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ABSTRACT

In many parts of the world, hydrological extremes have been observed and grave
consequences on human life, socio-economic activities and ecosystems have been reported. Over
the last few years, West Africa has increasingly experienced severe floods that have affected
millions of people and hampered economic development in the region. Floods in Oti River Basin
result in loss of life and property, damages of growing crops and infrastructure, and disruption of
social and economic activities. These consequences could be exacerbated by the effects of
human-induced climate change. Therefore, managing the risk of extreme events and disasters is
important for an efficient climate change adaptation. In West Africa, the management of floods
becomes a strategic priority at local, national and regional levels, particularly in the aftermath of
the severe floods in 2007, 2008 and 2010. Flood risk assessment is the first step of any flood risk
management project. Such assessment gives insight on what can be expected and opens up the
discussion on how to tackle the situation. However, flood risk information is missing in many
West African catchments basically in the Oti River Basin due to the lack of the hydrological data
required to estimate it. The urgency of this subject and the existing research gaps in the study
area are the main motivation for the present work. This thesis is an initial detailed flood risk
assessment in the Oti River Basin (Togo). The research methodology was articulated in four
main steps namely (i) regional flood frequency analysis based on L-moments (ii) hydrological
modelling for flood prediction, (iii) flood hazard mapping using flood inundation model and (iv)
community-based flood risk assessment via a combination of flood hazard map, survey data on

vulnerability, exposure and coping capacity. The results of this study showed that Generalized



Extreme Values (GEV) and Generalized Pareto (GPA) are the best probability distributions to
estimate flood frequency in the Oti River Basin. For the hydrological modelling, Nash-Sutcliffe
coefficients of 0.87 and 0.94 were respectively obtained for the calibration and validation
periods. Moreover, the present study showed that flood extends in the Oti River Basin doesn’t
change drastically for higher return period floods. This thesis showed also that flood risk in the
Oti River Basin is moderate and predominantly driven by high vulnerability and hazard. Both
exposure and coping capacity are relatively low. Finally, further research is needed to understand
the effects of rainfall on the variability of L-moments of annual maximum discharges, to analyze
the combined effects of climate and land use changes on flood risk and to implement advanced

flood early warning system in the Oti River Basin of Togo.



RESUME

Dans plusieurs régions du monde, des extrémes hydrologiques ont été observées avec de
lourdes conséquences sur la vie humaine, les activités socio-économiques et les écosystéemes. Par
ailleurs, durant ces derniéres années, L’ Afrique de I’Ouest a été touchée par des inondations sans
cesse croissantes qui ont affecté plusieurs millions de personnes et ralenti le développement
socio-économique de cette région. Les inondations dans le bassin versant de 1’Oti causent
d’importantes pertes en vie humaines, destruction d’infrastructures et de champs et interruption
des activités socio-économiques. Ces conséquences pourraient étre aggravées par les effets des
changements climatiques. Par conséquent, il est important de bien gérer les aléas et catastrophes
naturelles pour une meilleure adaptation aux changements climatiques. En Afrique de I’Ouest, la
gestion des inondations est une priorité a I’échelle locale, nationale et régionale, particuliérement
aprés les inondations dévastatrices des années 2007, 2008 et 2010. L’évaluation des risques
d’inondations est la premiere étape de tout projet de gestion durable de risques d’inondations.
Cette évaluation permet de savoir a quoi I’on peut s’attendre et ouvre le débat sur les solutions a
apporter au probléme. Cependant, les informations sur les risques d’inondation sont manquantes
dans plusieurs bassins versants Ouest africains tel que le bassin du fleuve Oti a cause du manque
ou d’insuffisance de données hydrologiques nécessaires a leur estimation. Cette thése constitue
une analyse initiale et détaillée du risque d’inondation dans le bassin du fleuve Oti au Togo. La
démarche méthodologique est articulée autour de quatre points principaux a savoir (i) I’analyse
régionale fréquentielle des crues basée sur les moments linéaires, (ii) la modélisation
hydrologique pour la prédiction des crues, ( iii) la cartographie des zones inondables a 1’aide

d’un modéle hydraulique et (iv) 1’évaluation du risque d’inondation a I’échelle communale en
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associant des informations sur la vulnérabilité, I’exposition, la capacité de gestion et 1’aléa
hydrométéorologique. Les résultats de cette étude ont montré que la distribution des valeurs
extrémes généralisées et la distribution généralisée de Pareto sont les meilleures fonctions de
distributions pour I’estimation de la fréquence des crues dans le bassin de 1’Oti. Ensuite, des
coefficients de Nash-Sutcliffe de 0.87 et 0.94 ont été obtenus respectivement pendant la
calibration et la validation du modéle hydrologique. Les étendues des inondations pour les crues
de périodes de retour élevées ne changent pas considérablement. Cette étude a aussi montré que
le risque d’inondation dans le bassin de 1’Oti au Togo est relativement modéré et caractérisé par
des indices élevés de vulnérabilité et d’alea hydrométéorologique. L’exposition et la capacité de
gestion sont relativement faibles. Enfin, des recherches supplémentaires sont nécessaires pour
comprendre I’effet des pluies sur la variabilit¢ des moments linéaires de débits maximaux
annuels d’une part et d’autre part pour analyser I’effet des changements climatiques et

d’utilisation des terres sur les risques d’inondations dans le bassin versant de 1’ Oti au Togo.

Vii



Table of Contents

DEDICATION ...ttt ettt sttt s h et b e e at et s bt et e s bt e a e e beshe et e sbeeat e bt eatetesbeeasenbeeaeebesaeeneenne i
ACKNOWLEDGEMENTS ...ttt ettt e sbe e st st sttt e beesbeesbeesateenteebeesbeesaeesanesas ii
A B ST RA T .ttt ettt e bt e s bt e s a et et e e te e bt e bt e s heeeateeabe s be e be e beeaheesheeeateeteenbeen iv
RESUMIE ...ttt ettt b e s bt s h e s a bt st e et e e bt e sbeesatesatesabeeabe e be e bt esbeesuteeateenteenbeens Vi
LIST OF FIGURES ...ttt bttt s h et bt et b e e at et s bt et e st e eat e besbe et e beeaeeneas Xi
LIST OF TABLES. ...ttt ettt ettt b et b e s bt et bt et e bt eat et e sbe et e sbeebeenbesaeenee xiii
LISTE OF ABBREVIATIONS ...ttt ettt st sttt e sbe e st e sabe s be e b e naas XV
1. GENERAL INTRODUCTION ..ottt ettt sttt et e sbeesaaesatesabesbeenbeesaeesasesnseensens 1
1.1.  Background and problem STAtEMENT...........ccoiieieiieiee sttt st e re e eanas 2
1.2, The Ot RIVEI BASIN ....eiiiiiieiiiieisieeetciee ettt ettt ettt n s 4
1,210 CHIMAEE ettt b e bbbt e ettt b et n e 6
1.2.2. Land USE and LANA COVET ......cueieieiirieeiesierteeetet ettt sttt sbenae s 7
123, Ge0lOgY AN SOMIS.....cveueeuieiieiieiietestestert ettt nren 7
1.2.4.  Flood risk redUCLION MEASUIES .......c.eovrveriererieiiieiereeitrteiestee st es bbbttt ne 10
1.3.  Research objectives and SLFAtEQY ........ccecirieiiiieceesie ettt s te e b sreenes 10
1.4, SEruCtUre Of the theSIS.......ciii it 12
2. LITERATURE REVIEW ..ottt sttt sttt sie e st sate st esbeesaaesbe e saeessseenseessaesanesanenns 13
2% TR o To o I 4 1S oo o010 3R RPTRPN 14
211, Typology OF FlOOG .......ocueeieeeeeceee ettt st e re et s ae et beennas 14
2.1.2.  FloOd risK @S @ CONCEPL......oiiuieieiectecte ettt ettt ettt et e e e be b e ae s beesa e besrnenbesreennas 15
2.1.3. FACKOIS OF FISK ...veuiiuiiiiiiciitce et 16
2.1.3.1. HAZAI ..o 16
2.1.3.2. V81T o TSP 17
2.1.3.3. Exposure and COPING CAPACITY......cceevveiieierieireeie et ete et ete st estesreete e eaaesbesaeesesreennas 18

2.2.  Flood prediction methods in poorly gauged and ungauged basins ...........ccoccevveveeceereneeneneenn. 19
2.3. Methods of flood risK @SSESSMENL. .......ccoiviiiiririiiiee e 22
2.3.1. Hydrologic and hydraulic approach...........cecevveeeeiseeceesieeese e 22
2.3.2. Remote sensing and GIS apProach ..........ooeecereiiereneee sttt 23
2.3.3.  Other METNOOS ...ttt 24

3. MATERIALS AND METHODS. ... .ottt sttt st sttt e b e sbeesaee e 26
3.1.  Description of study areas and JataSELS .........cccevieeeriireerierieciere st e e ae e ennens 27



3.2. IVIEENOMS. ..ottt ettt ettt e ettt eeeesee e e et eeeeesssaaa s eeeeesesssaaasaaeeeeessssaaasesaeeeesssasassenereeesssanas 36

3.2.1. Regional flood freqUENCY aNAIYSIS.........cceverieieiiinirereseeee et 36
3.2.1.1. L-MOMENt QPPIOACKH ......cuviiiceieie ettt st e esteennens 36
3.2.1.2. Data SCIEENING ... ecuvetietieteiteeterte et et e te et et e s te et et e e e e stesbeeaesteessesesseessestesssessesseensessensaans 38
3.2.1.3. Identification Of NOMOQJENEOUS GrOUPS......c.eeuerrerrerrerieieieieeieeierie ettt 38
3.2.1.4. Selection of appropriate diStriDULIONS ...........ccoeviririree e 40
3.2.15. Development of regional growth CUIVES.........cc.ooieieiiieececeeeere e 42
3.2.1.6. Development of prediction equations for the mean annual flood .............cccceevecienieneens 43

3.2.2. Hydrological modelling for flood prediCtion ..........c.ccvveeeiiieieiiceeeseee e 44
3.2.2.1. Description of LISFLOOD hydrological model ............ccooveivininineniieeeenesenene 44
3.2.2.2. Data PrePIrOCESSING ... eeuerverrertertertetetetese ettt st sttt st et et eae bt sbesae b steste s et eneesesbesbeeneneens 45
3.2.2.3. IMOTEI SELUP...eveveeeeeteeteet ettt ettt ettt e e et et e st e st e aesteera e besteessebessaessesreensesseesaans 50
3.2.2.4. Calibration and validation of the model............c.ccooeiriiniini e 51

3.2.3.  Flood hazard MapPinNg......ccccceececeeeeiineeeese ettt ee e te e te s e e s e sbe s e essesreebesteesaensesanensesseennas 52
3.2.3.1. Description of the flood inundation MOdel ...........ccccoeoieiririnineneeeeeeee e 52
3.2.3.2. Application of the LISFLOOD-FP mMOdel..........cccooueiiiiiiininerieneieieeeeeeeseseeseene 54
3.2.3.3. F100d hazard MapPing.....c.ccceeeecieeereecieeese ettt ste e b e s teera e besraennesreennas 58

3.24. Integrated flood riSK aSSESSIMENL ..........ccveiiiirieiici ettt st ra e s eae s reennas 58
3.24.1. Conceptual fFraMEBWOIK .......cc.ocieiieeeseeeee et sre e sre s 58

3.24.2. Data sources and sSampling PrOCEAUIE. ........cecveriereeriereeeese et erteseee e se st see e seeae e eneens 61
3.2.4.3. Estimation of the vulnerability, exposure and capacity and measure indices................. 62
3.2.4.4. Estimation of the indicator WEIGNTS..........cciiieiiiieieiecece et 63
3.2.45. Estimation of the flood hazard INAEX ..........ccoeireireincineeeee e 66
3.2.4.6. Estimation of Flood FiSK INAEX.........ccceviiirieiinieiinicicee e 68

. FLOOD FREQUENCY ANALYSIS. ...ttt sttt sttt st ssee bbb eanes 70

4.1. DAtA SCIEENING ... eeueetieteeieiteetecte et ete st e ete e te e e et e s teeteestesbeebestaesaenbesssensesbeessesseessenbesteessensessnenes 70

4.2. Formation of NOMOQGENEOUS GIOUPS....c.eeieriereieierteeieie et cete st e ee e seteeeseeeeesaesaeessesneesesseeneens 71

4.3. Selection of appropriate diStriDULIONS ........ccooieiiiieee e 73

4.4, Flood frequenCy relationNShiPS .......vecveiieierieseecese ettt sa e s a e e s e resneens 74
4.4.1. GIOWEN CUINVES ...ttt ettt 74
4.4.2. Multi-regression models for the index floods ...........cccvveeierinienieeee e, 76

. HYDROLOGICAL MODELLING FOR FLOOD PREDICTION ......cccteiiieieieseeeseeieie e 77
5.1. Data PrEPIOCESSING .. vecveeveiveeteriesteetesteetesteereetesseestessesreessessessaeseaseessesseessessesseessessesssensesseenes 77



5.2. SENSITIVILY @NAIYSIS. ....eitieeieiieiee sttt ettt et et sse et esteeneeeesneensesneenees 78

5.2.1. Effects of the upper zone time constant Parameter ...........ccecveeeererererenereeeeeeeseneens 79
5.2.2. Effects of the lower zone time constant Parameter ...........cccevveceeveseeceseeeese e, 80
5.2.3. Effects of the groundwater percolation value parameter ..........cccocevveveveeceereeveerieseenn, 81
5.24. Effects of the Xinanjiang parameter b (XD) .....c.ooeverireneeee 81
5.2.5. Effects of the power preferential flow parameter. .........ccccoeevvieineneneneneeeeeseee 82

5.3. Calibration and validation FESUILS ...........cceueoiriiiririniieec s 83

6. FLOOD HAZARD MAPPING. ...ttt sttt sttt s sttt 86
6.1. INPUL NYAFOGIAPNS ...ttt st et e s beeas et e e aeetesbeennas 86
6.2. Hydraulic MOGEITING ....ccveiviiiieieeee et neen 87
6.2.1. SENSITIVILY ANAIYSIS. ...ttt 87
6.2.2. Effects of the DEM resolution on the simulation results ...........cccoecveencrnenncncennne. 88
6.2.3. Simulation of the 2007 fl00d EVENL.........cc.cerieiriiirccee e 90

6.3. F100d hazard MapPiNg.......ccceeceeeiiierecieeese ettt e et et estesba e besteesaesbesasessesbeeasesteeseans 93
7. INTEGRATED FLOOD RISK ASSESSMENT ....ooiiiiiiiiiieiie ettt et 95
7.1. SCOTES ..ttt ettt ettt h et b et b ettt s bt et bt et bt et e Rt b e et e e he e h e e bt e Rt et e eb e et e bt ehe e b e nhe et e nreeanen 95
7.2. Possible flood hazard SEVEIILY.........ccciiecieiiieeeseeeee ettt et s b et ereens 97
7.3. INiCES OF the FISK FACTOIS ... e 99
7.4. FIOOT FISK INOBX ...ttt 99

8. GENERAL CONCLUSIONS ...ttt ettt st sb st sbe et e b bt e b e enes 101
8.1 SUMIMAIY ..eeitiiieeitee sttt ettt sttt stt e st e st st st et e e s b e e s bt e s et e satessse e beesbaesaeesasesasesnbeenbeenseessaessnesssesnsenn 102
B2, LIMIUES ottt bbbt e et ens 104
8.3. Recommendations fOr POIICY ......c.coeeuieiiiiicececee ettt e 105
B4, PEISPECLIVES. .. eveeutitieeeitiettete st e te s e et e e st e et este e st e te s st e s eesteese e st e sseeseesseeseensesaeensessesseensenteesaensenreenes 106
APPENDICES ...ttt b et bt et bt et e b e ae et sb e et e sheeat e bt sae et e sbe e b e sheeneens 107
REFERENGCES ...ttt ettt e h e s he e st e s bt e bt e bt e bt e s bt e saeesateenteenbeesbeesanenas 150



LIST OF FIGURES

Figure 1. 1.Location of the Oti River Basin 5
Figure 1. 2.Average monthly rainfall and temperature at Mango (1980-2010). [ Data source:
Togo meteorological service] 7
Figure 1. 3.Soil map of the Oti River Basin (FAO/UNESCO, 1995) 9
Figure 1. 4. Research strategy for assessing flood risk in the Oti River Basin 11
Figure 3. 1.Location of flow gauge sites used for regional flood frequency analysis 28

Figure 3. 2.Location of the Oti River Basin: only the flow gauge stations at Porga (Benin) and
Sabari (Ghana) are currently operating 31
Figure 3. 3. Land use/ land cover map of the Oti River Basin in 2000 32
Figure 3. 4.0bserved discharge (blue) at Sabari gauge station and averaged gauged rainfall (red).
[Source: national hydrological and meteorological services of Ghana and national meteorological
service of Togo] 33

Figure 3. 5.Location of the study area in the flood hazard mapping showing the model domain,

main settlements along the Oti River in Togo and historical flow gauges. 34
Figure 3. 6.(a) Digital elevation model of the study site from SRTM and (b) Observed flood
extent of the 2007 flood from NASA data (http://www.floodobervatory.colorado.edu) 34

Figure 3. 7.Location of the study area used in the community-based flood risk assessment. 35

Figure 3. 8.Schematic representation of LISFLOOD hydrological model (source: Van der Knijff

and de Roo, 2008) 45
Figure 3. 9. Schematic representation of the conceptual framework (modified from Bollin et al.,
2003). 59
Figure 4. 1.Discordancy measure (Di) of the different flow gauge sites 70
Figure 4. 2.Formation of clusters through cluster analysis 71
Figure 4. 3. Location of the final homogeneous groups. 72
Figure 4. 4.L.-moment ratio diagrams for the homogeneous groups 73
Figure 4. 5. Quantile-quantile plots of the fitted frequency distributions 74

Figure 4. 6.Regional growth curves of the different groups 75

xi



Figure 4. 7. Diagnostic plots of the best regression models: (a) for the Oti River Basin and (b) for

the White Volta and Black Volta. The 1:1 line is plotted for reference. 76
Figure 5.1.Examples of the daily input PCRaster maps created using PCRaster functions 77
Figure 5.2.Sensitivity of LISFLOOD hydrological model to change in the UZTC parameter. 80
Figure 5.3.Sensitivity of the hydrological model to change in the GWPV parameter 81
Figure 5.4.Sensitivity of the hydrological model to change in the Xb parameter value 82
Figure 5.5.Sensitivity of the hydrological model to change in the PPF parameter value 83

Figure 5.6. Comparison between simulated (blue line) and observed (black line) hydrographs for

the calibration at Sabari gauge station (Ghana) 84
Figure 5.7.Comparison between simulated (blue line) and observed (black line) hydrographs for
the validation at Sabari gauge station (Ghana) 84
Figure 6.1.Simulated hydrographs of the 2007 flood at inlet and outlet of the reach. 86

Figure 6.2. Performance of the sub-grid model of LISFLOOD-FP with different Manning's
friction coefficient for channel (a) and with different hydraulic geometry coefficient (b) 87
Figure 6.3. Floodplain longitudinal profile (black and with 30 m DEM) and water surface
elevations simulated by LISFLOOD-FP for different aggregated DEM resolutions. 89
Figure 6.4.Results of the calibration of the sub-grid model of LISFLOOD-FP showing measures
of fit as a function of the hydraulic geometry coefficient and the Manning's friction coefficient
for channel. 91

Figure 6.5. Comparison of simulated flood extent (red) with satellite observation (black outline)

before calibration (a) and after calibration (b) for the severe flood 2007. 92
Figure 6.6.Simulated flood hazard maps of the study area 94
Figure 7.1. Simulated 50-year flood map of the Oti River Basin in Togo 98

Figure 7.2. Computed indices of the four risk factors for the different communities. C, H, V and

E stand for capacities, hazard, vulnerability and exposure indices. 100

xii



LIST OF TABLES

Table 3. 1.Site characteristics used in the regional flood frequency analysis 29
Table 3. 2. Inter-site correlation of AMAX in the Volta River Basin 30
Table 3. 3.Socio-economic characteristics of the selected communities. 36
Table 3. 4.Calibration parameters of the LISFLOOD hydrological model (VVan der Knijff and De
Roo., 2008). 52
Table 3. 5.Set of community-based disaster risk indicators (source: Bollin et al., 2003) 60

Table 3. 6.The weights estimated from the AHP model for the indicators of the hazard factor. For

the definition of H1, H2, H3 and H4, see Table 6. 2. CR=0.01 (< 0.1). 65
Table 3. 7.The weights estimated from the AHP model for the indicators of the vulnerability
factor. For the definition of V1, V2 ...V14, see Table 6.2. CR=0.01(<0.1) 65
Table 3. 8.The weights estimated from the AHP model for the indicators of the exposure factor.
For the definition of E1, E2, E3 and E4, see Table 6.2. CR=0.02 (<0.1). 65
Table 3. 9.The weights estimated from the AHP model for the indicators of the capacity and
measure factor. For the definition of C1, C2...C15, see Table 6.2. CR=0 (<0.1). 66
Table 3. 10.Categorization of flood hazard (source: Dinh et al., 2012). 67
Table 3. 11.Categorization of the flood risk index used in this study 68
Table 4. 1.Characteristics of the initial clusters. 71
Table 4. 2.Homogeneity measure of the final groups. 71
Table 4. 3. Z-statistic values of the homogeneous groups. 74
Table 4. 4. Quantile functions of the homogeneous groups. 75
Table 4. 5. Regression models for the estimation of the index flood at ungauged sites. 76
Table 5.1.Correction factors applied in this study 78
Table 5.2. Parameters and objective functions used in the sensitivity analysis 79
Table 5.3.Values of the calibrated parameters using trial and error method 83
Table 6.1.Initial values of the hydraulic model (LISFLOOD-FP) parameters. 87
Table 6.2. Performance of LISFLOOD-FP for different DEM resolutions. 90
Table 6.3.Models' parameters used for the flood inundation modelling. 90

Table 6.4.Design floods for the outlet of the channel reach 93

Xiii



Table 7.1.Scores obtained by the communities 96
Table 7.2. Averaged simulated flood depth for the 50-year flood at the different communities in
the Oti River Basin. 08

Table 7.3. Flood risk index of the different communities 100

Xiv



LISTE OF ABBREVIATIONS

AMAX: Annual Maximum

BMBF: German Ministry of Education and Research

CBDRI: Community-Based Disaster Risk Index

CRU: Climate Research Unit

CRED: Centre for Research on Epidemiology of Disasters (Belgium)

DEM: Digital Elevation Model.

