas for Dar Es Salaam using the topographic wetness index
(TWI)

The topographic wetness index is calculated inGHe framework by applying Ed. and based on
the digital elevation model of the city (Year: 20Q&rtical resolution: 10 meters, reduced to 10
meters trough the spatial interpolation). FigurellR@trates the resulting TWI map for Dar. It can
be observed that the TWI values vary between 1ar##4122.78; in particular, largest TWI values
can be spotted around the natural water channels.
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Figure 20 - TWI for Dar Es Salaam

3.2.2 Theinundation profile for Suna

In order to calibrate the TWI threshold for Dar &daam, the inundation profile for various return
periods have been calculated for Suna locatedtingsa llala and Kinondoni districts. Suna results
as floodprone based on past flooding experiences. Thedation profile has been calculated by
bi-dimensional simulation of flood volume propagatusing the software FLO2D (using historical
rainfall records, the DEM, and the calculation bé thydrograph based on the curve number
method) assuming a simulation time of 45 hours. ©écome of the flood propagation is
illustrated in Figure 21 in terms of maximum flowpihhm,ax with reference to six considered return
periods (k 2, 10, 30, 50, 100 and 300 years).
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Figure 21 - Inundation proflles in terms of of hnax [in meters] for various return perlods for the ca® study area
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3.2.3 Maximum likelihood estimation of the flood-prone threshold

In this section, it is demonstrated how the procediescribed previously in the methodology can
be applied in order to calculate the likelihood bafing flood prone as a function of the TWiI
threshold.

0 4 8 1

ilometers

Figure 22 - The TWI and the spatial the window forhydraulic analyses at Suna

A spatial window identified a8V with A(W) around 27 krhis defined in the zone of Suna (Figure
22). For a return periodgE100 years and for all the possible valuesr,othe probability that a
given zone is flood prone P(FRP|s calculated from E (based on messcale estimations) and is
plotted in Figure 2@) (as the black dots). Moreover, the probabilityt th@iven point is inundated
P(IN|FP7) given that it is already indicated as FP for @egivalue ofr is calculated from Ed6
(based on micro-scale estimations) and plottedgare 23a) (as the stars in gray). The probability
that a given point is indicated both as flood pr{imethe TWI method) and inundated (based on the
hydraulic profile), P(FP,IN) is calculated from Eg4 as the product of P(F|and P(IN|FPr)
from Eg.4 and plotted in Figure 28) (as the circles in red). In a similar manner, phebability
that a given point is not indicated as flood praxased on the TWI method is calculated as the
complementary probability of being flood prone iq.B and plotted in Figure ZB) (as the black
dots). The probability that a given zone is noigated as inundated given that it is not flood pron
for a given value ofr is calculated from Eqg7 and is plotted as the gray stars in Figur€b23
Finally the probability that a given point is natindated and not flood prone for a given valueg, of

is calculated from Edp and plotted as the red circles in Figuré2.3
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Figure 23 - a) Probability of beingFP and IN given 7. b) Probability of being ﬁ:’andm givenT.

The likelihood function for windowV at Tr=100 years is finally calculated from Ezjby summing
up the probability of being flood prone and inursthind the probability of not being flood prone
and not being inundated for all possildlevalues (i.e., summing up the curves illustratedrdxy
circles in Figure 2&) and Figure 2®)). It is noteworthy that the probabilitP(FP|r)and its

complement are both defined in the domain of threstiold values ranging between 10.34 and
22.78 (the messcale estimations, Figure 21). Instead, the tePrisN | FP,r)andP(m|ﬁ3,r)are

defined in the domain ranging between 15.84 and®@he micro-scale estimations, Figure 22).

The resulting likelihood functiob(7]W) is plotted in Fig24(a)as a function of the TWI threshold
. Consequently, the maximum likelihood estimate fqfi.e., the value that corresponds to the
maximum likelihood) can be identified as19.53. Furthermore, by identifying the values
corresponding to 99% of the maximum likelihood ealit is possible to define a maximum
likelihood interval, that varies betweeiy =19.16 and*y. =20.44. That is, from a practical point
of view, the information used for calibrating th&VT threshold lead to identifying a maximum
likelihood interval [19.16, 20.44] for.