DGSCN : Direction Générale de la Statistique et de la Comptabilité Nationale (Togo)
ETo: Reference evapotranspiration

ESO: Potential evaporation from a bare soil surface.

EWO: Potential evaporation of open water surface.

FAO: Food and Agriculture Organization.

GEV: Generalized Extreme Value distribution.

GIS: Geographic Information System.

GLO: Generalized Logistic distribution.

GNO: Generalized Normal distribution.

GRP: Graduate Research Program.

GPA: Generalized Pareto distribution.

GTZ: German Technical Cooperation Agency.

HWSD: Harmonized World Soil Database.

ICSU : International Council for Science Unions

IFRCRCS: International Federation of Red Cross and Red Crescent Societies.
ISDR: International Strategy for Disaster Reduction

IPCC: The Intergovernmental Panel on Climate Change.
ISRIC: International Soil Reference and Information Centre.
ITCZ: Intertropical Convergence Zone.

LAI: Leaf Area Index.

XV



NASA: National Aeronautics and Space Administration (United State of America).
NERC: Natural Environment Research Council (United Kingdom)

NSE: Nash-Sutcliffe coefficient.

PD: Percentage deviation.

PDNA: Post Disaster Need Assessment

PE3: Pearson type Il distribution

PWM: Probability Weighted Moment.

RFFA: Regional Flood Frequency Analysis.

RMSE: Root Mean Square Error.

SRTM: Shuttle Radar Topography Mission.

TRMM: Tropical Rainfall Measuring Mission.

VBRP: Volta Basin Research Project

WASCAL.: West African Science Service Center on Climate Change and Adapted Land Use.

XVi



1.GENERAL INTRODUCTION



1.1. Background and problem statement

Climate change and its negative impacts have become a major concern for scientific
community, governments and civil society. The Intergovernmental Panel on Climate Change
(IPCC) defines climate change as a change in the state of the climate that can be identified by
changes in the mean and/or the variability of its properties and that persists for an extended
period, typically decades or longer (IPCC, 2012). The IPCC fifth report showed that climate
change threats will have major impacts on both the environment and economy worldwide (IPCC,
2014). Observational records and climate projections provide abundant evidence that water
resources are vulnerable and are strongly impacted by the effects of climate change, with wide-
ranging consequences for human societies and ecosystems (Bates et al., 2008). Changes in the
hydrological cycle due to climate change and variability have led to negative consequences on
water resources in many African countries (Ardoin-Bardin, 2004; Goula et al., 2006; Goula et
al., 2009) and the severe floods in 2007, as well as the droughts of the years 1983/1984 and
1973/1974 are some examples of the impacts of climate change and variability in Africa.
Furthermore, studies have shown that discharge evolutions in West Africa would be affected by
rainfall variations linked to climate change and climate variability. For instance, a 10% drop in
rainfall would result in reduction in river flow of approximatively 25% (Roudier et al., 2014).
Moreover, McCartney et al. (2012) have shown that by the end of this century, the magnitude of
floods with return periods less than 10 years would decrease in the Volta Basin, while the trend
for higher return period floods is not consistent from station to station.

It is important to note that change in the frequency of flood and drought are the most

important observed and potential impacts of climate change in Africa. For instance, according to



the International Council for Science Unions (ICSU), from 1900 to 2006, floods in Africa killed
20,000 people (ICSU, 2007). Heavy rainfall in September 2007 caused the worst floods that
West Africa had ever faced since many decades. The hardest hit countries were Togo, Burkina
Faso and Ghana with 23, 46 and 56 persons killed respectively (Tschakert et al., 2010). More
recently, 38 people were reported killed and 9,000 homes were destroyed in the August-
September 2016 floods of the Niger River (OCHA, 2016).

Moreover, in the Oti River Basin (ORB) heavy rainfalls in 1998, 2007, 2008 and 2010
caused damaging floods and people were made homeless with severe damages and loss of live.
According to the International Federation of Red Cross and Red Crescent Societies (IFRCRCYS),
14,620 persons were affected in Togo by the October 1998 floods of the Oti River (IFRCRCS,
1998). The severe flood of September 2007 killed 25 people and injured critically 97 critically in
Togo part of the Oti River Basin (IFRCRCS, 2007). About 11,628 hectares of cultivated land and
11 main bridges were destroyed by the 2008 floods of the Oti River in Togo (MERF, 2009).
Also, extreme floods in 2010 made 836 persons homeless at Cobli in Benin Republic part of
ORB (PDNA-Benin, 2011). Further back in time, Oti River experienced historical extreme
floods on October 6, 1957 (10.0 m of water level) and September 21, 1962 (10.64 m of water
level) at Mango in Togo; on September 2, 1951(1.0 m of water above a bridge on the Kara River
at Lama-Kara in Togo); the extreme flood of 1963 affected the whole Volta Basin with grave
consequences in Ghana (Moniod et al., 1977).

Since a flood is a product of the hydrologic cycle that is influenced significantly by two
major group of factors namely climatic and physiographic factors (Chow, 1956), flood frequency
in the Volta Basin may increase in future due to climate change and human activities. In 2012, a

special report on extreme events of the IPCC emphasized the necessity of managing the risks of



extreme events at the local level (IPCC, 2012). Some approaches for accurately managing flood
risk and adapting to climate change involve the identification of the risk issue and the definition
of methodologies for assessing this risk (Simonovic, 2012). Moreover, in 2005, the World
Conference on Disaster Reduction emphasized the necessity to incorporate disaster risk
assessment into rural planning and management in order to mitigate disaster risk (ISDR, 2005).
To the best of our knowledge, the first research on floods in the Oti River were performed
by the French Research Institute for Development (former ORSTOM) and published in a
Monograph of the Volta Basin (Moniod et al., 1977). In addition, McCartney et al. (2012)
studied the impacts of climate change on the magnitude of floods for different return periods in
the Volta Basin including the Oti River Basin. However, there is a lack of information on flood

risk in the Oti River Basin.

1.2. The Oti River Basin

The ORB is a sub catchment of the Volta Basin which is one of the largest catchments in
West Africa (Figure 1.1). The topography of the ORB is the steepest in the Volta Basin with an
elevation between 42 and 874 m. The Oti River begins in the Atakora hills of Benin where it is
called Pendjari River. Then, it flows along the border between Benin and Burkina Faso before
entering Togo with an annual stream flow of about 3.0 km3. The Oti River passes along the
border between Togo and Ghana and it reaches the main Volta River in Ghana with an annual
discharge of about 12.0 km3(Amisigo, 2005). With only 18% of the total surface area of the
Volta Basin, the contribution of the Oti River ranges between 30% and 40% of the total annual

discharge of the Volta River System (UNEP-GEF, 2012).
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Figure 1. 1.Location of the Oti River Basin



1.2.1. Climate

The climate of the ORB is tropical semi-arid to sub-humid and it is determined by its
location within the West African Monsoon (WAM) which is documented in both Sultan et al.
(2003) and Sultan and Janicot (2003). The key components of the WAM system are the Inter
Tropical Convergence Zone (ITCZ), the African Easterly Jet (AEJ), the Tropical Easterly Jet
(TEJ) and African Easterly Waves (AEWSs). ITCZ is the interface between two winds namely the
harmattan, blowing from the Sahara desert and the monsoon which blows from the Atlantic
Ocean. The AEJ is a middle tropospheric jet located over much of tropical northern Africa
during the northern hemisphere summer. The TEJ is an upper tropospheric easterly jet that
extends across the tropics from the eastern Indian Ocean to western Africa. The AEWSs are
westward-travelling waves that originate over northern Africa primarily between June and
October. The onset and end of the rainy season, the length of rainfall period and the annual
rainfall amount are controlled by the northward progression of the West African Monsoon
(Omotosho, 1985). The West African Monsoon is a large scale air circulation which forms from
the seasonal change in direction of winds because of the land-sea temperature difference between

the Sahara desert and the Atlantic Ocean.

Over West Africa, the most important amount of rainfall forms from convective systems
such as squall lines and ITCZ (Peters and Tetzlaff, 1988; Mohr and Thorncroft, 2006).
Moreover, one of the characteristics of West African rainfall is its high annual and seasonal
variability (Nicholson, 2001; Le Barbe et al., 2002; Sultan et al., 2003). Annual rainfall in the

ORB varies from 900 mm to 1,400 mm and the maximum rain falls in August (Figure 1.2)
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Figure 1. 2.Average monthly rainfall and temperature at Mango (1980-2010). [ Data source:
Togo meteorological service]

1.2.2. Land use and Land cover

Land use and land cover in the ORB are characterized by extensive bush fallow cultivation
and grazing with tree regrowth and small patches of reserved forest areas on the hills in the
southeast (Barry et al., 2005). The natural vegetation is dominated by savannah (grassland
interspersed with shrubs and trees), light forest as well as park forest and small dense forest.

Urbanization in the ORB is relatively small.
1.2.3. Geology and soils

The Oti River Basin lies on the Voltaian system, the Togo series and the Buem formation

(UNEP-GEF, 2012). The Voltaian system includes the Bombouaka Supergroup and the Oti-



Pendjari Supergroup. The Bombouaka Supergroup is dominated by sandstones and other
sedimentary rocks. The Oti-Pendjari Supergroup includes mainly sandstones, silexite, tilites and
conglomerates. The Togo series is mainly composed of metamorphic rocks such as migmatites,
gneisses, micaschists. The Buem system consists of a sequence of shale, sandstone, and volcanic

rocks.

The dominant soils of the ORB are gleyic luvisols, fluvisols, ferric luvisols and chromic
vertisol (Figure 1.3). Luvisols are soils in which clay is washed down from the soil surface to an
accumulation horizon. They are common in flat or not very steep land in regions with distinct

wet and dry seasons (http://www.isric.org). Gleyic properties of soil are associated with the

movement of the groundwater table and prolonged saturation (http://www.isric.org). Because of
their medium stage of weathering and high base saturation, luvisols are suitable for agricultural
uses (http:// wwwe.isric.org). Fluvisols are young soils developed from fluvial, lacustrine or
marine deposits in all types of climate. The periodic floods in these soils make them wet in all
parts of the soil profile. They are suitable to grow crops or grazing grasses. The ferric properties
of soils are associated with segregation of iron which leads to the formation of large mottles.
According to the International Soil Reference and Information Centre (ISRIC), vertisols are
churning heavy soils which are formed from either sediments that contain a high proportion of
smectite clay, or rocks weathering that have the properties of smectite clay. They are common in
tropical, semi-arid to humid and Mediterranean climates with distinct wet and dry seasons.
Infiltration rate in cracked vertisols with surface mulch is initially very high. But, once the soil
surface becomes wet and the crack are closed, the infiltration of water is almost nil

(http://www.isric.org). Consequently, vertisols flood quickly.
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1.2.4. Flood risk reduction measures

In the aftermath of the disastrous floods of 2007 and 2008 in Togo, some strategies to
manage and mitigate floods have been established. For instance, the World Bank funded an
integrated disaster and land management project to provide support to the Togolese government
and strengthens institutional capacities in order to manage the risk of flooding and land
degradation in rural and urban areas in the country (World Bank, 2011). The Togolese Red Cross
(with the assistance of the German Red Cross) has implemented simple early warning systems in
some flood prone areas of ORB. Moreover, on October 2016, HKV CONSULTANTS
(http://lwww.hkv.nl) started the implementation of the Oti River flood risk assessment project
funded by the WordBank. The objective of this project is to estimate flood risk, effectiveness of
flood mitigation measures as well as to implement a flood early warning systems in the flood

prone areas of the ORB in Togo and Ghana (source: http://www.hkv.nl/nl/actueel).

1.3. Research objectives and strategy

Given the gaps in the scientific research on flood risk in the ORB, as well as the fact that
the study area experiences frequent damaging floods and is poorly gauged, the main objective of
this work is to develop methods for flood risk assessment in data scarce areas of West Africa
river basins taking the ORB as case study. Specifically, the research objectives of this study are
to:

i.  Select the appropriate probability distributions to analyze flood frequency (RO1)
ii.  Simulate the extend of flood for different return periods (RO2)
iii.  ldentify the major factors that contribute to flood risk (RO3)

iv.  Suggest flood risk mitigation measures (RO4)
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In order to achieve these goals, a research strategy has been developed (Figure 1.4)
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Figure 1. 4. Research strategy for assessing flood risk in the Oti River Basin

In a first step, a regional flood analysis is performed for the whole Volta Basin in order to

select the suitable flood frequency distributions (OR1). The whole Volta Basin was chosen for

the frequency analysis in order to reduce the uncertainty in the estimation of design floods

because of the insufficiency of observed discharge data and the short length of the available

streamflow time series in the ORB. In addition, a hydrological modelling for flood prediction

was applied for the ORB. In a second step, the flood frequency models and the hydrological

model were used to estimate the design floods and simulate input hydrographs for the flood

hazard mapping (OR2). Finally, vulnerability, exposure as well as coping capacity data were

collected from surveys .These data were combined with a simulated flood hazard map to perform

a community-based flood risk analysis in order to identify the major factors that contribute to

floor risk (OR3) and suggest some recommendations to mitigate flood risk in the ORB (RO4).
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1.4. Structure of the thesis

This PhD thesis is organized in five (5) chapters. The general introduction to the thesis is
given in the first chapter. Chapter 2 provides a review of the literature relevant to this research.
This section is dominated by some concepts related to flood risk and an overview of the different
methods to both predict floods in ungauged basins and assess flood risk. Chapter 3 presents the
‘materials and methods’ while Chapter 4 presents the ‘results and discussion’. Finally, Chapter 5
provides the conclusions with reference to the research objectives specified above, indicates the
limits of this research, and suggests some recommendations for both future research and policy.
It is important to mention that two articles have been produced from this PhD thesis. The first
one is entitled ‘Regional flood frequency analysis in the Volta River Basin, West Africa’ (see
Appendix la) and the second article is entitled ‘Integrated flood risk assessment of rural

communities in the Oti River Basin, West Africa’ (see Appendix 1b).
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2.LITERATURE REVIEW
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2.1. Flood risk concepts.

2.1.1. Typology of floods

The term flood has many definitions. From a hydrologic standpoint, a flood is a relatively
high flow which overtaxes the natural channel provided for the runoff (Chow, 1956). Flood is
also defined as the temporary inundation of normally dry land areas resulting from the
overflowing of the natural or artificial confines of a river or other body of water (Wisner et al.,
2004). According to Natural Environment Research Council (NERC), flood can take many forms

such as riverine flood, pluvial flood, tidal flood and groundwater flood ( www.nerc.ac.uk).

Riverine flood is typically caused by hydro-meteorological conditions. It occurs in floodplain of
rivers when the capacity of the river to contain the water is exceeded as a result of rainfall and
the excess water spills out from the river onto the floodplain. Where the riverine flood is very
rapid, it is called flash flood. Pluvial flood occurs in rural and urban lands where the intensity of
the rainfall exceeds the infiltration rate of the soil. This type of flooding is exacerbated by
urbanization which decreases the proportion of permeable surfaces and inadequate urban
drainage systems. Tidal flood occurs in estuaries where there is interaction between the tides and
river flows. In estuaries, a high flow in rivers, combined with a high tide from the sea, increases
water level in rivers which can flow over river banks. Groundwater flood occurs when the water
table in the subsoil rises to the ground surface as a result of intense or prolonged rainfall

(www.nerc.ac.uk).
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2.1.2. Flood risk as a concept

The term “risk” in relation to flood was introduced by Knight in 1921, and is actually used in
different contexts showing how adaptive any definition can be (Sayers et al., 2002). Hence, many
definitions of risk can be found in the literature. For instance, risk is defined as the sum of
expected losses and damages caused by a given natural phenomenon as function of the hazard
and the vulnerability of the elements at risk (UNDRO, 1991). According to Stenchion (1997),
risk might be defined simply as the probability of occurrence of an undesired event [but might]
be better described as the probability of a hazard contributing to a potential disaster. Importantly,
it involves consideration of vulnerability to the hazard. In some cases, risk is defined as the
expected number of lives lost, persons injured, damage to property and disruption of economic
activity due to a particular natural phenomenon (e.g. Granger, 1999) and in others as a
combination of the chance of a particular event, with the impacts that the event would cause if it
occurred (e.g. Simonovic, 2012). Wisner et al. (2004) define risk as a compound function of the
natural hazard and the number of people, characterized by their varying degrees of vulnerability
to that specific hazard, who occupy the space and time of exposure to the hazard event. Risk of
disaster is also thought as the probability of harmful consequences, or expected losses resulting
from interactions between natural or human-induced hazards and vulnerable conditions (ISDR,
2004) or as the likelihood of severe alterations in the normal functioning of a community due to
hazardous physical events interacting with vulnerable social conditions, leading to widespread
adverse effects that require immediate emergency response to satisfy critical human needs
(IPCC, 2012). Besides, Cardona et al. (2012) defines disaster risk as the possibility of adverse
impacts in the future and it derives from the interaction of social and environmental processes, as

well as from the combination of physical hazards and the vulnerabilities of exposed elements.
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Defining risk as the product of hazard and vulnerability (Sayers et al., 2003; Apel et al.,
2009) may suggest that risks with the same numerical value have the same significance; but it is
not often the case because the combination of low probability and high consequence events at
one hand as well as the combination of high probability and low consequences events at another
hand are perceived differently. Furthermore, the definition of risk as the frequency of occurrence
and magnitude of consequences does not automatically imply negative or undesirable effects
caused by the hazard. It is also important to note that the various definitions of risk are
interrelated and each of them has a certain advantage in different applications (e.g. Sayers et al.,
2002; Merz et al., 2007) but they are not universally applicable. Each scientist agree on a risk

definition according to his discipline and the application that is made (Kelman, 2003).

Although the majority of these approaches to risk consider the vulnerability and exposure
to the hazard, they do not take into account the coping capacity of the exposed population. In this
study, risk is defined as the hazard-related potential adverse effects and total economic loss
expected in a region as a composite function of hazard, exposure, vulnerability and management

ability (Davidson and Lambert, 2001).

2.1.3. Factors of risk

2.1.3.1. Hazard

A hazard stands for a potentially damaging physical event, phenomenon or human activity
that may cause the loss of life or injury, property damage, social and economic disruption or
environmental degradation (ISDR, 2004). It can occur with different probabilities and
magnitudes. For example, an infrastructure located in a floodplain may be damaged by a 10-year

flood and 0.5 m water level as well as by a 50-year flood and 1.5 m water level. At some times,
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hazard was ascribed the same meaning as risk, but it is now widely accepted that it is a
component of risk and not risk itself (Cardona et al., 2012). Flood, earthquake, volcanic eruption

are some examples of natural hazards.

2.1.3.2. Vulnerability

In relation to hazard, vulnerability is broadly defined as the “potential for loss” (Mitchell
, 1989) or the “the capacity to suffer harm and react adversely” (Kates, 1985). Depending on the
research application, the term vulnerability has many definitions. For example, Cutter (1993)
defined vulnerability as the likelihood that an individual or group will be exposed to and
adversely affected by a hazard, whereas Alexander (1993) defined vulnerability as a function of
the costs and benefits of inhabiting areas at risk from natural disaster. In some cases,
vulnerability is defined as the characteristics of a person or group in terms of their capacity to
anticipate, cope with, resist and recover from the impacts of natural hazard (Blaikie et al., 1994),
and in others in terms of exposure, capacity and potentiality (Watts and Bohle 1993). According
to the latter definition, measures to reduce vulnerability should reduce exposure, enhance coping
capacity and minimize damaging consequences too.