Recalling that the likelihood function also repmasethe probability density function (PDF) for
the cumulative distribution for can be calculated as the cumulative sum of the. FiRfare 24b)
illustrates the CDF forr together with the threshold values correspondingl€” and 5¢'
percentiles of the probability distribution equallf7.31, and 19.50, respectively.
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Figure 24 - a) The likelihood functionL ( 7]W) (also the probability density for 7); b) threshold CDF.

A basic and visual check of the accuracy of thelltegwithin windowW) can be performed by

overlying the inundated zones (obtained from thar&éwylic routine) and the TWI map for threshold

values lager than the maximum likelihood estimate #f denoted byrny. equal to 19.53 (i.e.,
TWI> ny. ). Figure 25 below illustrates for the local winddV, the result of overlaying of
hydraulic profile and TWI>ny, for Tr of 100.

S Legend

[JFP Area TWI > 19.53
[JIN Area TR=100 Ys

>

0 05 1 -
ilometers

Figure 25 - Overlay of FP and IN areas for the spal window W.
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The maximum likelihood estimation procedure is e¢pd also for the other return periods for
which the hydraulic profiles have been calculatEde results are illustrated in Figure(26and
Figure 26b) as the likelihood function and the cumulative mlsttion function forz, respectively.
As it can be depicted from Figure (26 the maximum likelihood estimate does not depemdhe
value of return period. Moreover, the cumulativstmalbutions functions plotted for various return
periods are almost identical. This is revealed &lg@xamining the inundation profiles for various
return periods in Figure 21. It can be observed tha delineation of the inundated areas is not
sensitive to the return period (as opposed toltmeltheight that is sensitive to the return period)
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Figure 26 - a) The likelihood functionL ( 7]W). b) threshold CDF for different return periods .

The abovementioned discussion can be summarized in theviallg table that reports various
statistics of the threshold value the maximum likelihood estimate (ML), the " @nd 5¢'

percentiles for TWI threshold and the 99% maximikelihood interval f w.,t"m] for various
return periods.

TR TmL T16 Ts0 T ML 'L
2 20.28 17.44 19.59 19.40 20.81
10 20.28 17.42 19.57 19.24 20.60
30 20.17 17.32 19.51 19.17 20.57
50 19.53 17.31 19.51 19.16 20.46
100 19.53 17.31 19.50 19.16 20.44
300 19.53 17.30 19.50 19.12 20.40

Table 4 - The statistics for the TWI threshold distibution as a function of the return period
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Hereafter in this work, maximum likelihood thresthdty.) equal to 19.53, T6percentile fi)
equal to 17.30, 30 percentile ) equal to 19.50 and the 99% maximum values interva
[19.12,20.40], are adopted.

3.2.4 UMT for Dar es Salaam

The urban morphology types for Dar es Salaam assiled and delineated based on aerial photos
acquired in December 2010. Below in Figuret®é high level UMT map for Dar is shown.
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Figure 27 - High level UMT map for Dar es Salaam

3.2.5 Identification of urban hotspots by overlaying the TWI and UMT datasets

The urban hot spots can be delineated by overlayingg flood prone areas and the urban
morphology units classified as residential or majoad corridors. Furthermore, integrating
information from census results and/or field sus/@yerviews, it will be also possible to estimate
the exposure to flooding expressed as the estinmatedber of affected people.

The residential UMT: The spatial units characterized as residentiabc@about the 47% of the
entire city surface; in which about the 60% of fh@pulation is concentrated. This category is
further divided in five suzategories: a) condominium and multi-storey buadi (cover the 0.2%
of the city surface and contain the 0.5 % of thpysation), b) villa and single storey stone/coneret
buildings (cover the 7.8% of the city surface aondtain the 17% of the population), ¢) mud and
wood construction (cover the 0.4% of the city scefaand contain the 2% of the population), d)
scattered settlement (cover the 25% of the citfasarand contain the 5.3% of the population) and
e) mixed residential (cover the 13% of the city andtain the 36% of the population).