In this study, vulnerability is defined as the conditions determined by physical, social,
economic, and environmental factors or processes, which increase the susceptibility of a
community to the impact of hazards (ISDR, 2004). Vulnerability to flood is considered as a
combination of different types of vulnerabilities such as social, physical, economic and
environmental. Social vulnerability focuses on the population, particularly the reaction, response
and resistance of people to a flood event. Among the various characteristics which impact social
vulnerability to environmental hazards, there are age, gender, education as well as densities,

whether the population is rural or urban; livelihoods, family structure, access to medical services,
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access to information, institutional capacity, etc. (Cutter et al., 2003). Physical vulnerability
refers mainly to the type of house unit and the density of the population. People who are living in
flood-prone areas with unplanned and weak houses are considered at higher flood risk than those
who are living in formal settlements. In addition, when people are concentrated in a limited area,
a flood hazard will have a greater impact than if people are dispersed (Bollin et al., 2003).
Economic vulnerability stands for the susceptibility of an economic system, including public and
private sectors, to potential disaster damage and loss (Rose, 2004; Mechler et al., 2010) and
refers to the inability of affected individuals, communities, businesses, and governments to
absorb the damage (Rose, 2004). Besides, Cardona et al. (2012) note that economic vulnerability
to natural hazards has been inexactly defined in the literature and conceptualizations often have
overlapped with risk, resilience or exposure. Environmental vulnerability includes environmental
conditions and environmental degradation. For instance, the presence of forests increases the
infiltration rate of the soil and reduces the overland flow which contributes to a reduced flood.
Environmental degradation increases the intensity of natural hazards and is often the factor that

transforms the hazard into a disaster (ISDR, 2004)

2.1.3.3. Exposure and coping capacity

Exposure describes the people, the value of infrastructures and economic activities that will
experience a natural hazard and may be adversely impacted by it (Bollin et al., 2003). Broadly,
exposure refers to an inventory of elements in an area where hazard event may occur (ISDR
2004). It is worth noting that the literature mistakenly combines exposure and vulnerability but
they are distinct because it is possible to be exposed to a hazard but not vulnerable (Cardona et
al., 2012). For instance one can live in a floodplain and has sufficient means to modify building

structure and behavior to reduce potential damages.
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Coping capacity is defined as the “ability of people, organizations and systems, using
available skills and resources, to face and manage adverse conditions, emergencies, or disasters”
(ISDR, 2009). The strengthening of coping capacities usually builds resilience (capacity of an
exposed systems or community to adapt by resisting) to withstand the effects of natural and
human-induced hazards (ISDR, 2004). It is worth mentioning that the relationship between
coping capacity and vulnerability is described in the literature by two schools of thought (IPCC,
2001; Bohle, 2001; Moss et al., 2001; Yodmani, 2001; Brooks et al., 2005; Gaillard, 2010): the
first considers vulnerability as the lack of coping capacity while the second considers
vulnerability and coping capacity as opposite so that increasing coping capacity leads to a

reduced vulnerability and high vulnerability means low capacity.

2.2. Flood prediction methods in poorly gauged and ungauged basins

Flood risk is commonly estimated as a convolution of hazard, vulnerability and exposure
(e.g. Granger et al., 1999; Davidson and Lambert 2001). The calculation of the different factors
of risk can be performed separately in the first step but have to be combined for the final risk
analysis (Apel et al., 2009). When calculating the hazard factor, one of the challenge is the
estimation of the flood magnitude for different return periods (Apel et al., 2004; Merz and
Thieken 2009). Generally, when sufficient observed data are available for the sites of interest,
the estimation consists of fitting directly a probability distribution to the observed flow data.
However, in many regions (e.g. Oti River Basin) there may be no observed discharge for the site
of interest or the length of the time series is too short for accurate estimation of design floods. In
this case, statistical and ‘process-based methods’ have been proposed to solve the problem of
data scarcity. Statistical methods involve regression models, index flood method and

geostatistical methods whilst process-based methods are composed of rainfall-runoff models and
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derived distribution methods (Rosbjerg et al., 2013). According to the same authors, regression
models find correlations between flood and catchment characteristics or/and its meteorological
variables but this does not ensure a causal relationship. The typical regression model used to
estimate flood at ungauged or site with short peak flow data uses the power model structure

shown in Equation 2.1:
Q =aX;" X, o Xy P (2.1)

Where, Q is the flood discharge (dependent variable), a,c; ,c,, c, are the parameters of the
regression model, X;, X,, X, are the catchment characteristics or/and its meteorological
variables. Usually, the most important catchment characteristic is the drainage area and the other
independent variables include slope, land use type. The meteorological variables considered for
the regression model are generally the various forms of precipitations. The index flood method
uses statistical analyses of peak flows at similar gauge sites to develop a flood frequency curve at
ungauged sites. Geostatistics offer some means of describing the spatial variation of stream flows
in a river basin and allow the estimation of flood discharge at ungauged sites. Two geostatistical
methods such as ordinary kriging and topological kriging are used for this purpose. In contrast to
the ordinary kriging, the topological kriging was developed by Skgien et al. (2006) to take into
account both the area and the nested nature of the catchment. The topological kriging integrates a
point variogram of runoff generation over nested catchments; whereas in the ordinary kriging
flood data on the main stream and the tributaries are considered identically (Rosbjerg et al.,
2013). Moreover, because rainfall time series are usually longer than the observed discharge time
series, rainfall-runoff models are used to transform rainfall into flood discharge. This is done by
first calibrating the hydrological model at a gauged site and then transferring the model

parameters to ungauged sites via regression or similar basins (Rosbjerg et al., 2013). In addition,
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according to Moores et al. (2006), distributed hydrological models can be calibrated to a gauged
catchment and re-applied to a target ungauged site which is located in the catchment used for
calibration. Finally, the rational method is the typical example of the derived distribution
methods. According to McCuen et al. (2002), the rational method is based on five assumptions:
(i) the rainfall intensity is constant over the storm duration; (ii) the rainfall is uniformly
distributed over the catchment; (iii) the maximum discharge will occur when runoff is being
contributed to the outlet from the entire catchment; (iv) the peak discharge equals some fraction
of the rainfall intensity and (v) the catchment system is linear. The formula of the rational
method is given by Equation 2.2 (Rosbjerg et al., 2013):

Qr =Crlrc A (2.2)
where Cr is the runoff coefficient, Iy .. the annual maximum rainfall intensity with a return
period T averaged over duration t. which is the mean response time of the catchment , A the
catchment surface area and Qr the peak discharge of return period T. It is worth noting that the
rational method should not be used for the estimation of floods for large river basins because the
assumptions do not hold true in many cases. For instance, the catchment system is non-linear and
the runoff rate within the catchment varies from place to place because of different soil
properties and antecedent conditions. In addition, it is rare that the rainfall intensity remains
constant during the duration of the storm and the runoff coefficient is independent of rainfall

intensity as it is assumed in the rational method (http://www.engineeringcivil.com).

In flood frequency analysis, the return period is the average time between the occurrences
of a flood whose magnitude is greater or equal to Q over a long record. This means that a given

flood q of return period T may be exceeded once in T years. Hence, a relationship between the
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probability of exceedance (P(Q; > q) of a flood and the corresponding return period is given by

Equation 2.3:

P(Qr>q)=1/T (2.3)

2.3. Methods of flood risk assessment.

A risk assessment is a methodology to determine the nature and extent of risk by
analyzing potential hazards and evaluating existing conditions of vulnerability that could pose a
potential threat or harm to people, property, livelihoods and the environment on which they

depend (ISDR, 2004). Several methods have been used to assess flood risk.

2.3.1. Hydrologic and hydraulic approach

Many studies have used hydrologic and hydraulic models to analyze flood hazard for risk
assessment. For instance, Mentzafou and Dimitriou (2015) used a hydrological and hydraulic
models to perform flood risk assessment of the Pikrodafni catchment in Greece. The hydraulic
model takes discharge data (among other input data) to simulate flood extent and depth. Due to
the lack of discharge data during the flood event of interest (February 2013), the MIKE SHE
hydrological model was used to retrieve the flood hydrograph of February 2013 which was used
as input for a calibrated one dimensional hydraulic model (MIKE 11) to simulate the flood depth
of February 2013 flood event. Then, the flood risk was assessed based on the simulated water
depth. Ward et al. (2013) developed and validated a model cascade to assess flood risk at the
global scale. The cascade include hydrological and hydraulic modelling, extreme value statistics,
flood impact modelling and estimation of annual expected impacts. Because of the small time
requiredfor the simulations and the good performance of the model cascade, the authors

concluded that it could be used to carry out assessment of changes in flood risk.
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2.3.2. Remote sensing and GIS approach

Remote sensing and Geographic Information System (GIS) are becoming the common
methods for the delineation of flood zone for flood risk analysis. The direct use of radar satellite
images for flood risk mapping was illustrated by Schumann and Di Baldassarre (2010) who
generated an event-specific weighted hazard map based on flood area observation from satellite
recorded event. Then, this map was fused with vulnerability-weighted land cover vector data in
GIS environment to produce the flood risk map. Elkhrachy (2015) used a satellite image and GIS
tools to produce flash flood hazard map for Najran city in Saudi Arabia. To achieve this goal,
two different resolution digital elevation models (one from SPOT 5 satellite and the other from
Shuttle Radar Topography Mission), a composite flood hazard index obtained from flood
causative factors (runoff, soil type, surface slope, surface roughness, drainage density, distance
to main channel and land use) were integrated in ArcGIS software to prepare a final flood hazard
map for the study area; and the areas in high risk flood zones are obtained by overlaying the
flood hazard index map with the zone boundaries layer. Safaripour et al. (2012) used Landsat
ETM+ images and Digital Elevation Model (DEM) data to perform flood risk assessment for
Gorganroud catchment in Iran. By overlaying and weighting layers of flood-prone areas in
ArcGIS software, a map of flood hazard intensity was obtained by the authors. Next, by using
obtained numbers and scoring, an overuse land ‘priorities’ map was generated. Then, these two
maps were overlaid via a two-dimensional matrix and the final map of flood risk was obtained.
Forkuo (2011) has developed a methodology for preparing flood hazard maps in Ghana, taking
the Volta River Basin as case study. The ASTER imagery, topographic map covering the study

area at a scale of 1:50000, the contours generated DEM, land cover and demographic data have
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been used to create a district level map indicating flood hazard index for district scale using an

‘additive’ model which was adapted for this study.

2.3.3. Other methods

Other methods have been used to assess flood risk. Jiang and Tatano (2015) used a
rainfall design for spatial flood risk assessment in the southern part of Osaka prefecture (Japan)
by considering the relationship between response characteristics of many flood sources. First,
rainfall data and basin information were collected and based on basin information, the flood
assessment area was defined. Centered on the risk assessment area, the flood risk sources were
traced and the concentration time from flood risk sources to flood risk assessment area were
calculated. The concentration time of a flood is defined by the authors as the critical rainfall
duration, in which rainfall, including peak rainfall, will form the flood peak volume. Moreover,
rainfall time series were produced and divided into rainfall events using the interval time
method. Then, the correlation of rainfall amounts with different critical rainfall durations such 1
h rainfall, 2 h rainfall and 3 h rainfall was estimated using the copula method. For each rainfall
duration, a probability distribution was fitted. Next, the joint probability distribution was used to
generate critical rainfall durations according to return periods. Finally, the generated correlated
critical rainfall duration was used to produce rainfall events. Musungu et al. (2012) proposed a
methodology of integration of community-based information into a GIS for flood risk assessment
of an informal settlement in Cape Town (Republic of South Africa). First, a questionnaire was
used to collect community-based information. The shack outlines of the informal settlement were
digitized using aerial imagery. Next, the questionnaires were linked to the corresponding shacks
in the GIS. Risk weights were subsequently calculated using pairwise comparisons for each

household, based on their responses to the questionnaires. Then, the risk weights were mapped in
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the GIS to show the spatialdisparities in flood risk. Guarin (2008) integrated local knowledge
into GIS-based flood risk assessment of Triangulo and Mabolo communities in Naga city
(Philippines). The methodology includes analysis of local community risk-related knowledge
and perceptions, flood modelling approach, vulnerability analysis and assessment, as well as risk
assessment. The community perception of flood in terms of water depth and flood duration was
used as input into hydrodynamic modelling, using the SOBEK hydrodynamic software. Three
scenarios with return period of 2, 10 and 20 years were modelled for past, present and future
development situations. In addition, many aspects which determine the spatial vulnerability
patterns found in the two communities were analyzed based on the results of participatory
exercises. Factors that were taken into account are related to occupation, livelihood means, type
of housing, land ownership, education, health status, quality of the environment, access to
drinking water and services, development-related infrastructure and availability of assistance
during flood event. Then, the vulnerability information was combined with hazard scenarios to

perform both qualitative and quantitative flood risk assessment for the various flood scenarios.
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3.MATERIALS AND METHODS
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3.1. Description of study areas and datasets

The study area considered for the regional flood frequency analysis (see Figure 1.4) refers to
the Volta Basin located in West Africa with geographic coordinates ranging from 5°W to 2°E
longitude to 5° N to 14°N latitude. It covers a total area of about 400,000 km? and it is drained by
four main rivers namely Black Volta, White Volta, Oti and Main Volta Rivers (Figure 3.1).
According to Amisigo (2005), the mean annual discharge of the Black Volta River near its
source is around 0.4 km? , the mean annual discharge of the White Volta River is about 0.2 km?
downstream of its source and the Oti River joins the Main Volta with a flow of about 12.7
km3/year. In addition, the actual study sites are located upstream of the large Volta Lake created
by the Akosombo Dam in Ghana.

Twenty three flow gauging stations were selected for the regional flood frequency analysis
and the main criteria used to choose the sites were based on the length of record periods
(minimum of thirteen years) and continuity (no consecutive gaps). In addition, only AMAX
discharge data that are prior the operation of the important dams (Bagre and Kompiega) in the
Volta Basin were selected. Specifically, they were obtained for the years 1950 -1973 for the
White Volta and Black Volta from (Moniod et al., 1977) and for the years 1959 -1990 for the Oti
River. The mean annual precipitation values for the sites of White and Black Volta Sub-basins
were obtained from Moniod et al. (1977) while some mean annual precipitation values for the
Oti River sub-basin were computed based on observed daily rainfall data. Table 3.1 and Table
3.2 show respectively the characteristics of the sub-basins (sites) and the inter-site correlation of

the AMAX.
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Table 3. 1.Site characteristics used in the regional flood frequency analysis

Number | Site name River Area Mean Sample | L-cv L-skew | L-kur
(km?) slope length
(%) (year)
1 Nwokuy Black Volta | 14800 | 0.70 20 0.20 0.06 0.24
2 Boromo Black Volta | 35000 | 0.40 19 0.15 0.01 0.06
3 Lawra Black Volta | 66 820 | 1.10 23 0.23 0.15 0.10
4 Bui Black Volta | 96 000 | 1.47 20 0.26 0.25 0.30
5 Bamboi Black Volta | 134 200 | 0.11 24 0.25 0.20 0.19
6 Yakala White Volta | 31680 | 1.19 18 0.22 -0.03 -0.04
7 Nangodi Red Volta 11570 | 141 16 0.25 0.03 0.10
8 Nakpanduri | White Volta | 1 530 1.47 15 0.23 -0.05 0.04
9 Pwalugu White Volta | 63350 | 1.09 16 0.22 0.00 0.07
10 Yagaba White Volta | 10 600 | 0.45 16 0.26 -0.23 0.11
11 Nawuni White Volta | 92950 | 1.05 21 0.13 -0.31 0.20
12 Yapei White Volta | 102 170 | 1.11 17 0.19 0.04 0.09
13 Tiele Magou 836 1.56 13 0.17 0.21 0.16
14 Porga Pendjari 22280 |0.33 27 0.28 0.13 0.13
15 Mandouri Oti 29100 | 0.80 21 0.21 0.01 -0.03
16 Borgou Sansargou 2 280 0.99 28 0.31 -0.03 0.06
17 Mango Oti 35650 | 0.33 37 0.32 0.23 0.07
18 Titira Keran 3 695 0.89 26 0.31 0.06 -0.04
19 Naboulgou | Keran 5470 1.15 26 0.19 0.01 0.06
20 Koumangou | Koumangou | 6 730 0.70 29 0.14 -0.03 0.19
21 Lama-Kara | Kara 1560 2.52 34 0.26 0.06 0.06
22 Saboba Oti 53090 |1.44 32 0.24 0.11 0.01
23 Sabari Oti 58670 | 0.49 32 0.28 0.10 0.01
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Table 3. 2. Inter-site correlation of AMAX in the Volta River Basin

Stations Periods Inter-site
correlation squared
(R?)

Nwokuy, Boromo 1955 - 1973 0.19
Boromo, Lawra 1955 - 1973 0.06
Lawra, Bui 1954 - 1973 0.01
Bui, Bamboi 1954 -1973 0.01
Yakala, Nangodi 1958 -1973 0.10
Nangodi, Nakpanduri 1958 - 1972 0.37
Nakpanduri,Pwalugu 1958 - 1972 0.21
Pwalugu, Yagaba 1958 - 1973 0.00
Yagaba,Nawuni 1958 -1973 0.00
Nawuni, Yapei 1953 -1967 0.00
Tiele, Porga 1963 -1973 0.21
Porga,Mandouri 1963 -1979 0.00
Mandouri,Borgou 1960 -1979 0.00
Borgou,Mango 1960 -1987 0.00
Mandouri,Mango 1959 -1979 0.01
Mango, Titira 1962 -1987 0.11
Titira, Naboulgou 1962 -1987 0.62
Naboulgou,Koumangou 1962 -1987 0.00
Koumangou, Lama-Kara 1959 -1987 0.03
Lama-Kara, Saboba 1959 -1987 0.00
Mango, Saboba 1959 -1989 0.00
Saboba, Sabari 1959 -1990 0.71

The study area considered for the hydrological modelling (see Figure 1.4) refers to the Oti
River Basin. The Oti River Basin is a sub-catchment of the Volta Basin which is one of the
largest catchment in West Africa. The Oti River Basin is situated between latitudes 7° 33"N and
12° 23"N and longitudes 0° 34" W and 2° 20" E. It has an area of 72,778 km? and is shared by
four countries: Togo (36%), Burkina Faso (28%), Ghana (22%), and Benin (14%).The Oti Basin

represents 47% of the total area of Togo and covers mainly the northern and central parts of the

country. The elevation of the basin ranges from 42 to 874m (Figure 3. 2).
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Figure 3. 2.Location of the Oti River Basin: only the flow gauge stations at Porga (Benin) and
Sabari (Ghana) are currently operating

Moreover, remote sensing data and in-situ measurements were used in the hydrological
modelling. The remote sensing products used for this study are daily rainfall at 0.250 grid
resolution obtained from Tropical Rainfall Measuring Mission (TRMM), minimum and
maximum temperature at 0.50 grid resolution obtained from Climate Research Unit (CRU),
Digital Elevation Model (DEM) obtained from the SRTM, land cover/land use in 2000 from

Landsat ETM+ (Figure 3.3) and Leaf Area Index from Satellite Application Facility (SAF).

31



0°0'0" 2°0'0°E
L

f& F12°0'0"N

12°0'0"N 4

Legend
A Town

I Forest [10°00°N
I Woodland
[ ] Grassland
| Cropland
B Wetland

Urban area

- Water

10°0'0"N 4

; ; - 90
PN e . — FSO0'N

Kilometers

D’C;‘O' Z’O'IO'E
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The in-situ data are observed daily discharge data which were obtained from national
hydrological service of Ghana while observed daily rainfall data were obtained from the national

meteorological services of Ghana and Togo. Figure 3.4 shows the observed daily discharges at

Sabari gauge station and average gauged rainfall for the years 2005, 2006 and 2007.

32



e,
0
3
=
A E
72
,E 2000 40 =
eg, 1500 H 50
fé 1000 60
)

500 & 70
0 80
1/1/2005 1/1/2006 1/1/2007

— Rainfall —— Discharge
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(red). [Source: national hydrological and meteorological services of Ghana and national
meteorological service of Togo]

In the flood hazard mapping (see Figure 1.4), we consider approximately 140 km of the Oti
River starting from the Mandouri gauge station (Figure 3.5) and ending just downstream of
Mango gauge station. The average width of the river in the study reach is 60 m and the model
domain is between latitudes 10.20 and 10.84°N and longitudes 0.02 and 1.15°E. The study area
is a rural catchment which is mainly characterized by agricultural land use with a range of
floodplain elevation from 103 m to 559 m over the model domain (Figure 3.6 a). Figure 3.6b
shows the observed extent of the severe flood in 2007 which was used for the calibration of the

hydraulic model for the flood hazard mapping.
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Figure 3. 6.(a) Digital elevation model of the study site from SRTM and (b) Observed flood extent
of the 2007 flood from NASA data (http://www.floodobervatory.colorado.edu) in red.

The area of investigation for the community-based flood risk analysis (see Figure 1.4)
refers to seven (7) communities of the Oti River Basin in Togo (Figure 3.7). The climate of this
area is tropical semi-arid and is characterized by a rainy season starting from April to October

with a mean annual rainfall between 900 and 1,100 mm and a dry season from November to
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March. The livelihoods of the majority of the population in this study area are derived from
subsistence farming livestock rearing and informal labor, all of which are threatened by the
impacts of climate change. Most of the dwellings in the studied area are informal self-housing
units, poorly planned and made of mud walls, wooden doors and windows. Consequently, many
buildings collapsed from the force of the flood water. Despite the grave consequences of the
2007 flood in this area, people are still settling in the flood prone areas. With a poverty rate of

more than 90 % (Table 3.3), these communities are the poorest in the country.
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Figure 3. 7.Location of the study area used in the community-based flood risk assessment.
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Table 3. 3.Socio-economic characteristics of the selected communities.

Characteristics Tambigou | Borgou | Tchamonga | Tchanaga | Mango | Mogou | Sadori
Density * 16 17 11 8 29 17 12
(habitants per

km?)

Area (km?) 164 630 298 267 342 432 156
Literacy level 25 21 18 31 81 22 31
(%)Za

Poverty level (%)! | 96.7 96.3 95.9 95.8 40.8 96.2 96.5
Area under forest | 21 9 8 24 30 18 71
(% of total area)

Rate of accessto | 7.8 10.8 42.6 1.5 84.1 39.1 2.3

safe drinking
water (%)*

Area prone to 25 12 19 24 29 18 38
flood (% of total

area)

Number of 818 3,441 1,031 582 2,808 | 2,309 459

housing units?

3.2. Methods

In this study, four (4) main methods were used, including regional flood frequency

analysis, hydrological modelling, flood hazard mapping and integrated flood risk assessment.
3.2.1. Regional flood frequency analysis
3.2.1.1. L-moment approach

L-moments are improvements over ordinary product moments of characterizing the shape
of a frequency distribution and estimating the parameters of this distribution, especially for small

size of environmental data. L-moments were developed by Hosking (1990) to facilitate the

! Source: DGSCN, 2010
2 Source: Coulombe et al., (2011).
a : literacy level is defined as the percentage of adult population that can read and write.
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estimation process in frequency analysis. According to the author, they are able to characterize a
large number of distributions and are more robust to the presence of outliers in the data and are
less biased for short streamflow data. Basically, L-moments are defined as a linear function of
the probability weighted moments (PWMs) which were introduced by Greenwood et al. (1979).

A PWM of a frequency distribution is given by Equation 3.1:

Br=E[x{F (x)}"] (3.1)
where £, is the ' PWM , F(x) is the cumulative distribution function of the random variable x,
and r =0,1,2,... is a positive integer. L-moments are a linear combination of PWMs (Hosking,
1990) and the (r + 1) L-moment of a distribution (A,.,., ) is defined as shown in Equation 3.2:
Ari1 = k=0 Pr*,k Br (3.2).
With P/, given by equation (3.3):
Pe= D) (33)
In the case where r=0, 4, is the mean of the distribution. When r=1, 4, is the scale measure of the
distribution while 1; and A, are measures of skewness and kurtosis for r equal to 2 and 3
respectively. In RFFA based on L-moments, L-moment ratios of a distribution are defined by
7,= A,/2, and can be estimated by t, = [,./1, (Hosking, 1990); t, is the r*"* sample L-moment
ratio while the L-moments of a sample are given by Equation 3.4:
lyr = £=o Pr*,k by (3-4)
b, is given by Equation 3.5:

_ -1yn U-D0-2)..G-1)
br=n =1 (n-1)(n-2)...(n-1r) "7 (3:5)

where x;, for j=1,..., nis the ordered sample and n is the sample size. Specifically, the sample

L-coefficient of variation (L-cv) is t =I,/l; while the sample L- coefficient of skewness (L-skew)
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is t; = I3/, and the sample L-coefficient of kurtosis (L-kur) is t, = 1,/l, (Hosking and Wallis,

1997).
3.2.1.2.Data screening

In order to check for errors in the data, outliers and trends, discordancy measure (D;) for
a site i as shown in Equation 3.6 was applied to AMAX series of 23 gauge stations in the Volta
Basin. The critical value of D; depends on the number of sites (N). For N>15, Di must be less
than or equal to 3.0 for the site to be considered in the regional frequency analysis. Otherwise, it

is deleted from the dataset (Hosking and Wallis, 1997).

1 J— j— j— _ j—
D; =§N(Ui—U)T[(Ui—U)(Ui—U)T] U -0) (3.6)
Where U is the vector of L-moments and N is the number of sites. U is an average of U .

3.2.1.3.1dentification of homogeneous groups
3.2.1.3.1. Formation of clusters

The aim of the cluster analysis is to partition data into clusters in a way that sites belonging
to the same cluster are similar regarding their climatic/physiographic characteristics. In this
study, Ward’s algorithm (Ward, 1963) was used to form clusters with respect to the mean slope
and drainage area of the basins because this method is able to produce homogeneous clusters
which have approximatively the same size. Ward’s method is a hierarchical clustering which
uses the increase in the total within-group sum of squares as a result of joining groups. The
application of the hierarchical clustering was based on the standardized Euclidean distance (d)

which is given by Equation 3.7 (Ouarda et al., 2007):
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d2(p, @) = (xp=xg)D" (xp =) (3.7)

Where x,, and x, are the coordinates of sites p and q in the physiographic space, D~'is a
diagonal matrix. Since the variables are expressed in different units, each coordinate in the sum
of squares is inverse weighted by the sample variance of that coordinate in order to eliminate the
scale effects between the variables (Ouarda et al., 2007). In addition, the within-group sum of
squares (GSS) of a cluster is defined as the sum of the distance between all objects in the cluster

and its center of gravity. It can be expressed by Equation 3.8 (Ouarda et al., 2007):
GSS, = 27121 dz(xri - E1") (38)
Where n,. and X, are respectively the size and the centroid of cluster r.

According to Hosking and Wallis (1997), the results from the cluster analysis need not,
and usually should not, be final. Many kinds of subjective adjustment of groups may be useful to
improve the homogeneity of the clusters. In this study, a few sites were moved from one cluster
to another and one site was deleted after the cluster analysis in order to improve the homogeneity

of the groups.

3.2.1.3.2.  Homogeneity test

To identify the homogeneous groups, a homogeneity test was first applied to the Volta
River Basin as a single region and secondly to clusters. The principle of the homogeneity test is
to compare the observed variations in L-moments ratios for the sites in each region with the ones
that would be expected for a homogeneous region (Hosking and Wallis, 1997). The variations in
L-moments are computed as the standard deviation of at site L-cv weighted proportionally to the

data length at each site. In order to ascertain what would be the variation in L-moments ratios for
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a homogeneous region, the four parameter kappa distribution was fitted to the regional average
L-moment ratios to generate a large number (greater than or equal to 500) of Monte Carlo
simulations. The kappa distribution was chosen because it is a generalized distribution that
produces many distributions as particular cases of the parameter values (Hosking and Wallis,
1997). The heterogeneity measure, H; (j=1, 2, 3) is given by Equation 3.9:

Vj—llvj

Oy,

(3.9)

Where H, is the heterogeneity measure based on observed Vi which is the weighted
standard deviation of t values, H, is the heterogeneity measure based on observed V> which is the
weighted standard deviation of (t/t3) distance, H5 is the heterogeneity measure based on observed
V3 which is the weighted standard deviation of (ts/ts) distance, Hy; and oy, are mean and
standard deviation of the simulated values of Vj. According to Hosking and Wallis (1997), a
group is “acceptably homogeneous” if H; <1, “possibly heterogeneous” if 1< H; <2 and

“definitely heterogeneous” if H; = 2.

3.2.1.4. Selection of appropriate distributions

The next step after the formation of homogeneous groups is to choose the best
distribution for each homogeneous group. The selection of the distribution that will yield the
accurate quantiles was thus carried out in this work by first applying the L-moment diagram
methods to the homogeneous groups. Secondly, a numerical goodness of fit test and quantile-
quantile plots were used to validate the choice. Five three-parameter distributions namely the

Generalized Logistic distribution (GLO), the Generalized Extreme Value distribution (GEV), the
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Generalized Pareto distribution (GPA), the Generalized Normal distribution (GNO) and the

Pearson type Il distribution (PE3) were considered in this study.
3.2.1.4.1. L-moment ratio diagrams

L-moment ratio diagrams were used to choose the suitable flood frequency distribution. In
L-moment ratio diagrams, the sample L-skewness versus the sample L-kurtosis are plotted on a
graph with the theoretical L-moment ratios of the candidate distributions. On these diagrams, a
three- parameter distribution is plotted as a line and the best distribution is the one whose line is
closer to the majority of the sample data. Nevertheless, the graph may not have a good power of
discrimination when many probability distributions are suitable for the sample data in L-moment
ratio diagrams. For this reason, a numerical test called Z-statistic was further applied to choose

the best frequency distributions

3.2.1.4.2. Z-statistic

The Z-statistic, developed by Hosking and Wallis (1997) was used to select the best
frequency distributions. This test is based on the comparison between sample L-kurtosis and
population L-kurtosis for the selected theoretical distributions. The test statistic called ZP™ is

defined in Equation 3.10 as follows:
ZPit = (9t — tf + B,) /04 (3.10)

Where D, refers to a particular distribution, t2%%is the L-kurtosis of the selected
distribution, t¥ is the regional weighted average of sample L-kurtosis, B, and o, are respectively
the bias of t§ and the standard deviation of sample L-kurtosis. (Hosking and Wallis, 1997). For

each of the groups, a kappa distribution with its parameters estimated from the fitting of the
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distribution to theregional average L-moments ratios was used to simulate a large number of
realizations for the same region. The frequency distribution which has the smallest absolute ZPst
is chosen as the best among other possible frequency distributions. At a confidence level of 90

%, the critical value of absolute ZP%t is 1.64 (Hosking and Wallis, 1997).
3.2.1.4.3. Quantile-quantile plot

In order to check the validity of the estimates provided by a fitted theoretical distribution,
quantile-quantile plots were used to compare the estimated quantiles and the observed flood
values. The empirical estimates were obtained using Gringorten formula shown in Equation 3.11
because it is considered as the best formula in use among the plotting position formulae (Shaw et

al., 2011)

_ (j-0.44)
T (N+0.12)

(3.11)

Where F is the non-exceedance probability, j is the rank (1, 2, 3.....N) and N is the total number

of data points.

3.2.1.5.Development of regional growth curves

In a regional flood frequency analysis using the index flood approach, a relationship is
established between a flood quantile of a given return period (Q), and an index flood (taken as
the mean AMAX series, Q,, ) by introducing a regional growth curve ( qg ). This relationship is

shown in Equation 3.12:

Qr = qr«Qm (3.12)
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T is the return period. Moreover, gz depends only on the parameters of the frequency distribution
and the return periods. For instance, gy for the GPA distribution is given in Equations 3.13 and

3.14 while Equations 3.15 and 3.16 show the expressions of g for the GEV distribution.

gr=¢ +%[1 - (%)k] for k # 0 (3.13)
And
qr = € — alog (%) fork =0 (3.14)
qr = € + %{1 — [—log (%)]k} fork + 0 (3.15)
qr = € — a{log [—log (%)]} fork=0 (3.16)

Where, a, €, k are respectively the scale, location and shape parameters of the distributions.

3.2.1.6.Development of prediction equations for the mean annual flood

In order to estimate the flood quantile for a given return period, the value of the index
flood (Q,,) is needed. Because of the dearth of observed discharges at the ungauged basin,
Q., cannot be calculated. In this case, a regression model between @Q,, and physiographic or
climatic basin descriptors such as the drainage area, slope, altitude, mean annual precipitation
(depending on data availability) is often used to estimate the index flood at ungauged sites.
Usually, the study area is split into regions which are not necessarily homogeneous (Rosbjerg et
al., 2013). In this study, regression models were estimated separately for the White and Black
Volta Basins and the Oti Basin. Furthermore, a stepwise multi regression with the forward

selection method has been used to choose the best regression model. This method adds one
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independent variable at a time which increases the coefficient of determination (R?) value of the
regression. The drainage area (A), the slope (S) and the mean annual rainfall (P) were considered

in this study (Appendix 3.1).

3.2.2. Hydrological modelling for flood prediction

3.2.2.1.Description of LISFLOOD hydrological model

LISFLOOD is a distributed hydrological model which is developed by the Joint Research
Center of the European Commission (Van der Knijff and De Roo, 2008). Apart from the
hydrological processes, the model simulates flood, climate and land use changes impacts in large
river basins. LISFLOOD is designed to be run at any temporal and spatial resolution but the
authors recommend its application at a spatial resolution comprised between 100 m and 10 km
(Van der Knijff and De Roo, 2008). In addition, the model is implemented in the PCRaster
environmental modelling language (Van Deursen and Wessling, 2009) and wrapped in Python
based interface. Figure 3.8 gives an overview of the structure of LISFLOOD model. One can
note that, at the surface the important processes simulated by the model are interception and
potential evapotranspiration. The rainfall intercepted by the vegetation is simulated through the
method of VVon Hoyningen-Huene for all land use except forests which are simulated using the
method of Shuttleworth and Calder (Van der Knijff and De Roo, 2008). In the soil, LISFLOOD
computes the vertical transport of water in two soil layers. The percolation to the groundwater,
storage of groundwater and lateral subsurface flow are simulated by the model. Vertical transport
of water in the two soil layers is simulated by the Richard's equation while the lateral flow and
percolation to the groundwater store is calculated using the Darcy’s method (Van der Knijff and

De Roo0, 2008). The main meteorological inputs of the model are represented by the precipitation
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(P), the evapotranspiration rate of a closed canopy (ETo), the evaporation rate from a bare soil

surface (ESO) and potential evaporation rate from an open water surface (EWO0)

EW. P

|nl

I Int

Where:

P = precipitation;

Int = interception;

EWint =evaporation of intercepted water;

Dint = leaf drainage;

Surf ESa = evaporation from soil surface;
unace Ta = transpiration;
rungff INFact = infiltration;

Dy gw Dpret gw routing Rs =surface runoff;

D1,2 = drainage from top to subsoil;
Q. D2,gw = drainage from top to upper groundwater zone;
Upper Zone Dpref gw = preferential flow to upper groundwater zone;

Duz |z = drainage from upper to lower groundwater zone;
Quz = outflow from upper groundwater zone

topsoil

subsoil

Q1 = outflow from lower groundwater zone;

Dloss = loss from groundwater zone.
Lower Zone

River channel

Figure 3. 8.Schematic representation of LISFLOOD hydrological model (source: Van der Knijff
and de Roo, 2008)

3.2.2.2.Data preprocessing

The input data used in LISFLOOD hydrological model are characterized by their spatial
and temporal resolution, format and coordinate system. Apart from the soil and vegetation
parameters, all the LISFLOOD input variables should be provided as PCraster maps. Hence, the
input data were converted to PCraster maps with the same spatial (5km x 5 km) and temporal

(daily) resolutions and a WGS 1984 UTM zone 31 N coordinate system. The following sections
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describe the various techniques used in the data preparation. Detail information on PCraster can

be obtained from Van Deursan and Wessling (2009).

3.2.2.2.1. TRMM rainfall data processing

Rainfall is the most important meteorological forcing in hydrological modelling. Rainfall
can be estimated from rain gauges or radar. Even though rain gauge rainfalls are the most
accurate data, they lack the appropriate spatial distribution to be used in a raster based distributed
model. In this study, TRMM daily rainfall data were obtained on NetCDF format. Then, the
TRMM NetCDF format files were extracted and converted to a text format files using ‘R
software’ applications. In order to reduce volume errors during the simulation, corrections
factors were first applied to the TRMM daily rainfall data. The correction factor (Cr) was
computed as the ratio between the total rainfall (Pi) at meteorological stations and total TRMM
rainfall (Ri) of the grids which correspond to each meteorological station. Cr is given by
Equation 3.17 (Hingray et al., 2009):

Cp =X P/X} R (3.17)
Where n is the number of meteorological stations and i the station.

After correcting the satellite rainfall data, they were interpolated to 5 km resolution and
converted to PCraster format using an inverse distance weighting method implemented in a
geostatistical module of PCraster software. The following command syntax (Pebesma, 2014) was
used:

1. data (Rainfall): ‘Rainfall.txt' ,x=1, y=2, v=3;

2. mask: 'maskOti.map’;

3. predictions (Rainfall): ‘Rainfall.map';
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The first line defines the data that is read for the variable Rainfall. The second line indicates the
location map where the interpolation will be made. The third line generates the output PCraster

map of the interpolated Rainfall.
3.2.2.2.2. Potential evapotranspiration data processing

Potential evapotranspiration is another component of catchment water balance. In the
approach of LISFLOOD hydrological model, three types of potential evaporation are considered:
(i) reference evapotranspiration (ETo), (ii) potential evaporation from a bare soil surface (ESO)
and (iii) potential evaporation of open water surface (EWO0). Reference evapotranspiration is ‘the
rate of evapotranspiration of a hypothetical reference crop with an assumed crop height of 1.2 m,
a fixed surface resistance of 70 sm™ and an albedo of 0.23, closely resembling the
evapotranspiration from an extensive surface of green grass of uniform height, actively growing,
well-watered and completely shading the ground ’( Allen et al., 1998). Due to the lack of the
required weather data to compute ETo (mm.day?) using the Penman-Monteith equation
(classical method to estimate ETo), the reference evapotranspiration was estimated in this study
using the Hargreaves equation shown in Equation 3.18:

ET, =0.0023 (Tpean + 17.8) (Trax — Tomin)®> Ra (3.18)

With respectively the daily mean temperature, the daily maximum temperature, daily minimum
temperature and extraterrestrial radiation. The ETo values were further interpolated and
converted to input PCraster maps using the command syntax described in section 3.2.2.2.1. In
this research, EW0 (mm.day?) was estimated using the concept of pan evaporation which is
linked to the reference evapotranspiration by a pan coefficient (Maidment, 1992). Taking EWO0

as the pan evaporation, the evaporation from open water surface is given by Equation 3.19:
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EWO0 = ETO/K (3.19)

pan

Where ETo and K, are respectively the reference evapotranspiration and the pan coefficient.
The value of depends on the relative humidity and the wind speed of the study area. It is equal to
0.85 when the relative humidity is between 40-70 % and the wind speed is in the range of 2 -5
m/s (Allen et al., 1998). These characteristics apply to the Oti River Basin which has a wind
speed and relative humidity respectively between 2 -4 m/s and 40-80% (Moniod et al., 1977). In
this study, the potential evaporation from a bare soil was estimated using an empirical relation

between ESO and ETo suggested by Allen et al. (1998) and shown in Equation 3.20:
ESO=K,ETo (3.20)

Where ESO is the potential evaporation from bare soil and K, the soil evaporation coefficient.
The value of K, depends on the soil moisture. When the topsoil is wet, following rain or
irrigation, K, is maximal and evaporation from the soil occurs at the maximum rate. When the
soil surface is dry, K, is small and even zero when no water remains near the soil surface for
evaporation (Allen et al., 1998). Based on examples given by Allen et al. (1998), the values of

0.17 and 0.81 were used respectively for the dry and wet seasons of the year.

3.2.2.2.3. Creation of leaf area index PCraster maps

Leaf Area Index (LAI) is an essential input for LISFLOOD hydrological model. It is used
in the estimation of evaporation of intercepted water and evapotranspiration. In this study,

monthly LAI values of the study area were obtained from SAF (http://Landsaf.meteo.pt),

interpolated to 5 km spatial resolution and converted to PCraster maps.
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3.2.2.2.4. Creation of elevation input maps

The SRTM DEM of approximately 90 m spatial resolution was first resampled to 5km
spatial resolution and converted to ASCII files using ArcGIS software. Then, a PCraster map of
the DEM was created using the PCraster function “asc2map”. In addition, a mask map, local
drain direction map and channel geometry maps (channel bottom width map, channel side slope
map, channel gradient map, channel length map, channel Manning’s roughness coefficient and

channel bank full depth map) were created using appropriate functions in PCraster application

3.2.2.2.5. Creation of land use, soil classes and soil depth PCraster
maps

The input PCraster maps of land use (land cover, urban fraction, forest fraction) were
produced after resampling the collected land cover map and reclassifying it via ArcGIS
according to the Corine land cover 2000 classification (Bodis et al., 2009). Input PCraster maps
related to soil texture was created using the Harmonized World Soil Database (HWSD) and
numeric codes applied to soil type in LISFLOOD. The soil depth PCraster map was obtained
using the Equation 3.21 as suggested by De Roo and Schmuck (2002) in cases where accurate

soil depth data are not available for the study area.

SD.map = max (300 — S.map * 290 - Dem.map /7, 30) (3.21)

Where SD. map is the soil depth map, S. map is the mean slope map and Dem. map is the

elevation map. Finally, tables of soil and vegetation parameters were created.
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3.2.2.2.6. Tables of soil and vegetation parameters

Parameters of each soil class (saturated and volumetric soil moisture content, pore size
index and saturated hydraulic conductivity) were computed from Maidment (1992) and HWSD
(Viewer version 1.2). The Manning’s roughness coefficient, crop group number, and routing
depth for each land cover classes were taken respectively from Kalyanapu et al. (2009),

Maidment (1992) and Allen et al. (1998)
3.2.2.3. Model setup

The setup of LISFLOOD hydrological model includes the organization of the input files
(PCraster maps and tables) and output files, preparation of the setting file and initialization of the
model. The classification of the input PCraster maps and tables are shown in Appendix 3.2.
According to Van der Knijff and De Roo (2008), all the files in the hydrological model are
organized by default as follow:

e all maps are in one directory (e.g. maps);

e all tables are in one directory (e.g. tables)

e all meteorological inputs maps are in one directory (e.g. meteo);
e all LAl maps are in one directory (e.g. lai);

e all the outputs are saved in one directory (e.g. outs).

3.2.2.3.1. The settings file

The settings file is an XML (Extensible Mark-up Language) file in which all input files
and parameters required by LISLOOD are specified. The aim of the settings file is to connect
variables and parameters in the model to input/output files and numerical values. The settings

file can also be used to specify many options in the modelling process (Van der Knijff and De
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Roo, 2008). In this study, the settings file was created by editing the template provided with

LISFLOOD package.

3.2.2.3.2. Initialisation of the model

During the simulation, LISFLOOD requires some estimates of the initial state variables.
In this study, the state of the soil at the beginning of the simulation is not known. So, a ‘warm-
up’ period of one year prior to each simulation was applied. In addition, and as suggested by Van
der Knijff and De Roo (2008), the initial amount of water on the soil surface, interception storage
and storage in the upper groundwater zone were set to zero at the start of the simulation. For the
remaining state variables (initial soil moisture content of topsoil and subsoil, initial water in
lower groundwater zone and initial cross-sectional area of water in channels) , LISFLOOD
hydrological model provides the possibility to initialize them internally by setting each of the

variables to a value of -9999°.

3.2.2.4.Calibration and validation of the model

Model calibration is the process of adjusting the model parameters in order to reduce the
errors between model output and observed data. According to Van der Knijff and De Roo
(2008), LISFLOOD hydrological model has five parameters that are used for calibration (Table
3.4). In the present work, the calibration was manually performed using a trial and error method
and for the years 2001, 2002 and 2003. The model validation took place after the calibration to
test if the model performs well on another portion of data which were not used in calibration.