Fig. 28 illustrates the delineated urban hotsptite €olored zones), obtained by overlaying the
UMT and the TWI datasets, for different estimate$wI threshold.
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Figure 28 - The urban residential hot spots for floding delineated for different TWI thresholds: a) residential
area, b)18" percentile, ¢)T wL, d)maximum likelihood, e) 50" percentile, f) L.

Furthermore, the information on population densiytained from the city census (2005) is
integrated in order to estimate the number of &digpeople by flooding for different statistics of
the TWI threshold. Tablé& below demonstrates the percentage of residemntéd affected by
flooding (the areal extent of hot spots illustrabed=igure 28 normalized by total residential area)
and the percentage of people that live in the eesidl area affected (estimated population
normalized by total population in the residentiaag, for different estimates of the TWI threshold.

% of Residential ML T16 Tso T ML T+ML
Area 3.45% 23.08% 3.53% 4.93% 1.31%
People 6.35% 37.76% 6.48% 9.14% 2.44%
Table 5 - Exposure to flooding risk in terms of theestimated percent of residential area and peopldfacted by
flooding

It can be noted that the percentages of peoplectatieto flooding for Dar es Salaam in
correspondence tosp and 116 varies in the interval [1.48%, 22.91%] of the tdbar es Salaam
population. Thi8 can interpreted as the @nd 84' percentiles of the number of people (in the
residential areas) affected to flooding. In patdcuthe 84 percentile (12.50% of 2.8 millions) of
the number of people affected in the residentiahsiis about 620000 people.

% of City ML T16 Tso T ML T+ML

People 3.85% 22.91% 3.93% 5.54% 1.48%

® If the process of calculating the number of affected people is strictly monotonic, the percentiles of threshold value
would be translated directly into the same percentiles for the estimated number of people.
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Discussion:
The pie chart shown in Figure 29 below illustrates percentage brealown of the residential hot

spots areal extent (correspondingi@ equal to 19.53) in terms of different residensiab-classes;
namely, a) condominium/multi-storey, b) single storstone/concrete and c¢) mud/wood

construction, d) scattered settlement and e) migedlential.
Flood prone People affected by flooding
residential area in the residential area

Figure 29 - Breakdown of the residential hot-spotri terms of flood prone residential area and peoplaffected by
flooding in the residential area

It can be observed that around 66% of the populatiothe flood prone residential area lives in
residential types labeled asixed This residential type constitutes around 31%hefflood-prone
residential buildings. On the other hand, arountd d&the buildings identified as flood-prone
belong to the scattered settlements category. Mereohe inhabitants of the scattered settlements
constitute around 13% of the total population a#edy flooding.

The major road corridors UMT: The UMT class thajor road corridor$ covers about 0.5% of
the whole city surface. Below in Figure 30, theirdted urban road corridor hotspots (the red
zones) are shown for different estimates of TWéshold.
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Figure 30 - The urban corridor hot spots for floodng delineated for different TWI thresholds: a) restdential
area, b)18" percentile, ¢)T wL, d)maximum likelihood, e) 50" percentile, f) L.

Table6 below reports the percentage of roads affecteflooging (estimated as the extent of red
hot spots illustrated in Figure 30 normalized byakarban corridors area) for different estimatés o
the TWI threshold.

% of Urban ™ML T16 Tso T m T+ML
Corridors Area 3.80% 29.81% 3.93% 5.87% 1.54%
Table 6 - Exposure assessment in terms of urban cadors
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It can be observed that around 66% of the populatiothe flood prone residential area lives in
residential types labeled asxed This residential type constitutes around 31%heffloodprone
residential buildings. On the other hand, arounéb5ff the flood-prone buildings belong to the
scattered settlements category which have housmart3% of the flood-prone population.