The LISFLOOD hydrological model was verified for the years 2005, 2006 and 2007.
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Table 3. 4.Calibration parameters of the LISFLOOD hydrological model (Van der Knijff and De

Roo., 2008).

Parameter

Description

Lower bound

Upper bound

Upper Zone Time Constant (UZTC)

Time constant for
water in upper
zone [days]

1

50

Lower Zone Time Constant (LZTC)

Time constant for
water in lower
zone [days]

50

5000

Ground Water Percolation Value (GWPV)

Maximum rate of
percolation going
from the Upper to
the Lower Zone
[mm/day]

1.5

Xinanjiang parameter b (Xb)

Parameter in
infiltration
equation [-]

0.1

Power preferential Flow (PPF)

Parameter in
preferential flow
equation [-]

Furthermore, the evaluation of the calibration results requires the comparison of

observations and model simulations. Various objective functions are used for this purpose. In

this work, we selected three objective functions for performance and uncertainty assessment of

LISFLOOD model namely the Nash-Sutcliffe coefficient (NSE), the Root Mean Square Error

(RMSE) and the percentage deviation (PD). The Nash-Sutcliffe coefficient of efficiency is

commonly used to assess the performance of hydrological models. It is defined by Equation

3.22:

NSE =1 — Z?:l(Qobs,i_Qmodel,i)z

2
Z?: 1(Q0bs,i_Qobs,mean)
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Where Q5 is observed discharges, Q.,0q¢; 1S Simulated discharges at time/place i and Q,ps mean
is the mean of the observed discharges. The Nash-Sutcliffe coefficients range from -« to 1. A
value of 1 corresponds to the best match between model and observation. A value of 0 shows
that the model predictions are as accurate as the mean of the observed data, whereas a value less

than zero (-0 < NS< 0) indicates that the observed mean is a better predictor than the model.

The Root Mean Square Error (RMSE) is another measure of the difference between
values predicted by a model and the values observed from the system which is modelled. The
Root Mean Square Error serves to aggregate them into a single measure of model performance.

The RMSE is defined as the square root of the mean squared error (Equation 3.23):

n _ 3?2
RMSE =\/Zi=1(Qobs,z Qmodel,z) (323)

n

The percentage deviation (PD) of observed and simulated quantity is computed using Equation
3.24:

n i ,
PD — 21=1(Qobs,z Qmodel,t) X 100 (324)

Z?=1 Qobs,i
A value of PD close to zero shows a best match between model and observation. A negative

value of PD indicates an overestimation and a positive value of PD indicates an underestimation.
3.2.3. Flood hazard mapping
3.2.3.1.Description of the flood inundation model

In this study, LISFLOOD-FP version 6.0.4 (Bates et al., 2013) was used to model flood
extent of the Oti River. LISFLOOD-FP is a raster based hydraulic model developed at the
University of Bristol (United Kingdom). The hydraulic model solves numerically the local

inertial (Neal et al., 2012), diffusive (Trigg et al., 2009) or kinematic (Bates and De Roo, 2000)
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approximations to the 1D shallow water equations given in Equations 3.25 and 3.26 (Bates et al.,

2013) in order to simulate the propagation of the flood wave through the river channel.

0Qx , 0 (Q_%) d(h+z) | gn®Qf _ :

y + e\ + gA o + i, 0 (Momentum equation) (3.25)
04 | 00y . .

el e, S

T e 0 (Continuity equation) (3.26)

where Q,is volumetric flow rate in the x Cartesian direction, A the cross sectional area of flow, A
the water depth, z the bed elevation, g gravity, n the Manning’s coefficient of friction, R the
hydraulic radius, ¢ time and x the distance in the x Cartesian direction.

In this model, the river channel is represented using the local inertial approximation
implemented at sub-grid scale (Neal et al., 2012) and required data layer of channel widths were
manually measured from Google maps to define the channel location. The section of the river

channel was considered to be rectangular.

The performance of LISFLOOD-FP to predict flood inundation extent has been widely
tested using observed flood extent maps from satellite (Di Baldasssare et al., 2009). The model
has given good results in flood inundation modelling not only in Europe (Bates et al., 2010) but
also in West Africa (Neal et al., 2012), Southern Africa (Schumann et al., 2013) and North

Africa (Yan et al., 2014).

3.2.3.2. Application of the LISFLOOD-FP model

3.2.3.2.1. Model setup

A coupled 1D-2D LISFLOOD-FP model was set up for a 140 km reach of the Oti River

using the sub-grid solver as described by Neal et al. (2012). The sub-grid model was chosen for
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this study because of its ability to be applied in poor data environment. The application of the
sub-grid solver of LISFLOOD-FP requires the specification of the streamlines of the river,
floodplain topography, river widths, river bank elevation, inflow hydrographs and downstream
boundary conditions along with model friction and channel depth parameters. The centrelines
were derived from the digital elevation model using a flow accumulation process in ArcMap GIS
software. Apart from the inflow hydrographs and the model friction parameters, all the input data
were created in ArcMap GIS software and projected in a Cartesian coordinate systems (UTM
zone 31 N). These raster data sets were exported as text files (asci raster) to be read by
LISFLOOD-FP.

In addition, a DEM (=30 m horizontal resolution) for the study area was obtained from
the SRTM data set. No elevation correction for vegetation height was made because the
floodplain and the river banks of the Oti River are situated in a semi-arid region with a sparse
savanna vegetation, therefore, errors in the SRTM elevation values due to vegetation cover are
not expected to be significant in this area (Baugh et al., 2013). Starting from the original 30 m
resolution, five other raster grids (60m, 120m, 240m, 480m and 960m) were created by
aggregating mean values in order to test the accuracy of the model at the different resolutions
and assess the sensitivity of the model outputs to floodplain DEM resolution.

The river widths were measured from satellite imagery (Google earth) acquired in
February 2015. In this period, it is easy to identify the channel width because the river is within
its banks. Moreover the river bank elevation was estimated from the DEM by extracting the
elevation of the floodplain cells that are adjacent to the river and smoothing these along river
over a distance of 1 km using a moving window filter. A free boundary condition which

specified that the valley slope and water surface slope were equivalent at the boundary was
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applied to the downstream end of the model to allow water to leave the model domain. Since the
study site is characterized by a lack of recent observed hydrological data, the LISFLOOD
rainfall-runoff model was used to simulate input discharge data. The hydrograph of the reach
outlet was then used as the input at the upstream end of the model to ensure all lateral inflows
over the reach were accounted for in the hydrodynamic modelling.

Finally, the sub grid channel solver of LISFLOOD-FP has four parameters namely the
Manning’s friction coefficient separately for channel and floodplain, the exponent (p), and
coefficient (r) of the hydraulic geometry. Manning’s friction coefficient is a parameter that
characterizes flow resistance for both the river channel and the floodplain. This coefficient can
be distributed in space but the model is typically set up with one component for the floodplain
(nsp) and another component for the river channel ( n.) where only limited data for the river is
available. According to Chow (1959), Manning's friction coefficient for channel varies from 0.03
(clean) to 0.1 (very weedy reaches) and Manning's friction coefficient for floodplain from 0.03
(pasture and short grass) to 0.120 (heavy stand of timber and a few down trees). The hydraulic
geometry coefficient affects the area and hydraulic radius of the channel bankfull cross-section
(Neal et al., 2012) and can be estimated from hydraulic geometry relationships proposed by
Leopold and Maddock (1953) and rearranged by Neal et al. (2012) to obtain the following

expression shown in Equation 3.27:
d =rwP (3.27)

Where d and w are the reach averaged depth and the reach averaged width respectively whilst r
and p are the hydraulic geometry parameters. Due to the lack of data in the study area, the initial
values of the four parameters (p, r, s, and n.) where obtained from Chow (1959) and Leopold

and Maddock (1953).
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3.2.3.2.2. Sensitivity tests

Three sets of sensitivity test were undertaken with the finished model, sensitivity to: (i)
channel friction, (ii) channel geometry, (iii) floodplain DEM resolution. First, the aim of the
channel friction simulations was to test the sensitivity of the model results to different values of
Manning’s friction coefficient of the channel ( n.) ranging from 0.02 to 0.05 in 0.001 increment.
For each simulation, the values of the other parameters were set constant. Other applications of
LISFLOOD-FP (e.g. Horrit, 2005; Di Baldassarre et al., 2009) have shown that the model
sensitivity to the floodplain friction parameter is often negligible or at least much lower than the
sensitivity to channel friction. Therefore, it was not considered in the sensitivity analysis.
Second, the sensitivity of the flood inundation extent to the river channel geometry was tested by
running the model for different values of the coefficient of the hydraulic geometry (r ) ranging
from 0.035 to 0.175 in 0.005 increment. This is in effect a scaling of the channel depth, with
reach averaged depth increasing with r. For each simulation, the values of the other parameters
were set constant. Finally, to test floodplain DEM resolution, the model was run using the six

different resolutions of the floodplain DEM outlined above.

3.2.3.2.3. Simulation of the 2007 flood events

To consider the damaging flooding of September 2007, which was estimated to have a
return period of = 175 years at the Sabari gauge on the Oti River (Komi et al., 2016), the model
simulated the extent of 2007 flood event for a period between 1st May 2007 and 30 November
2007. The simulated inundation extent was compared with the satellite observation produced on

September 21, 2007 while a simple index of fit measure (Bates and De Roo, 2000) was used to
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compare quantitatively the simulated extent to the satellite image. The performance measure (F)

is given in Equation 3.28:

ANB

F(%) =522 x 100 (3.28)

where A is the observed inundated area, and B the inundated area predicted by the model. In
order to calculate F, an inundation boundary vector was first created from the observed satellite
image, as the original MODIS raster analysis was not obtainable. The boundary vector was
converted to a wet and dry raster, resampled to the same resolution as the model simulation. The
same wet and dry classification was applied to the simulation results. In order to calibrate the
model, we consider only the Manning’s friction coefficient for channel and the hydraulic
geometry coefficient which were sampled in the range of the intervals given in Section 3.2.3.2.2

above.

3.2.3.3. Flood hazard mapping

In order to delineate flood hazard maps for the selected reach, flood flow magnitudes for
different return periods are used to drive the hydraulic model. In this study, the regional flood

frequency analysis was used to estimate the design floods.
3.2.4. Integrated flood risk assessment
3.2.4.1.Conceptual framework

This study draws from the CBDRI which was developed by the German Technical
Cooperation Agency (GTZ) to strengthen the capacity of communities and local government for

disaster risk management (GTZ, 2003). The CBDRI method characterizes the risk of natural
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disaster via four (4) factors namely hazard, exposure, vulnerability, as well as capacity and

measures. Figure 3.9 gives an overview of the conceptual framework of the CBDRI system.

DISASTER RISK

ATARD ‘ ‘ ‘ ‘ CAPACITY &
MEASURES
* Probability * Structures * Physical * Physical planning
* Severity * Population * Social * Social capacity
* Economy * Economic * Economic
* Environmental capacity

* Management

Figure 3. 9. Schematic representation of the conceptual framework (modified from Bollin et al.,
2003).

In this study, a set of 37 indicators were used to quantify the risk index for a given
community (Table 3.5). All indicators for each of the four factors (hazard, exposure,
vulnerability and capacities and measures) are integrated into one index (e.g. hazard index). As it
is shown in Figure 3.9, the indicators selected to measure hazard focus on two (2) different
characteristics: probability and severity while the exposure factor is characterized by structures,
population and economy. The indicators used to quantify vulnerability focus on the physical,
social, economic and environmental vulnerabilities. Physical planning, social capacity, economic

capacity and management are used to measure capacity and measures factor.
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Table 3. 5.Set of community-based disaster risk indicators (source: Bollin et al., 2003)

Factor component | Indicator Name | Indicator
HAZARD
Probability (H1) Occurrence (experienced Frequency of events in the past 30 years
events) Probability of possible events. Chances per year
(H2) Occurrence (possible events)
Severity (H3) Intensity (experienced events) Intensity of the worst event in the past 30 years
(H4) Intensity (possible events) Expected intensity of possible events
EXPOSURE
Structures (E1) Number of housing units Number of housing units (Living quarter)
(E2) Lifelines % of homes with piped drinking water
Economy (E3) Local gross domestic product Total locally generated GDP in constant currency
Population (E4) Total resident population Total resident population
VULNERABILITY
Physical/ (V1) Density People per km?
Demographic (V2) Demographic pressure Population growth rate
(V3) Unsafe settlement Homes in hazard prone area (ravines, river banks,
(V4) Access to basic services etc)
% of homes with piped drinking water
Social (V5) Poverty level % of population below poverty level
(V6) Literacy rate % of adult population that can read and write
(V7) Attitude Priority of a population to protect against a hazard
(V8) Decentralisation Portion of self-generated revenues of the total budget
(V9) Community participation % of voter turnout at last commune election
Economic (V10) Local resource base Total available local budget in USS
(V11) Diversification Economic sector mix for employees
(V12) Stability % of businesses with fewer than 20 employees
(V13) Accessibility Number of interruption of road access in last 5 years
Environmental (V14) Area under forest % Area of the commune covered with forest

CAPACITY AND MEASURES

Physical planning
and engineering

(C1) Land use planning
(C2) Preventive structure
(C3) Environmental management

Enforced land use plan or zoning regulation
Expected effect of impact-limiting structures
Measures that promote and enforce nature
preservation

Societal capacity

Economic capacity

Management and

institutional capacity

(C4) Public awareness programs
(C5) School curricula

(C6) Public participation

(C7) Access to local emergency funds
(C8) Access to international
emergency funds

(C9) Insurance market

(C10) Risk management committee
(C11) Risk map

(C12) Emergency plan

(C13) Early warning system

(C14) Institutional capacity building
(C15) Communication

Frequency of public awareness programmes
Scope of relevant topics taught at school
Emergency committee with public representatives
Release period of national emergency funds
Access to international emergency funds

Availability of insurance for buildings

Meeting frequency of a commune committee
Auvailability and circulation of risk maps
Availability and circulation of emergency plans
Effectiveness of early warning system
Frequency of training for local institutions
Frequency of contact with district level risk
institutions
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Finally, four (4) indicators (H1, H2, H3 and H4) were selected to assess the hazard factor, four
(4) indicators (E1, E2, E3 and E4) were used to measure the exposure factor, 14 indicators (V1,
V2....V14) were chosen to assess the vulnerability factor and 15 indicators (C1, C2...C15) were
used to quantify the capacity and measures factor which is about measures of prevention,

mitigation and response (Table 3.5).

Data sources and sampling procedure

The application of CBDRI method requires a questionnaire (Appendix 3.3) to be
administrated at the commune level. The four (4) factors of the risk index comprise various
indicators but consideration of all for risk assessment is difficult due to the lack of data. Hence,
‘degraded land’ and ‘overused land” were not considered in the present study, whereas ‘total
gross domestic product’ , ‘unsafe settlements’ and percentage of home with piped drinking water
were respectively replaced by average income per year, flood-prone areas and rate of access to
safe drinking water. In total, seven (7) communities namely Sadori, Mango, Mogou, Tchamonga,
Tchanaga, Tambigou and Borgou in the Oti and Kpendal prefectures of Togo were selected for
this study because of their proximity to the Oti River. Mandouri was initially considered for the
flood risk assessment but it was further removed due to difficulty of access during the field work
and lack of data. In each community, one questionnaire was completed. In order to get reliable
information, only knowledgeable people (member of the local development committee, formal
community leader, teacher, etc.) were contacted to fill the questionnaire and the information is
further verified from secondary sources when possible. However, some data such as population
density (V1), population growth rate (V2), number of housing units (E1) access to basic services
(V4) and literacy levels (\VV6) cannot be obtained from administering the questionnaire and were

obtained from the 2010 Population and Housing Census data (DGCSN, 2010) and literature.
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In addition, the percentage of forested area for each community area and flood prone areas were
respectively derived from FAO (Food and Agriculture Organisation) land cover database (FAO,

2013) and NASA MODIS data.

3.2.4.3. Estimation of the vulnerability, exposure and capacity and
measure indices

To assess the vulnerability, exposure as well as capacity and measures indices of a risk
index for a given community, many steps were followed. The first step consisted of making the
different measurements of each indicator (e.g. 10,000 residents, 10% literacy level) comparable
using a scale. The scaling was done by assigning a score (S) of 1, 2 or 3 according to the
achieved class of low, medium or high (Appendix 3.3). A zero value was given if the indicator
does not apply for a commune. In a second step, the scores were multiplied by a specific weight
(W) of each indicator. The CBDRI model was developed in such a way that the total sum of
weights for each of the four factors is equal to 3, so that the factor indices range between 0 and
10. Finally, separate indices were calculated for each factor using the following linear Equations

(3.29, 3.30, 3.31 and 3.32):

V = Wv1Svi + Wv2Svz + WvaSvs + ... + Wyv14Svig (3.29)

E = WE1Se1 + We2Se2  + WEsSEs. (3.30)
C =WociSc1 + WeaSc2 + ... + WeisScas, (3.31)

H = WH1SH1 + WH2SH2  + WH3SH3 + WH4SH4 (3.32)

where V, E, C and H are the values of the vulnerability, exposure , capacity and measures indices
and hazard respectively; Sirefer to the scaled value of the indicator , Wi is the weight and i the

indicator.
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3.2.4.4.Estimation of the indicator weights

In the present study, the analytical hierarchy process (AHP) method was employed to
compute weights for the different indicators considered in the CBDRI model. The AHP method
which was developed by Saaty (1977), is a multi-criteria, mathematically based method which
uses a set of pair-wise comparison matrices to estimate the relative importance of different
criteria and alternatives among which the best decision is made. The Saaty’s AHP model has
attracted the interest of many researchers (e.g. Marinoni, 2004; Omkarprasad and Sushil, 2006
and Bathrellos et al., 2016) because it has the advantage of incorporating a test for checking the

consistency of a choice, thus reducing the uncertainty in the evaluation process.

In order to compute the weights for each indicator, the AHP starts creating a pair-wise
comparison matrix M = (Bij). Each numerical value B;; of M represents the relative importance
of the ith indicator in comparison with the jth indicator. If B;;>1, then the ith indicator is more
important than the jth indicator, whereas if B;; < 1, then the ith indicator is less important than
the jth indicator. If two indicators have the same importance, then B;;=1. The numerical values

satisfy the condition given in Equation 3.33 (Saaty, 1977).

Moreover, the relative importance between two criteria was measured based on a numerical
scale from 1 to 9 as follows: 1= i and j are equally important, 3 = i is slightly more important
than j, 5 =1 is strongly important than j, 7 = i is very strongly more important than j, 9 =i is
extremely more important j and 2, 4, 6, 8 are intermediate values between the previous scales

(Saaty, 1977).
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After building the matrix M, a normalized pair-wise comparison matrix was derived by
dividing each value B;; by the sum of all values of that column. Finally, the relative weight
(W,yp) vector was estimated by averaging the values on each row of the normalized pair-wise
comparison matrix. The AHP method requires all indicator weights to satisfy the condition

shown in Equation 3.34:
=1 Wanp =1 (3.34)

The AHP method provides the possibility to check the consistency of the estimated weights. This

is done with the consistency ratio (CR) which is shown in Equation 3.35 (Saaty, 2008):
CR= CI/RI (3.35)

Where CI is the consistency index which is obtained by first computing the scalar 4,,,, as the
average of the elements of the vector whose ith element is the ratio of the ith element of the
vector (M*W,yp) to the corresponding element of the vector W,y (Saaty, 2008). Then, CI is

calculated using the Equation 3.36:

Cl = dmext (3.36)
n-1
where A,,., 1S the largest eigenvalue of the matrix and n is the number of indicators. Rl is a
constant which depends on n. When CR < 0.1, the evaluation is consistent and reliable results

can be expected from the AHP model (Saaty, 1977).

In this study, four pair-wise comparison matrices (Table 3.6, Table 3.7, Table 3.8 and
Table 3.9) were constructed for the weight estimations of the different indicators used in the

CBDRI model. Furthermore, W,4p was multiplied by 3 to get the final weights of each indicator.
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Table 3. 6.The weights estimated from the AHP model for the indicators of the hazard factor.

For the definition of H1, H2, H3 and H4, see Table 6. 2. CR=10.01 (< 0.1).

H1 H2 H3 H4 Wanp Wi
H1 1 1 1/3 2 0.2 0.6
H2 1/2 1 1/3 2 0.18 0.54
H3 3 3 1 2 0.47 141
H4 1/2 1/2 1/2 1 0.15 0.45

Table 3. 7.The weights estimated from the AHP model for the indicators of the vulnerability
Vid, see Table 6.2. CR=0.01(<0.1)

factor. For the definition of VI, V2 ...

V1 |V2 |V3 |V4 V5 |V6 |V7 |V8 |V9 |VI0 |VI1 | V12 | VI3 | V14 | Wyup | Wy

V1 1 1 12 |2 12 |3 2 3 2 1 2 3 2 2 0.10 0.3

2 1 12 |2 12 |3 2 3 2 1 2 3 2 2 0.3
0.10

V3 1 3 2 5 3 5 3 2 3 5 3 3 0.51
0.17

V4 1 12 |2 1 2 1 2 1 2 1 1 0.18
0.06

V5 1 3 2 3 2 2 2 3 2 2 0.36
0.12

V6 1 172 |1 1/2 | 1/3 1/2 1 1/2 1/2 0.03 0.09

\Z4 1 2 1 1/2 1 2 1 1 0.15
0.05

V8 1 1 1/3 1/2 1 1/2 1/2 0.09
0.03

V9 1 1/2 1 2 1 1 0.15
0.05

V10 1 2 3 2 2 0.27
0.09

V11 1 2 1 1 0.15
0.05

V12 1 1/2 1/2 0.09
0.03

V13 1 1 0.15
0.05

V14 1 0.15
0.05

Table 3. 8.The weights estimated from the AHP model for the indicators of the exposure factor.
For the definition of E1, E2, E3 and E4, see Table 6.2. CR=0.02 (<0.1).

E1 E2 E3 E4 Wnp W,
E1 1 2 2 1/3 0.22 0.66

E2 172 1 12 15 0.1 03

E3 172 2 1 173 0.15 0.45

E4 3 5 3 1 0.52 1.56
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Table 3. 9. The weights estimated from the AHP model for the indicators of the capacity and
measure factor. For the definition of C1, C2...C15, see Table 6.2. CR=0 (<0.1).

Cl|C2|C3 |C4 |C5 |CB6|C7T |[C8 |C9 |CI0O [C11 |C12 |C13 |C14 | C15 Wanp | Wu

C1 1 2 3 2 2 3 1 1 2 3 2 2 1/3 2 2 0.3
0.10

Cc2 1 2 1 2 2 1/2 |12 |1 2 1 1 1/3 1 1 0.06 0.18

C3 1 172 |12 |1 /3 | 1/3 | 1/2 |1 1/2 1/2 1/5 1/2 1/2 0.03 0.09

C4 1 1 2 172 |12 |1 1/2 1 1 1/3 1 1 0.05 0.15

C5 1 2 172 |12 |1 2 1 1 1/3 1 1 0.15
0.05

C6 1 /3 | 1/3 |12 |1 1/2 1/2 1/5 1/2 1/2 0.03 0.09

C7 1 1 2 3 2 2 1/3 2 2 0.3
0.10

Cc8 1 2 3 2 2 1/3 2 2 0.3
0.10

C9 1 2 1 1 1/3 1 1 0.15
0.05

c10 1 1/2 1/2 1/5 1/2 1/2 0.09
0.03

C11 1 1 1/3 1 1 0.15
0.05

C12 1 1/3 1 1 0.15
0.05

C13 1 3 3 0.54
0.18

C14 1 1 0.15
0.05

Ci15 1 0.15
0.05

3.2.4.5. Estimation of the flood hazard index

In the CBDRI system, the hazard factor has 2 components (see Table 3.5): the experienced
hazard and the possible or expected hazard. Since the data regarding the hazard factor should be
obtained from scientific sources (Bollin et al., 2003), the information on the experienced flood
hazards was obtained from the literature (e.g. MERF, 2009; Paeth et al., 2011) while the
probability and severity of the possible flood hazard (H2 and H4) were obtained through flood
hazard mapping of the Oti River Basin. The regional flood frequency analysis and the calibrated
flood inundation model were used to simulate the floodplain inundation depths of the 50 years.
The 50-years flood was chosen because it provides a plausible measure of flood-affected

populations (Hirabayashi and Kanae, 2009).
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In addition, the flood hazard severity was estimated based on the categorization proposed

by Dinh et al. (2012) as shown in Table 3.10.

Table 3. 10.Categorization of flood hazard (source: Dinh et al., 2012).

Flood depth (m)

Hazard zone

Definition of hazard severity

0-0.2 Very low This is the case in which the damage to property is expected
to be very low

0.2-0.5 Low This is the case in which the number of casualties due to
floods, in terms of death or injuries, is insignificant, and the
damage to property is expected to be relatively low

0.5-1.0 Medium This is the case in which casualties, in terms of death and
injuries are considerable, relative to the number of people
living in the area under study.

1.0-2.0 High This is the case in which damage to property is quiet

extensive and the probability of having dead and injured
people is high.

Since, each community area has many flood severity classes (FC) with a particular extent;

an average flood severity index (FSI) was used to estimate the average flood severity of a given

community area. The FSI takes into account the areal extent of a flood depth and was calculated

using Equation 3.37 (Adeloye et al., 2015). Then, the flood hazard index (H) was estimated using

Equation 3.32.

FSI= Z?=1(FC)iAi
Z?=1Ai

(3.37)

Where Ai is the areal extent of the flood severity class i, n is the number of flood severity classes.

(FC); was represented by the mean depth of the flood severity class (see Table 3.10)
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3.2.4.6. Estimation of flood risk index

To calculate the overall flood risk index (R) in the community based system, Equation 3.38
was used. In this equation, a constant coefficient of 0.03 was multiplied by each factor in order to

maintain the same scale between 0 and 10 as for the individual factor indices.
R = 0.03{H *V * E[0.1(1 — a)C + a} (3.38).

In addition, the values of the risk index were grouped into five categories (very low, low,

moderate, high and very high) as shown in Table 3.11

Table 3. 11.Categorization of the flood risk index used in this study

Range of the flood risk index Risk zone
0-2 Very low
2-4 Low
4-6 Moderate
6-8 High
8-10 Very high
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RESULTS AND DISCUSSION
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4. FLOOD FREQUENCY ANALYSIS

4.1. Data screening

Figure 4.1 gives the discordancy measures of the sites. It appears that only the site
number 11 is discordant with a Di value of 3.36 and it was consequently deleted from the
dataset. In addition, treating first the whole Volta Basin as a single region, the values of the
different heterogeneity measures H,, H, and H; obtained were respectively 4.11, 3.02 and 2.77.
Therefore, the Volta Basin is “definitely heterogeneous “and homogeneous groups need to be

formed.
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Figure 4. 1.Discordancy measure (Di) of the different flow gauge sites
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4.2. Formation of homogeneous groups

Figure 4.2 and Table 4.1 show the results of the cluster analysis. . It can be seen from

Table 4.1 that cluster 1 is “acceptably homogeneous” whereas clusters 2 and 3 are “definitively

heterogeneous”. Consequently, the clusters were adjusted to obtain the final groups shown in

Table 4.2. It should be noted that the final groups are all “acceptably homogeneous”.
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Figure 4. 2.Formation of clusters through cluster analysis
Table 4. 1.Characteristics of the initial clusters.
Clusters Number of Hi H2 Hs Homogeneity
sites
1 6 0.44 -0.32 0.39 Homogeneous
2 10 4.48 3.19 2.69 Heterogeneous
3 6 1.65 2.30 3.03 Heterogeneous
Table 4. 2.Homogeneity measure of the final groups.
Groups Number of Hi H> Hs Homogeneity
sites
A 7 0.12 0.29 0.43 Homogeneous
B 7 -2.02 0.70 0.98 Homogeneous
C 7 -0.21 -1.34 -0.37 Homogeneous
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In addition, the location of the final homogeneous groups is shown in Figure 4.3. One can
notice that all the sites of group A are situated in the Oti River Basin while those of group B are
located in the White and Black Volta Basins. The sites of group C are scattered in the White
Volta, Black Volta and Oti Basins. Similar results were found by Burn and Goel (2000) who
confirmed that in regional flood frequency analysis, the catchments of a given homogeneous
region may not be geographically contiguous but similar in terms of their flood generation

processes.
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Figure 4. 3. Location of the final homogeneous groups.
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4.3.

The choice of the appropriate distribution for each group was based on L-moment ratio
diagrams, Z-statistic, test and quantile-quantile plots. First, Figure 4.4 shows the L-moment ratio
diagrams for the homogeneous groups. It can be noted that the maximum of sample sites lie
close to the GPA distribution line for the group A whereas the sample sites are closer to the GEV
and GPA distribution for both group B and group C. Secondly, Table 4.3 summarizes the Z-
statistic values of the appropriate candidate distributions for the homogeneous groups. In this
table, it is observed that only the GPA distribution has the absolute value of Z-statistic less than
1.64 for the group A and GEV distribution has the lowest absolute value of Z-statistic which is
less than 1.64 for both group B and group C. Hence, the GPA distribution can be considered as
regional distribution for the group A while the GEV distribution is acceptable for both groups B

and C. These results are confirmed by the quantile-quantile plots on which the points lie

Selection of appropriate distributions

approximately on the 1:1 line (Figure 4.5)
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Figure 4. 4.L.-moment ratio diagrams for the homogeneous groups
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Table 4. 3. Z-statistic values of the homogeneous groups.

Distribution Group A Group B Group C
GPA 0.55 -2.57 -3.57
GEV 4.29 0.39 0.15
PE3 4.20 0.40 0.55
GNO 4.45 0.52 0.56
GLO 6.67 1.87 2.04
Group A (GPA) Group B (GEV) Group C (GEV)
< < < = < <
g a 2 =] g =
5 71 5 71 5 71
2 /3 2 1 2 1
0.0 10 20 30 0o 10 20 30 0.0 10 20 30
QT/Qm (estimated) QT/Qm (estimated) QT/Qm (estimated)

Figure 4. 5. Quantile-quantile plots of the fitted frequency distributions

4.4. Flood frequency relationships

4.41. Growth curves

The relationship between the normalized flood quantiles and their return periods (growth
curve) is shown in Table 4.4 and Figure 4.6. Table 4.4 shows also the fitted parameters to the
distributions selected. In order to estimate the flood quantile for a given return period, Equation
3.12 is used. For the ungauged sites where observed discharge data are not available to compute
the index flood (Q,,,), the values of Q,, is computed via a multi regression model. It can be seen

from the Figure 4.6 that the regional flood frequency curves for the different groups in the Volta
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Basin are relatively flat. This result confirms the findings of Meigh et al. (1997) who showed that
regional curves in West Africa and some regions affected by monsoon are “fairly flat”.
Moreover, Sutcliffe and Farquharson (1996) cited in Meigh et al. (1997) noted that a feature of
many basins with flat curves is that floods appear to be due to the accumulation of rainfall over a
distinct wet season or monsoon, and that the date of the annual maximum flood is relatively
constant from year to year. This means that peak flows is more likely to be related to the annual

total rainfall which is less variable than storm rainfall (Meigh et al., 1997).

Table 4. 4. Quantile functions of the homogeneous groups.

Group | Distributions and their parameters | Growth curve

R oy — le— 0.62
A GPA:6=0250=122k=062 | = _q,c +1_97*{1_(%) }

o . —  — . _ 0.12
B GEV :£=0.82; 0=0.38; k=0.12; qR:0.82+3_17*{1_ [_ln (%)] }
o . 1— —\10.23
C GEV: e=0.88; 0=0.30;k=0.23 qR:0.88+1.30*{1 _ [—ln (%)] }
b
Qe [-] 2
o —  Group A
=] — Group B
o — Group C
° _| T T T T T T
0 10 20 30 40 50 60

Return periods [years]

Figure 4. 6.Regional growth curves of the different groups
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4.4.2. Multi-regression models for the index floods

Table 4.5 and Figure 4.7 show respectively the best regression models and the comparison
between estimated quantiles and the observed values of Q,,, . The powers associated to the area
(0.61 and 0.8) are comparable with findings of other similar studies such as Noto et al. (2009)
and Lim et al. (2003). Also, these values (0.61 and 0.8) are reasonable because they show that

the mean specific discharge (Q,,,/A) decreases with the area (Hingray et al., 2009).

Table 4. 5. Regression models for the estimation of the index flood at ungauged sites.

Groups Regression models R?
Oti River Basin Qp = 1077 % §O41 & 4061 4 p242 0.96
White Volta and Black Volta Q= 3 %1076 % 5028 5 408 4 p1.52 1 0,91
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Figure 4. 7. Diagnostic plots of the best regression models: (a) for the Oti River Basin and (b)
for the White Volta and Black Volta. The 1:1 line is plotted for reference.

In addition, Pandey and Nguyen (1999) have shown that non-linear optimization model is
the best method for estimating the power-form flood regionalization model when compared with

linear regression models. The same authors conclude that in terms of flood quantile prediction
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and parameter uncertainty, the non-linear optimization model is the most robust when compared
with linear regression methods. Consequently, the regression models obtained are suitable to

estimate index floods for regional flood estimation in the VVolta River Basin.

5. HYDROLOGICAL MODELLING FOR FLOOD PREDICTION

5.1. Data preprocessing

A total of 2, 211 PCraster maps were manually created for the purpose of this work. Figure
5.1 shows some examples of rainfall and reference evapotranspiration maps which were created
using PCraster functions and used as input meteorological data for the raster based distributed
hydrological model. One can observe the spatial variation of the daily rainfall and ETo which

characterizes the input data of distributed hydrological models.
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Figure 5.1. Examples of the daily input PCRaster maps created using PCRaster functions

Table 5.1 shows the cumulated rainfall of selected stations, cumulated TRMM rainfall of
the corresponding grid and the applied correction factors. It can be seen that TRMM rainfalls
underestimate slightly the rainfall for 2001, 2002, 2004 and 2006 whereas, the TRMM rainfall is

higher than the observed rainfall at meteorological stations for 2000, 2003, 2005 and 2007)
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Table 5.1.Correction factors applied in this study

Year Cumulated rainfall of selected stations and | Correction Factor
grids (mm) (Station/TRMM)
Station TRMM

2000 3911.3 4210.07 0.93

2001 5105.8 4947.62 1.03

2002 6269.11 5515.25 1.13

2003 5225.8 5512.22 0.95

2004 5410 4845.54 1.12

2005 4143 4501.39 0.92

2006 5251 4869.22 1.08

2007 5984 6262 0.95

Sensitivity of the five calibration parameters (UZTC, LZTC, GWPV, Xb and PPF) of
LISFLOOD hydrological model was analyzed using five different values for each parameter
which are highlighted in blue (Table 5.2). The sensitivity analysis was done by changing one
parameter at a time while other parameters remained constant. The parameter values and

objective functions (NSE and RMSE) are shown in Table 5.2. In this table, the combinations of

Sensitivity analysis

parameters which gave the best objective function values are shown in bold.
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Table 5.2. Parameters and objective functions used in the sensitivity analysis

Runs Parameters Obijective
functions

UzTC LZTC GWPV Xb PPF NSE RMSE

days [days]  [mmday™'] [] [-] [-] [m3s~']
1 1 1756.37 0.11 0.99 4.9 0.38 527.71
2 3 1756.37 0.11 0.99 4.9 0.55 449.47
3 6 1756.37 0.11 0.99 4.9 0.63 404.06
4 8 1756.37 0.11 0.99 4.9 0.67 383.71
5 10 1756.37 0.11 0.99 4.9 0.70 365.17
6 10 50 0.11 0.99 4.9 0.70 366.83
7 10 500 0.11 0.99 4.9 0.70 367.12
8 10 1300 0.11 0.99 4.9 0.70 364.98
9 10 2 500 0.11 0.99 4.9 0.70 365.34
10 10 3000 0.11 0.99 4.9 0.70 365.45
11 10 1300 0.00 0.99 4.9 0.69 370.72
12 10 1300 0.05 0.99 4.9 0.70 367.42
13 10 1300 0.1 0.99 4.9 0.70 365.34
14 10 1300 0.5 0.99 4.9 0.69 373.13
15 10 1300 1 0.99 4.9 0.63 404.02
16 10 1300 0.1 0.1 4.9 0.84 261.54
17 10 1300 0.1 0.2 4.9 0.85 258.43
18 10 1300 0.1 0.3 4.9 0.85 253.62
19 10 1300 0.1 0.5 4.9 0.81 270.30
20 10 1300 0.1 0.7 4.9 0.76 312.89
21 10 1300 0.1 0.3 1 0.49 479
22 10 1300 0.1 0.3 2 0.87 237.46
23 10 1300 0.1 0.3 3 0.87 238.32
24 10 1300 0.1 0.3 4 0.81 288.01
25 10 1300 0.1 0.3 5 0.63 406.24

5.2.1. Effects of the upper zone time constant parameter

The Upper Zone Time Constant (UZTC) parameter reflects the residence time of water in

the upper groundwater reservoir. As shown in Figure 5.2, when the value of UZTC parameter
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increases, the peak discharge decreases and the slope of the falling limb becomes less steep. For

this study, a value of ‘10’ gave the best objective functions.
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Figure 5.2. Sensitivity of LISFLOOD hydrological model to change in the UZTC parameter.

5.2.2. Effects of the lower zone time constant parameter

The Lower Zone Time Constant (LZTC) parameter indicates the residence time of water
in the lower groundwater reservoir. According to the developers of the model, this parameter
controls the base flow response of the hydrograph (Van der Knijff and De Roo., 2008). However,

in this case study, the hydrological model was not sensitive to change in the value of this

parameter (Table 5.2).
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5.2.3. Effects of the groundwater percolation value parameter

The GroundWater Percolation Value (GWPV) parameter controls the movement of water
from the upper to lower groundwater zone. An increase in this parameter value leads to an
increase of the base flow during the dry season (Figure 5.3). The GWPV value that gave the best

objective functions in this study was “0.1°.
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Figure 5.3. Sensitivity of the hydrological model to change in the GWPV parameter value.

5.2.4. Effects of the Xinanjiang parameter b (Xb)

Xb parameter controls the fraction of saturated area within a grid cell that is contributing
to runoff and is inversely related to infiltration (Van der Knijff and De Roo., 2008). An increase
in Xb parameter value resulted in an increase of the peak discharge as a consequence of a
decrease in infiltration (Figure 5.4). For this study, Xb value of ‘0.3’ gave the best goodness of

fit measures as shown in Table 5.2.
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Figure 5.4.Sensitivity of the hydrological model to change in the Xb parameter value

5.2.5. Effects of the power preferential flow parameter.

The Power Preferential Flow (PPF) parameter is used as a power function relating
preferential flow with the relative saturation of the soil (Van der Knijff and De Roo., 2008). The
sensitivity analysis results showed that LISFLOOD hydrological model is very sensitive to PPF
parameter. Both the rising limb and peak discharge decrease as the value of PPF increased

(Figure 5.5). PPF value of ‘2° gave the best performance measure as shown in Table 5.2
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Figure 5.5.Sensitivity of the hydrological model to change in the PPF parameter value

5.2.6. Calibration and validation results

The calibration of the hydrological model using data from 2001 to 2003 resulted in NSE
and RMSE values of 0.87 and 237 m®/s while the model validation using data from 2005 to 2007
produced better performance measures (NSE=0.94 and RMSE= 179 m®s). The values of the

final calibration parameters are shown in Table 5.3.

Table 5.3. Values of the calibrated parameters using trial and error method

Parameter Optimal values Lower bound Upper bound
Upper zone time constant 10 1 50
Lower zone time constant 1300 50 5000
Ground water percolation 0.1 0 15
value

Xinanjiang parameter b 0.3 0.1 1
Power preferential flow 2 1 6
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Generally, the goodness of-fit measures for calibration are better than for validation (e.g.
Sintondji, 2005; Bormann and Diekkriiger, 2003) since the calibration process seeks to minimize
the differences between the observed and simulated time series. In this case study, the goodness-
of-fit measures are actually better for validation than calibration. This would suggest that
variability from the norm in the calibration data set is greater than in the validation data set. The
same behavior of LISFLOOD hydrological model was observed by Thiemig et al. (2015) for the
Olifants River at Loskop North (15, 000 km? ) in South Africa: the modified version of the
Kling-Gupta Efficiency (KGE’) values obtained by these Authors were better for validation
(KGE’= 0.56) than calibration (KGE’=0.34). Also, the performance measures of the same
hydrological model obtained by Koriche (2012) for the upper and middle Awash River Basin
(Ethiopia) were better for validation (NSE=0.82 and RMSE= 29.37 m® s™) than calibration
(NSE=0.72 and RMSE=55.29 m? s?). Moreover, the RMSE values for both the calibration and
validation periods represent less than 10% of the mean annual peak flows and about 50 % of the
mean stream flow values. These acceptable values of performance measures (NSE) prove that
the calibration process compensate for some of the errors in the input data and LISFLOOD
hydrological model can be used to predict flood in the Oti River. Also, the good NSE values of
LISFLOOD hydrological model may be because it was primarily developed to predict flood

discharges.

Furthermore, Figure 5.6 and Figure 5.7 show respectively the comparison between
observed and simulated hydrographs during calibration and validation of the LISFLOOD
hydrological model at Sabari gauge station (Ghana). In the year 2001, the observed peak flow is
higher than the simulated peak flow, whereas in 2002, 2003, 2005, 2006 and 2007 the difference

between the observed and simulated peak flows is low as shown by the values of PD which are
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respectively 6.8 %, 0.5%, -2.7%, 2.6%, 1.3% and 0.7% for the years 2001, 2002, 2003, 2005,

2006 and 2007.
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Figure 5.6. Comparison between simulated (blue line) and observed (black line) hydrographs for
the calibration at Sabari gauge station (Ghana)
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Figure 5.7.Comparison between simulated (blue line) and observed (black line) hydrographs for
the validation at Sabari gauge station (Ghana)
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It is worth to mention that parameter uncertainty analysis was not considered in the present
study under the assumption that uncertainty from the data will dominate the hydrological

modelling (He et al., 2009).

6. FLOOD HAZARD MAPPING
6.1. Input hydrographs

Due to the lack of observed input discharge to calibrate the flood inundation model, the
calibrated hydrological model was used to simulate the input discharges. Figure 6.1 shows the
comparison between the simulated hydrographs at the inlet (Mandouri with an area of 29,100
km?) and outlet of the studied reach. It can be noted that the peak discharge at the outlet of the
studied reach is about 31% higher than the peak flow at the inlet. This increase of discharge from
the upstream boundary to the downstream end suggests some contributions of lateral inflow

which need to be taken into account in the hydraulic modelling.
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Figure 6.1. Simulated hydrographs of the 2007 flood at inlet and outlet of the studied reach.
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6.2. Hydraulic modelling
6.2.1. Sensitivity analysis

Table 6.1 and Figure 6.2 show respectively the initial parameters of the model (obtained
from Leopold and Maddock, 1953 and Chow, 1959) and the performance of the LISFLOOD-FP
at 960 m DEM resolution with different Manning’s friction coefficients for the channel (Figure
6a) and with different values of the hydraulic geometry coefficient r (Figure 6b).