3.2.6 Procedure validation

In order to visually investigate and validate thet lspot identification results for flood-prone
residential buildings, we have overlayed the ma@ group of flood-prone informal settlements
(established based on house-hold interviews) irm§Dar es Salaam) and a zoom-in of the hot-spot
map reported in Figure 28(d). Figure 31 illustraties results. The color gradation reflects the
population density.

Foe 1 My . e o =
Figure 31 - Overlay of the urban residential flood hotspots map zoomed in to Suna (DSM) and a group of houses
identified as flood-prone based on house-hold interviews (highlighted on an orthophoto).

3.3 THE CASE OF OUGADOUGOU

Ouagadougou is the capital of the Burkina Fasbast a population of around 1 million and a half
and covers an area of 219.3%m
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Figure 32 - Burkina Faso, with Ouagadougou positiorfin red)

On September 1, 2009, an unprecedented delugenohitathe capital city of Ouagadougou and
resulted in widespread damage (destruction of buildings and itrinature). More than 25 cm of
rainfall in 12 hours turned the streets of Ouagaouinto fast-flowing rivers. The infrastructure
were severely affected as the floods cut off eleityr fresh water and fuel supplies. The city is
used to heavy seasonal rainfall but this was thestwfipoding in 50 years. An estimated 109.000
people were left homeless. (CLUVA Deliverahlg.2)

3.3.1 Delineation of flood-prone areas for Ouagadougou using the topographic wetness index
(TWI)

The topographic wetness index is calculated inGHe framework by applying Ed. and based on
the digital elevation model of the city (Verticadsolution: 3 meters). Figure 33 illustrates the
resulting TWI map for Ouagadougou. It can be obs@mhat the TWI values vary between 8 and
25; in particular, largest TWI values can be sgb#mund the natural water channels.
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Figure 33 - TWI for Ouagadougou
3.3.2 Theinundation profile

In contrast to the TWI thresholds calculated for @ad Addis which were calibrated based on
calculated inundation profiles, the threshold valmeOuaga is calibrated based on the inundation
area of the 2009 flooding event (Figure 33).
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Figure 34 - Inundation profile of the event appendn Sep 09
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Based on the information available at the interrsgte (http://www.mapaction.org/map
catalogue/mapdetail/1719.html), it was possiblgeao-reference the previous image and generate a
spatial dataset.

Il Inundated areas

0 5 10

2?(1 t 2?(1 t
ilometers b) e Kilometers

a)
Figure 35 - a) Inundation areas after the 2009 evés) b) Area 1 (the smaller) and Area 2 (the bigger)

Two areas are identified, one bigger than the othethe follow the small area is called Area 1 and
the big area is called Area 2.

3.3.3 Maximum likelihood estimation of the flood-prone threshold

In this section, it is demonstrated how the procediescribed previously in Section 2.2 can be
applied in order to calculate the likelihood ofriggiflood prone as a function of the TWI threshold.

In this case, the Bayesian parameter estimatiadapted based on information from more than one
spatial window (Section 2.2.1). In particular, the®rmation acquired from the study of the Area 1

are used as a-priori information for the studyref Area 2.
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Figure 36 - The likelihood functionL (t|W;,W,), b) threshold CDF
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Table 7 reports the threshold values that are tzd with the proposed procedure.

TmL T16 Tso T ML T
18.05 15.91 18.36 17.88 18.56
Table 7 - The statistics for the TWI threshold distibution for the case of Ouagadougou

It is possible to observe in Figure 37a that thel TWep with a threshold equal to the maximum
likelihood TWI thresholdy. matches the spatial extent of the areas inundatele 2009 flooding
event. Moreover, the corresponding map of the fipoxhe area for the entire city of Ouagadougou
is shown in Figure 37b.