Table 6.1. Initial values of the hydraulic model (LISFLOOD-FP) parameters.

Parameters ne Ny p r
Initial values 0.03 0.04 0.74 0.36
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Figure 6.2. Performance of the sub-grid model of LISFLOOD-FP with different Manning's
friction coefficient for channel (a) and with different hydraulic geometry coefficient (b)

One can note that the performance of the sub-grid model peaked at n,. of 0.042 but
decreased with further increase in the value of n.. The model performance was less sensitive to

Manning’s n when the optimal n was exceeded. This behavior is commonly seen when large
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flood events are assessed using spatial performance measures because the flood extent tends to
increase only gradually with increased water depth once most of the floodplain valley is
inundated. The maximum performance measure for r was obtained at 0.04. From these results, it
is clear that both the friction coefficient for the channel and the hydraulic geometry coefficient
could influence the inundation extent in this case study. However, the sensitivity of the model
results to the hydraulic geometry coefficient was relatively low compared to friction coefficient

for channel.

6.2.2. Effects of the DEM resolution on the simulation results

Figure 6.3 shows the simulations results for the different aggregated DEM resolutions. The
simulated water surface elevations are almost the same for the different aggregated DEM
resolutions with a slight difference at about 80 km of the reach where the water surface
elevations from 480m and 960m DEM resolutions are over 1 m lower than the water surface

elevations for 30m, 60m, 120 m and 240m DEM resolutions.

Generally, by changing the resolution of the floodplain DEM, other inputs to the model
namely channel width and bank elevation must be aggregated as the resolution coarsens. This
can locally affect the channel slope and simulated water surface elevations along with the
differing topographies. However, the results of the present study show that the DEM resolution
doesn’t really affect the water surface elevation simulations in many locations, meaning that the
changes in extent with resolution are essentially due to the detail of the DEM rather than any

more complex hydraulic interaction between the DEM and river channel.
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Figure 6.3. Floodplain longitudinal profile (black and with 30 m DEM) and water surface
elevations simulated by LISFLOOD-FP for different aggregated DEM resolutions.

Moreover, Table 6.2 presents the variation of the performance in simulating the flood
extent when the DEM resolution coarsens. This Table shows that the performance of the model
actually increases when the resolution coarsens until the optimum resolution is exceeded and
there could be a number of reasons for this. It might be that the local scale noise in the SRTM
data is reducing the accuracy of the inundation simulation at finer resolution: for example, some
smoothing of the DEM by aggregating to coarser resolution might be beneficial for the flood
extent simulation in this case. Another factor is the validation data resolution. The model
performs worse at finer resolutions than the model validation data and this might be expected

given that the validation data cannot represent the finer scale detail in the inundation model.
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Similar results were obtained by Dutta and Nakayama (2008) who conclude that there is a
threshold resolution of DEM (100 m in their case) in the simulated surface inundation beyond
which the model outcomes become arbitrary. For this case study, the threshold resolution could

be 480 m.

Table 6.2.Performance of the sub-grid model of LISFLOOD-FP for different DEM resolutions.

DEM resolutions (m) 30 60 120 240 480 960

Index of fit (%) 52 53 56 59 60 59

6.2.3. Simulation of the 2007 flood event

The optimum parameters are given in Table 6.3 while Figure 6.4 shows the results of the
calibration for the hydraulic model at 480 m DEM resolution as contour plots of measure of fit
over the parameter range. The best fit of the sub-grid model of LISFLOOD-FP is characterized
by a Manning’s coefficient for channel (n.) of around 0.045 m'3s~'and 0.05 for the
coefficient of the hydraulic geometry (r). However, by analyzing Figure 4.18, one can observe
that different combinations of optimum parameter values may fit the calibration data equally.
This equifinality in flood inundation model has been well illustrated in the literature (Di
Baldassarre, 2012; Bates et al., 2005; Romanowicz and Beven, 2003).

Table 6.3. Models' parameters used for the flood inundation modelling.

Parameters ne Nep p r

Optimum parameters 0.045 0.04 0.74 0.05
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Figure 6.4.Results of the calibration of the sub-grid model of LISFLOOD-FP showing measures
of fit as a function of the hydraulic geometry coefficient and the Manning's friction coefficient for
channel.

In addition, Figure 6.5 shows that there is agreement between the simulated flood extent
and the satellite observation in a maximum of flood areas along the main river channel.
However, the hydraulic model suggested flooding in some areas where the satellite detected
none. The disagreements between the observed and simulated flood extents occur where the
centrelines derived from the DEM by flow accumulation do not correspond with observed river
channel locations. Moreover, some of the flooding occurred on tributaries that we have not
included in the model. Another possible reason for this disagreement is that the inundation at

some areas did not last until the time when the satellite image was captured.
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Figure 6.5. Comparison of simulated flood extent (red) with satellite observation (black outline)
before calibration (a) and after calibration (b) for the severe flood of September 2007.

Finally, the performance measures of 60% and 64 % were achieved for the simulated

flood extent respectively prior to the calibration (Figure 6.5a) and after the calibration (Figure

6.5b). The values of F found for this study are relatively low compared to previous studies where

either high resolution topography data was available or the floodplain was many kilometers wide

(e.g. Bates and De Roo, 2000; Horrit and Bates, 2001; Wilson et al., 2007) but high compared to

the results from other data sparse areas such as Amarnath et al. (2015) who found 38 % for F and

similar to the results of Sayama et al. (2012) who found 61% for F. However, the model

simulation can be considered as an acceptable result because the majority of the flooded areas

along the main reach was identified as shown visually in Figure 6.5b and other studies have

obtained similar fits when SRTM data has been used.
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6.2.4. Flood hazard mapping

Table 6.4 and Figure 6.6 shows respectively the design floods and the simulated flood
hazard maps. It can be seen from Figure 4.20 that the differences between the inundation areas
for the different return periods (10, 20, 30 and 50 years) is not significant while the maximum
water depth increase slightly (from 9.53 m for the 10-year flood to 9.71m for the 50-year flood).
This result can be explained by the fact that the flood frequency curve for the study site is
relatively flat. In addition, depending on the thickness of the overbank sediments, the degree of
relief on the floodplain surface and the width of the floodplain relative to the size of the river,
floods of higher return periods or greater magnitude can be characterized by increased depths

and velocities but do not usually affect a much wider area (Thompson and Clayton, 2002).

Table 6.4. Design floods for the outlet of the channel reach

Return periods Flood quantiles | 95 % confidence interval
(m3/s)

5 1,363 [1,359; 1,366 ]

20 1,746 [1,741 ; 1,750]

30 1,808 [1,803; 1,813]

50 1,868 [1,862; 1,873]

The simulated flood hazard maps can provide additional information for efficient flood
risk management in the Oti River Basin. However, it is worth noting that fluvial flood hazard
mapping is affected by various sources of uncertainty including data and model parameter
uncertainties. (Beven et al., 2011; Apel et al., 2008; Aronica et al., 2002). There are many
methods for evaluating uncertainty in flood inundation modelling. However, classical uncertainty
estimation is based on sampling methods (Monte Carlo, GLUE) which are computationally

expensive. Thus, the parameter sensitivity analysis (instead of complete uncertainty analysis)
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performed in this study can help in understanding the simulation uncertainty, as well as the

behavior of the hydraulic model for different parameter values (Sayama et al., 2012).
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Figure 6.6. Simulated flood hazard maps of the study area
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7. INTEGRATED FLOOD RISK ASSESSMENT

7.1. Scores

Table 7.1 shows the scores allocated by the communities and the associated weights. As it
is expected, there are differences in the scores assigned to some of the indicators in this case
study. For example, 57.15 %, 28.57 % and 14.29 % of the studied communities score
respectively low, medium and high levels for ‘lifelines’ indicator and 14.29 %, 57.15% and
28.57 % of the communities score respectively low, medium and high levels for the ‘area under
forest indicator’ (V14) However, these communities have almost the same scores for many
indicators, for instance those which characterize the hazard as well as the social and economic
vulnerability. Moreover, the scores obtained for most of the capacity and measures indicators are
relatively low and consequently high for the vulnerability indicators. All of the communities
score low level for many indicators of the ‘capacities and measures’ factor (e.g. C2, C7, C9,C10,
C11 and C12) and high level for many indicators of the vulnerability factor such us poverty level
and literacy rate. The low scores for the capacity and measures indicators highlight the
insufficiency of social, economic and institutional capacities to cope with extreme floods in the
Oti River Basin (Togo). For instance, the people interviewed pointed out the absence of flood
risk management committee at the village level, non-access to local emergency fund and
insurances for house owners. In addition, education and culture of flood risk management are not
part of the school curricula. Apart from Sadori, Mango and Borgou, the investigated

communities lack early warning systems and emergency plans for extreme floods.
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Table 7.1.Scores obtained by the communities: experienced hazard (a) and possible hazard (b)

Factor Indicator Name Borgo | Tambigou | Tchanaga | Tchamoga | Mogou Mango Sadori

component u

HAZARD S S S S S S S

Probability (H1) Occurrence ( a) 3 3 3 3 3 3 3
(H2) Occurrence (b) 2 2 2 2 2 2 2

Severity (H3) Intensity (a) 3 3 3 3 3 3 3
(H4) Intensity (b) 3 3 3 3 3 3 3

EXPOSURE

Structures (E1) Number of houses 1 1 1 1 1 1 1

(E2) Lifelines 1 1 1 2 2 3 1

Economy (E3) Economy 1 1 1 1 1 1 1

Population (E4) Population 1 1 1 1 1 1 1

VULNERABILITY

Physical (V1) Density 1 1 1 1 1 1 1
(\V2) Demographic pressure 2 2 2 2 2 2 2
(V3) Flood-prone areas 2 2 2 2 2 2 3
(\V4) Access to basic 3 3 3 2 2 1 3
Services.

Social (V5) Poverty level 3 3 3 3 3 3 3
(V6) Literacy 3 3 3 3 3 1 3
(V7) Attitude 2 2 2 2 2 3 2
(V8) Decentralization 2 2 2 2 2 2 2
(\VV9) Participation 3 3 3 3 3 3 3

Economic (\VV10) Local resource base 3 3 3 3 3 3 3
(\V11) Diversification 3 3 3 3 3 2 3
(V12) Stability 3 3 3 3 3 3 3
(V13) Accessibility 2 2 2 2 2 2 2

Environmental (\VV14) Area under forest 3 2 2 3 2 2 1

CAPACITIES AND MEASURES

Physical (C1) Land use planning 3 3 3 3 3 3 3

capacity (C2) Preventive measures 1 1 1 1 1 1 1
(C3) Environmental 2 2 2 2 2 2 2
management

Societal capacity | (C4) Public awareness 2 2 2 2 2 2 2
(C5) School curriculum 0 0 0 0 0 0 0
(C6) Public participation 3 3 3 3 3 3 3
(C7) Access to national fund | 1 1 1 1 1 1 1

Economic (C8) Access to international 3 3 3 3 3 3 3

capacity fund
(C9) Insurance market 1 1 1 1 1 1 1

Management (C10) Risk 1 1 1 1 1 1 1

and Institutional | management/emergency

Capacity (C11) Risk map 1 1 1 1 1 1 1
(C12) Emergency plan 1 0 0 0 0 1 1
(C13) Early warning system 2 0 0 0 0 2 2
(C14) Institutional capacity 1 1 1 1 1 1 1
(C15) Communication 1 1 1 1 1 1 1
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Consequently, decreasing vulnerability and increasing capacity of the communities to manage
their own flood risk should be paramount in order to mitigate flood risk in the study area. For
example, due to the high poverty level in the majority of the community areas, creating new
income-generating opportunities could be essential to reduce the vulnerability of the local
population. The results of this study showed the need for non-structural measures to reduce the
negative consequences of floods in the study area. These measures include the implementation of
early flood warning systems for all the flood-prone communes and public education about flood
risk, real involvement of wide range of local actors in national efforts to manage flood risks so
that they can contribute as much as possible to the reduction of flood risks in their own localities;
and creation of culture of awareness in which the population realizes the negative impacts of
floods on development. Moreover, actions to discourage settlements in flood-prone areas and
building codes to make houses more resilient to flooding are useful to mitigate flood risk in the

Oti River Basin.

7.2. Possible flood hazard severity

Figure 7.1 shows the 50-year flood hazard map simulated by the hydraulic modelling.
This result is used to estimate the severity of the possible flood hazard. When the set of
thresholds applied in Table 3.10 are considered, all the community areas fall in high flood
severity. Sadori community has the highest flood depth while Mango community has the lowest
flood depth (Table 7.2). The difference in simulated flood depth can be explained by the
variability of both the local topography and soil properties of the studied villages. Also, it is
worth to note that the flood depth at the communities may be higher than simulated, given that

flooding from tributaries were not considered in this study.

97



0°25'0"E 0°50'0"E

10°50'0"N+

10°25'0"N+

Legend i AT bigou

£ community
Flood depth (m)

i High:3

B Low o0

8,600 17200 25,800
| I | | I |

1
Meters

-10°50'0"N

-10°25'0"N

0°25'0"E 0°50'0"E

Figure 7.1. Simulated 50-year flood map of the Oti River Basin in Togo

Table 7.2.Averaged simulated flood depth for the 50-year flood at the different communities in
the Oti River Basin.

Community Averaged flood depth (m) Severity
Borgou 1.57 High
Tambigou 1.53 High
Tchanaga 1.56 High
Tchamonga 1.54 High
Mogou 1.60 High
Mango 1.52 High
Sadori 1.62 High
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7.3. Indices of the risk factors

Figure 7.2 shows the indices of the four factors that contribute to the risk in the CBDRI
model. It is clear from this Figure that the hazard and vulnerability are the major factors that
contribute to the overall flood risk in the communities selected for this study. The high level of
hazard index (H) can be explained by the repeated and catastrophic floods that have impacted the
communities of the Oti River Basin during the last two decades (1998, 2007, 2008 and 2010) and
the high level of simulated flood depth, while the observed elevated vulnerability index (V) is
mainly due the high poverty level of the communities and insufficiency of access to basic
services such as safe drinking water. Furthermore, the relative homogeneity observed in the
majority of the vulnerability and coping capacity is reasonable because the studied communities
are almost similar in their social and economic profiles as shown by their poverty levels. In
addition, their economic capacities for disaster risk management are also the same: all are funded
by non-governmental organization in case of flood disaster. They are managed at the top by a
central government (lack of decentralization). For this reason, large difference in vulnerability

and capacities in the Oti River Basin at the village scale is unexpected.

7.4. Flood risk index
As it is shown in Table 7.3, flood risk in all the studied communities is moderate when we
consider the classification shown in Table 3.11. This moderate level of flood risk is associated
with a combination of high indices of flood hazard as well as vulnerability to flood and low
indices of capacities and exposure. In addition Mango has the highest flood risk index (5.01)
while the lowest flood risk index is estimated at Tambigou and Tchanaga (4.36). The small
difference (0.65) between the highest and lowest flood risk indices is an indication of the relative

homogeneity of flood risk across these communities.
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Figure 7.2. Computed indices of the four risk factors for the different communities. C, H, V and
E stand for capacities, hazard, vulnerability and exposure indices.

Table 7.3. Flood risk index of the different communities

Communities | Borgou | Tambigou | Tchanaga | Tchamoga | Mogou | Mango | Sadori

Risk index 4.62 4.36 4.36 4.78 4.85 5.01 4.76

In this study, the estimated flood risk indices summarize complex information about flood
risk in a simple way that is easy for non-experts to understand and use in flood risk management
policies. However, the majority of some data were subjective as they were collected from

selected local residents.
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8. GENERAL CONCLUSIONS
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8.1. Summary

The main objective of this study is to develop some methodologies for flood risk
assessment in poorly gauged river basins taking the Oti River Basin as case study. Specifically, it
focused on the identification of the suitable models for flood frequency estimation, the modelling
of flood hazards and the analysis of the main factors that contribute to flood risk in the study

area.

First, we have presented a flood estimation procedure for the Volta River Basin in West
Africa using regional flood frequency analysis methods based on L-moments. This study
represents a huge step forward in the local context towards improvement of design flood
estimates. The selection of the appropriate frequency distributions was based on the
identification of homogeneous regions using both clustering algorithm and statistical tests, L-
moment ratio diagrams, quantile-quantile plots and a numerical goodness-of- fit test (Z-statistic).
It was found that GPA and GEV distributions are the most robust flood frequency distributions
among five candidates distribution with three parameters. In addition, the relatively flat shape of
the flood frequency curves may suggest that flood in the Volta River Basin is caused by an
accumulation of rainfall over the monsoon (rainy season) rather than by a storm rainfall.

Second, a methodology for simulating flood hazard maps at ungauged basins is presented.
This methodology links hydrological modelling, regional flood frequency analysis and hydraulic
modelling to simulate flood inundation maps. The performance of the hydraulic model was
checked by an index of fit and we found that the sub-grid model of LISFLOOD-FP can be used
to delineate flood inundation areas for the study area with an acceptable (given the DEM data

available) index of fit of 64 %. However, there are many obstacles in modelling flood hazard in
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the Oti River Basin because not enough data are available. In addition, although the DEM used
in this study is the best available for this region, it is still considered very poor when compared to
those from elsewhere like LIDAR elevation data used in many developed countries. The results
from the sensitivity analysis indicates the importance of the DEM resolution, the Manning’s
friction and the hydraulic geometry of the river in flood inundation modelling. Finally, the study
showed that changes in the flood extent with DEM resolution are mainly due to the detail of the
DEM rather than the hydraulic interaction between the DEM and the river channel. The
possibility to identify and predict flood prone areas at ungauged rivers is the major advantage of
the proposed methodology. It is the first time that a flood hazard mapping is performed for the
Oti River Basin and the outcomes of this study can contribute to an efficient flood risk
management in this area. For instance, flood inundation maps can help in mitigating flood
damages, establishing early flood warning systems and discouraging new settlements in flood-
prone areas.

Third, we performed a comprehensive flood risk assessment of rural communities in the Oti
River Basin of Togo and identified the relative contributions of hazard, exposure, vulnerability
and lack of coping capacity factors to flood risk. In this work, while the flood risk for the rural
communities studied is moderate, there were high levels of hazard, vulnerability and lack of
capacity and measures, whereas the exposure is relatively low. The application of the CBDRI
model showed that the model can be useful for an integrated flood risk assessment, particularly
in data scarce environments of West Africa where the required data for conventional flood risk
assessment are missing. In addition, the outcomes of this study provide community members as
well as governments officials with empirical risks and vulnerabilities evidence. Consequently,

the information provided by the community-based disaster risk index system can be used to
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support decision- makers at local and national levels in order to analyze and understand the flood
risk a community is exposed to. Also, periodic application of the proposed method can be a
measure to examine the projects undertaken to manage flood risks. In order to reduce flood risk
in the Oti River Basin, decreasing vulnerability through creation of income-generating
opportunities and increasing capacity of communities to manage their own flood risk should be

paramount.

8.2. Limits

The results of CBDRI model are dependent on the selected indicators, their
categorization, as well as the set of thresholds and the spatial scale of application. The selected
indicators are only simplification of key elements of flood risk and vulnerabilities that we wanted
to measure; they are not real measures of these elements themselves. In addition, the return
period associated to the simulated flood hazard severity is 50 years. Given the significant
contribution of the hazard factor to the total flood risk, the results will differ if flood with lower

or higher return period than 50 years is used.

In addition, due to the coarse resolution (30 m and 90 m) of the topography data, the
need to use both simulated input hydrographs and remote sensing data and the lack of sufficient
observed flood extent and discharge data to conventionally validate the flood inundation model
for the study area, it is rather difficult to isolate sources of uncertainties in the predictions of the

models.
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8.3. Recommendations for policy

Based on the assessment of flood risk in the Oti River Basin presented in this study, the
following recommendations have been suggested:

1) Necessity to implement functional flood early warning systems in floodplain areas as

technical adaptation strategy to the effects of climate change. Currently, elementary early

warning systems of flood are installed in some communities (Borgou, Mango and Sadori) but

they should be extended and improved.

2) To be more effective, flood warning systems can be combined with a high level of
community awareness: considering the presence of housing units in areas at high risk of flooding
(Figure 7.2) and the flood damages during the past flood events, public awareness of flood
should be systematically raised in the study area. Thus, the public is aware that there is a need to
restrict uses of flood prone areas for housing, and industrial purposes in order to reduce the

potential flood damages.

3) The incorporation of flood risk topics in school curricula and public programs are also

crucial to the success of flood early warning systems.

4)Furthermore, public participation in decision making regarding flood risk management is
important to improve the implementation of the measures and to give the community the

opportunity to express their concerns.

5) Local emergency group to respond to flood events should be prepared in due time and

maintained operational in flood prone areas.
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6) The creation of new incomes-generating activities are important to reduce the economic
vulnerability of the communities because of the high poverty level of the local population in the

Togo part of the Oti River Basin.

7) Finally, the retention of excess water into natural and artificial flood retention areas

(reservoirs) -which are adequately regulated- may be useful against extreme floods.

8.4. Perspectives

The following recommendations are suggested for further research in the Oti River Basin:

1) It is important to understand the future effects of both climate and land use changes on flood
risk in the Oti River Basin, given that human activities (urbanization, agricultural practices and

deforestation) and climate change will change considerably the situation of flood in river basins.

2) A functional flood forecasting model should be validated, introduced and regularly improved

for the Oti River Basin.

3) Flow monitoring stations should be installed in the Togo part of the Oti River to provide

continuous data on surface-water levels and discharges.