[ inundated areas
I floodprone areas

0
Kilometers

Figure 37 -999 a) Matching for the inundate aready) flood prone areas for the entire city
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CONCLUSIONS

Urban hot spots for residential buildings and urlzamridors (major roads) are delineated by
overlaying two GlSbased datasets, namely, the topographic wetndsx ifTWI) and the urban
morphology types (UMT). The flood prone areas basadthe TWI method are identified by
delineating the areas distinguished with TWI largien a certain threshold. This threshold can be
calibrated based on available information, sucinasdation profiles calculated for a certain area
within the basin. A probabilistic GIS-based metl®dsed for calculating the maximum likelihood
estimate and the 16th and 50th percentiles forTh& threshold based on available inundation
profiles. Bayesian parameter estimation is usecvaluate the threshold based on inundation
profiles calculated for more than one area witla basin. The flood prone areas delineated for
various threshold statistics (e.g. ML, 16th pertentare then overlayed with the UMT units
identified as residential and urban corridors idesrto identify the urban hot spots and the areal
extent of the UMT units affected by flooding. Intating the population density as a geo-spatial
dataset, leads to estimation of the number of meafiected by flooding.

This methodology is applied to delineate the urbatspots for flooding for the two case-study
cities of Addis Ababa, Dar es Salaam and Ougadaugbe resulting likelihood function for the
TWI threshold sometimes reveals an interval in Whicreaches its maximum value and remains
more-or-less invariable --coined as the 99% maxiniketihood interval. The maximum likelihood
estimate seems to be not particularly sensitivihéoreturn period corresponding to the inundation
profile. Incorporating the inundation profiles aalted for two different zones seems not to affect
the maximum likelihood estimate significantly, a@tlgh it leads to wider 99% maximum likelihood
intervals. Differences in exposure characteristiese been assessed for a range of different
residential types.

Addis Ababa: In particular, it can be observed that the mudaodd category constitutes around

50% of the residential buildings that are locatethe flood prone areas in Addis Ababa. Moreover,
the inhabitants of the mud and wood buildings sterated to be around 67% of the people living
in the flood prone areas. It is estimated that betwaround 3.6% (50th percentile) to 24% (16th
percentile) of the total population of Addis may éfected by flooding. Between 3.4% (50th

percentile) and 24.4% (16th percentile) of the Iltataa of major urban roads is estimated to be
affected by flooding.

Dar Es Salaam:It can be observed that the two categories mixedsaattered settlements together
constitutes around 80% of the residential builditigg are located in the flood prone areas in Dar
es Salaam. These two building categories togetbstr dround 80% of the population affected by
flooding. It is estimated that between around 6(5%h percentile) to 38% (16th percentile) of the
total population of Dar es Salaam may be affectefldnding. Between 4% (50th percentile) and
30% (16th percentile) of the total area of majdryaur roads is estimated to be affected by flooding.

Ouagadougou: The map of flood-prone areas for the whole citgadibrated based on the actual
flooding extent as a result of the 2009 floodingmrtv Bayesian updating is employed in order to
incorporate the information on the two observeddigprone areas.
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It is important to emphasize that considering theeutainty in the TWI threshold leads to
considerable difference in the estimated exposoirBobding. This highlights the importance of
taking into account the various sources of unceffain the delineation of urban hot spots to
flooding. The probabilistic methodology presentedhis report can be used also to estimate the
TWI threshold based on maps of flood prone areasdan previous flooding events.

How this methodology can be useful to urban plannsf?
Once this procedure is developed as a softwacanitbe used by urban planners to develop
their own maps of the urban hotspots. The mapsraatdbased on the proposed procedure
provide a quick screening tool to the urban planneorder to individuate efficiently the
zones that need his/her immediate or lbegn actions. These actions can include for
example adoption of more accurate small-scaleassiessment procedures and undertaking
various prevention strategies. The prevention efjias range from planning for structures
that help in mitigating the flood risk, to reloaatipolicies (if advisable), territory restrictio
measures and actions that aim at increasing ofqabireness.

—J
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