4) Further analyses are needed to understand the effects of climatic variables such as rainfall on

the variability of L-moments of AMAX discharges in the context of the Oti River Basin.

5) It also is useful to perform statistical analyses of rainfall data in order to investigate any

similarities with the flood frequency in the study area.
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Abstract: In the Volta River Basin, flooding has been one of the most damaging natural hazards
during the last few decades. Therefore, flood frequency estimates are important for disaster risk
management. This study aims at improving knowledge of flood frequencies in the Volta River Basin
using regional frequency analysis based on L-moments. Hence, three homogeneous groups have
been identified based on cluster analysis and a homogeneity test. By using L-moment diagrams and
goodness of fit tests, the generalized extreme value and the generalized Pareto distributions are found
suitable to yield accurate flood quantiles in the Volta River Basin. Finally, regression models of the mean
annual flood with the size of the drainage area, mean basin slope and mean annual rainfall are
proposed to enable flood frequency estimation of ungauged sites within the study area.

Keywords: flood; Volta River Basin; regional frequency analysis; L-moments

. 1. Introduction

Flood fatalities in Africa have increased dramatically over the past half-century [1]. In order to
mitigate flood risk, efficient flood management is urgently needed. Flood management, and especially
flood risk assessment, requires the estimation of the relation between flood magnitude and its probability
of exceedance. The estimation of design floods for a site has been a common problem in some regions,
and there is always great interest in this estimation process, particularly for ungauged basins or for sites
characterized by a short sample length. For instance, the prediction of floods in ungauged or poorly-
gauged basins is one of the main tasks of the PUB (Prediction in Ungauged Basins) initiative, which was
launched from 2003-2012 by the International Association of Hydrological Sciences to engage the
scientific community towards achieving major advances in the capacity to make reliable predictions in
ungauged basins [2]. Two main methods are often used to solve the problem of the data scarcity. The first
one is called regional flood frequency analysis (RFFA), which consist of using the spatial coherence of
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hydrological variables to provide regional estimates of flood quantiles, which are superior to at-site
estimates even in the presence of moderate heterogeneity [3]. The second approach is the use of paleo
flood data to extend the dataset in time. Although the use of paleo flood data if available increases the
length of the time series for a more accurate estimation of flood quantiles, paleo flood data may contain
many errors and may represent other climate and land use conditions not comparable with the actual
situations.

With regard to RFFA in Africa, few studies were carried out. For instance, a regional flood frequency
analysis based on L-moments is performed in the KwaZulu-Natal province of
South Africa [4]. Kachroo et al. [5] and Mkhandi et al. [6] proposed some methodologies to delineate
homogeneous regions and identify regional distributions for RFFA in Southern Africa. Padi et al. [7]
performed a large-scale analysis of flood data in Africa using probabilistic regional envelope curves
(PRECs). However, it was the first time an index-flood method with L-moments together was applied in
West Africa, particularly in the Volta River Basin (VRB), in order to identify the suitable flood frequency
distributions.

Several approaches, such as the index flood method, the regional shape estimation procedure, the
“region of influence approach”, the hierarchical regions method, the fractional membership procedure,
the Bayesian approach, PRECs and canonical correlation analysis, have been proposed for the purpose of
RFFA. First, the index flood method was suggested by Dalrymple [8]. It assumes that sites within the
same group are characterized by the same frequency distribution apart from a scaling factor called the
index flood. In addition, the index flood method is based on the identification of homogeneous groups in
which a relationship between the dimensionless flood and the return period is estimated. The
homogeneous group is formed by basins, which are assumed to have similarities in meteorological
and/or morphological characteristics. Secondly, the regional shape estimation method was proposed by
Stedinger and Lu [9]. This method computes the location and scale parameters for each site, while the
shape parameter is calculated by taking the average value in a group. Thirdly, the “region of influence”
approach, developed by Burn [10], is based on the identification of a region of influence, which consists of
sites with similar flood generation processes, and a weight must account for each site in the estimation of
the quantiles. Another technique of regionalization is the hierarchical regions method [11], which defines
first large regions wherein the coefficient of skewness is considered constant, and these regions are
further divided into subgroups, wherein the coefficient of variation is supposed constant, as well. Then, a
relationship is defined between the location parameter of the distribution and the climatic/physiographic
characteristics. In the fractional membership method proposed by Wiltshire [12], the sites are assumed to
have a fractional membership in many regions, rather than belonging to a particular region, and the
parameters of the flood distribution can be estimated via a weighted average of the corresponding
estimates for different regions. Bayesian methods have been applied to include regional information in
flood frequency analysis [13,14,15]. In these methods, regional information is first used to define a prior
distribution, which is further modified based on observed data at sites to provide a posterior distribution.
PRECs were suggested by Castellarin [16] to estimate design floods at ungauged basins. In this approach,
it is assumed that the flood frequency is homogeneous, and the flood quantiles are normalized by the
drainage area (A) of the basin and then related to A by a double-logarithmic plot. Canonical correlation
analysis (CCA) has been used for the purpose of regional flood frequency estimation [17,18]. CCA is a
multivariate statistical method that permits establishing the interrelations that may exist between two
groups of variables by identifying the linear combinations of the variables of the first group that are the
most correlated to some linear combinations of the variables of the second group [18]. Table 1
summarizes the advantages and disadvantages of some procedures of RFFA.

In this study, a RFFA has been performed for the VRB, West Africa. This is important because
accurate at-site frequency analysis for the majority of the sites in the VRB is actually a great challenge due
to the lack of flow gauging stations on many rivers and the short length of the available daily discharge
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data. More
L-moments [19].

specifically, the paper applied the index flood methods based on

The main aim of this study is to determine appropriate flood frequency distributions that enable
adequate estimation of design floods in the VRB. Particularly, three research questions relevant to the
development of a flood frequency model are investigated: (i) what are the best probability distributions of
describing annual maximum discharges (AMAX) in the VRB context? (ii) What are the best multi-

regression models that could be used for estimating AMAX, particularly at ungauged sites in the study

area? (iii) What are the characteristics of AMAX in the VRB?

Table 1: Pros and cons of some regional flood frequency estimation methods. RFFA, flood frequency

analysis.

RFFA Methods

Advantages

Disadvantages

Index flood method

Regional shape estimation

method

Region of influence method

Hierarchical approach

Fractional membership approach

Bayesian method

Probability regional envelope

curves

Canonical correlation analysis
method

The multiplication of regional
estimate with at-site statistic
reduces the uncertainties
associated with regionalization.
This method is more effective
when higher-order L-moment
ratios are equal at each site.
The explicit construction of a
region is not necessary.
This method uses more
information to estimate the

distribution parameters.

The explicit construction of a
region is not necessary.
This model accounts for sources
of uncertainty, and the
homogeneity of the sites is not
required.

This method is more effective to
estimate very high flood
quantiles.

Possibility to predict multiple
dependent variables from
multiple independent variables.

This method is sensitive to the
homogeneity assumption and the

formation of regions.

The conditions for good
performance of this method are
not physically plausible.

It is difficult to define the
appropriate weights

This method may produce abrupt
changes in the parameters from

one site to another.

It is difficult to define the
appropriate weights
The prior distributions of
parameters are not precise and
do not add more precision to the
estimates [3]

The logarithmic transformations
may introduce biases in the
estimates.

One is constrained to identify
linear relationship, which may

not be reasonable.

2. Methodology

In this study, we apply the index flood method based on L-moments, as reported by Hosking and

Wallis [19]. The methods used in the present study are articulated in five steps: (i) screening of the data;
(ii) identification of homogeneous groups; (iii) selection of the regional flood frequency distributions; (iv)
development of regional growth curves; and (v) development of prediction equations for the mean
annual flood.
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2.1. Study Area and Data

The present study is carried out in the Volta River Basin (VRB) of West Africa. Its geographic
coordinates range from 5°30"W-2°00"E longitude-5°30'N-14°30'N latitude. The VRB covers a total area of
about 400,000 km?, and it is drained by four main rivers, namely the Black Volta, White Volta, Oti and
Main Volta rivers (Figure 1). According to Amisigo [20], the mean annual discharge of the Black Volta
River near its source is around 0.4 km? the mean annual discharge of the White Volta River is about 0.2
km? downstream of its source; and the Oti River joins the Main Volta with a flow of about 12.7 km?/year.
In addition, the actual study sites are located upstream of the large Volta Lake created by the Akosombo
Dam in Ghana. Twenty three flow gauging stations were selected for this study and the main criteria
used to choose the sites were based on the length of record periods (minimum of thirteen years) and
continuity (no consecutive gaps). Specifically, the AMAX were obtained for the years 1950-1973 for the
White Volta and Black Volta from Moniod et al. [21] and for the years 1959-1990 for the Oti River. The
mean annual precipitation values (1956-1974) for the sites of the White and Black Volta sub-basins were
obtained from Moniod ef al. [21], while some mean annual precipitation values (1975-2007) for the Oti
River sub-basin were computed based on observed daily rainfall data. Table 2 and Table 3 show
respectively the inter-site correlation of the AMAX and characteristics of the sub-basins (sites) used in this
study.

2.2. L-Moment

L-moments are improvements over ordinary product moments. They are used to characterize the
shape of a frequency distribution and estimate the parameters of this distribution, especially for a small
size of environmental data [19]. For a detail description of L-moments, the reader is referred to Hosking
[22]. The sample L-moments can be estimated using Equation 1 [22]:

r
b= ) Py b (1)
k=0

P}, and b, are given in Equations 2 and 3, respectively. [.,; is the (r + 1)-th L-moment of

o= o () (1) @

n_lzn:((j— DG=2).(G—1)
j=1

the sample.

b, =

n—Dn—-2).(n—1) 7 (3)

where x;, for j=1,...,n, is the ordered sample and 7 is the sample size. Moreover, in RFFA based on L-
moments, L-moments ratios of the sample are estimated using Equation 4:

L
=1 (4)
2

where t, is the r-th sample L-moment ratio and I, is the r-th sample L-moment. Specifically, the sample L-
coefficient of wvariation (L-cv) is t = [,/l;, while the sample L coefficient of skewness
(L-skew) is t3 = l3/l,, and the sample L-coefficient of kurtosis (L-kur) is t, = 1, /1, [22].
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Figure 1. Location of the study area and the flow gauge stations.
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Table 2. Inter-site correlation of annual maximum discharges (AMAX) in the Volta River Basin

Inter-Site Correlation

Stations Periods
Squared (R?)
Nwokuy, Boromo 1955-1973 0.19
Boromo, Lawra 1955-1973 0.06
Lawra, Bui 1954-1973 0.01
Bui, Bamboi 1954-1973 0.01
Yakala, Nangodi 1958-1973 0.10
Nangodi, Nakpanduri 1958-1972 0.37
Nakpanduri, Pwalugu 1958-1972 0.21
Pwalugu, Yagaba 1958-1973 0.00
Yagaba, Nawuni 1958-1973 0.00
Nawuni, Yapei 1953-1967 0.00
Tiele, Porga 1963-1973 0.21
Porga, Mandouri 1963-1979 0.00
Mandouri, Borgou 1960-1979 0.00
Borgou, Mango 1960-1987 0.00
Mandouri, Mango 1959-1979 0.01
Mango, Titira 1962-1987 0.11
Titira, Naboulgou 1962-1987 0.62
Naboulgou, Koumangou 1962-1987 0.00
Koumangou, Lama-Kara 1959-1987 0.03
Lama-Kara, Saboba 1959-1987 0.00
Mango, Saboba 1959-1989 0.00
Saboba, Sabari 1959-1990 0.71

2.3. Data Screening

In order to check for errors in the data, outliers and trends, the discordancy measure (D;) for a site i
as shown in Equation 5 was applied to the AMAX series of the 23 gauge stations in the VRB. The critical
value of D; depends on the number of sites (N). For N > 15, Di must be less than or equal to 3.0 for the site
to be considered in the RFFA; otherwise, it is deleted from the dataset [19].

1 _ _ _ _
D; :gN(Ui—U)T[(Ui—U)(Ui—U)T]_l(Ui—U) (%)

where U is the vector of L-moments and N is the number of sites. U is an average of U.
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Table 3. Site characteristics used in the RFFA. L-cv, L-coefficient of variation; L-kur, L-coefficient

of kurtosis.

Area Main Sample
Number Site Name River (kem?) Slope Length L-cv.  L-skew L-kur
(%) (year)

1 Nwokuy Black Volta 14,800 0.70 20 0.20 0.06 0.24
2 Boromo Black Volta 35,000 0.40 19 0.15 0.01 0.06
3 Lawra Black Volta 66,820 1.10 23 0.23 0.15 0.10
4 Bui Black Volta 96,000 1.47 20 0.26 0.25 0.30
5 Bamboi Black Volta 134,200 0.11 24 0.25 0.20 0.19
6 Yakala White Volta 31,680 1.19 18 0.22 -0.03 -0.04
7 Nangodi Red Volta 11,570 1.41 16 0.25 0.03 0.10
8 Nakpanduri ~ White Volta 1530 1.47 15 0.23 -0.05 0.04
9 Pwalugu White Volta 63,350 1.09 16 0.22 0.00 0.07
10 Yagaba White Volta 10,600 0.45 16 0.26 -0.23 0.11
11 Nawuni White Volta 92,950 1.05 21 0.13 -0.31 0.20
12 Yapei White Volta 102,170 1.11 17 0.19 0.04 0.09
13 Tiele Magou 836 1.56 13 0.17 0.21 0.16
14 Porga Pendjari 22,280 0.33 27 0.28 0.13 0.13
15 Mandouri Oti 29,100 0.80 21 0.21 0.01 -0.03
16 Borgou Sansargou 2280 0.99 28 0.31 -0.03 0.06
17 Mango Oti 35,650 0.33 37 0.32 0.23 0.07
18 Titira Keran 3695 0.89 26 0.31 0.06 -0.04
19 Naboulgou Keran 5470 1.153 26 0.19 0.01 0.06
20 Koumangou Koumangou 6730 0.70 29 0.14 -0.03 0.19
21 Lama-Kara Kara 1560 2.52 34 0.26 0.06 0.06
22 Saboba Oti 53,090 1.44 32 0.24 0.11 0.01
23 Sabari Oti 58,670 0.49 32 0.28 0.10 0.01

2.4. Identification of Homogeneous Groups

2.4.1. Cluster Analysis

The aim of the cluster analysis is to partition data into clusters in a way that sites belonging to the
same cluster are similar regarding their climatic/physiographic characteristics. In this study, Ward’s
algorithm [23] is used to form clusters with respect to the mean slope and drainage area of the basins,
because this method is able to produce homogeneous clusters that have approximatively the same size.

Ward’s method is a hierarchical clustering that uses the increase in the total within-group sum of
squares as a result of joining groups. The application of the hierarchical clustering was based on the
standardized Euclidean distance (d), which is given by Equation (6) [24]:

T
2 — -1
d*(p, @) = (xp—xg)D 7 (xp—xg) ©)
where x, and x, are the coordinate of sites p and ¢ in the physiographic space and D~'is a diagonal
matrix. Since the variables are expressed in different units, each coordinate in the sum of squares is
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inverse weighted by the sample variance of that coordinate in order to eliminate the scale effects between
the variables [24]. In addition, the within-group sum of squares (GSS) of a cluster is defined as the sum of
the distance between all objects in the cluster and its center of gravity. It can be expressed by Equation (7)
[24]:

nr
GSS, = Z d?(x,; — X,) (7
i=1

where n, and ¥, are respectively the size and the centroid of cluster 7.

According to Hosking and Wallis [19], the results from the cluster analysis need not, and usually
should not, be final. Many types of subjective adjustment of groups may be useful to improve the
homogeneity of the clusters. In this study, a few sites were moved from one cluster to another, and one
site was deleted after the cluster analysis in order to improve the homogeneity of the groups.

2.4.2. Homogeneity Test

To identify the homogeneous groups, a homogeneity test was first applied to the Volta River Basin
as a single region and secondly to the clusters. The principle of the homogeneity test is to compare the
observed variations in L-moments ratios for the sites in each region with the ones that would be expected
for a homogeneous region [19]. The variations in L-moments are computed as the standard deviation of
at site L-cv weighted proportionally to the data length at each site. In order to ascertain what would be
the variation in L-moments ratios for a homogeneous region, the
four-parameter kappa distribution is fitted to the regional average L-moment ratios to generate a large
number (greater than or equal to 500) of Monte Carlo simulations. The kappa distribution is chosen
because it is a generalized distribution that produces many distributions as particular cases of the
parameter values [19]. The heterogeneity measure, H; (j =1, 2, 3) is given by Equation 8:

Vi_u,.

]—Fv;j

H; = 8
= ®)

where H; is the heterogeneity measure based on observed Vi, which is the weighted standard deviation
of t values, H, is the heterogeneity measure based on observed V:, which is the weighted standard
deviation of (t/t3) distance, H; is the heterogeneity measure based on observed Vs, which is the weighted
standard deviation of (ts/ts) distance, and My, and oy, are the mean and standard deviation of the
simulated values of Vj. According to Hosking and Wallis [19], a group is “acceptably homogeneous” if
H; <1, “possibly heterogeneous” if 1 < H; <2 and “definitely heterogeneous” if H; >2.

2.5. Selection of the Regional Flood Frequency Distribution

The next step after the formation of homogeneous groups is to choose the best distribution for each
homogeneous group. The selection of the distribution that will yield the accurate quantiles was thus
carried out in this work by first applying the L-moment diagram method to the homogeneous groups. L-
moment diagrams are useful for evaluating which distribution(s), among a suite of possible models,
provides a satisfactory approximation to the distribution of a particular hydrologic variable in a region
[25]. In L-moment ratio diagrams, the sample L-skewness versus the sample L-kurtosis is plotted on a
graph with the theoretical L-moment ratios of the candidate distributions. On these diagrams, a three-
parameter distribution is plotted as a line, and the best distribution is the one whose line is closer to the
majority of the sample data. Nevertheless, the graph may not have a good power of discrimination when
many probability distributions are suitable for the sample data in L-moment ratio diagrams. For this

115



Appendix la

reason, a numerical goodness of fit test, called the Z-statistic, is secondly applied to choose the best
frequency distributions. This numerical test is based on the comparison between sample L-kurtosis and
population L-kurtosis for the selected theoretical distributions. The test statistic, called ZP*¢, is defined in
Equation 9 as follows:

ZDist — (TfiSt _ ti? + 34)/0.4 (9)

where D;,; refers to a particular distribution, 75 ist is the L-kurtosis of the selected distribution, tX is the

regional weighted average of sample L-kurtosis and B, and g, are respectively the bias of t§ and the
standard deviation of sample L-kurtosis. For each of the groups, a kappa distribution with its parameters
estimated from the fitting of the distribution to the regional average L-moments ratios is used to simulate
a large number of realizations for the same region. The frequency distribution that has the smallest
absolute ZP%t is chosen as the best among other possible frequency distributions. At a confidence level of
90%, the critical value of absolute ZP%* is 1.64 [19]. Finally, quantile-quantile plots were used to compare
the estimated quantiles and the observed flood values and to check the validity of the estimates provided
by a fitted theoretical distribution. Five three-parameter theoretical distributions, namely the generalized
logistic distribution (GLO), the generalized extreme value distribution (GEV), the generalized Pareto
distribution (GPA), the generalized normal distribution (GNO) and the Pearson Type III distribution

(PE3), were considered in this study.

2.6. Development of Regional Growth Curves

In an RFFA using the index flood approach, a relationship is established between a flood quantile of
a given return period Q (T), and an index flood (taken as the mean AMAX series, Q,,) by introducing a
regional growth curve, g .This relationship is shown in Equation 10:

Q(T) = qr™Qm (10)

T is the return period. Moreover, q; depends only on the parameters of the frequency distribution and
the return periods. For instance, gz for the GPA distribution is given in Equations 11 and 12, while
Equations 13 and 14 show the expressions of g for the GEV distribution.

ar=e+E[1-(2) ] fork = 0 (11)

qr = & — alog (7) for k = 0 (12)
P %{1 ~[tog (%)]k} fork # 0 (13)
Gr = € — a{lag [—log (%)]} fork =0 (14)

where a, € and k are, respectively, the scale, location and shape parameters of the distributions.

2.7. Development of Regression Models

In order to estimate the flood quantile for a given return period, the value of the index flood (Q,,) is
needed. Because of the dearth of observed discharge data at the ungauged basins, Q,, cannot be
calculated. In this case, a regression model between @, and physiographic or climatic basin descriptors,
such as the drainage area, slope, altitude and mean annual precipitation (depending on data availability),
is often used to estimate the index flood at ungauged sites, because the variation in flow discharges is
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related to the variations in physiographic and climatic characteristics of the basin. Usually, the study area
is split into regions that are not necessarily homogeneous [26]. In this study, regression models were
estimated  separately for the White and Black Volta basins and the Ot
River Basin.

Furthermore, a stepwise multi-regression with the forward selection method has been used to
choose the best regression models. This method adds one independent variable at a time, which increases
the coefficient of determination (R?) value of the regression. We started with the drainage area (A) of the
basins in the equations. Then, other independent variables, such as mean slope (S), mean annual
precipitation (P) and, elevation, are checked one at a time, and the most significant is added to the model
at each stage. The procedure was terminated when all of the independent variables not in the equations
have no significant effect on R2.

3. Results and Discussion

Figure 2 gives the discordancy measures of the sites. It appears that only Site Number 11 is
discordant with a Di value of 3.36, and it was consequently deleted from the dataset. In addition, treating
first the whole VRB as a single region, the values of the different heterogeneity measures H,, H, and H;
obtained were respectively 4.11, 3.02 and 2.77. Therefore, the VRB is “definitely heterogeneous”, and
homogeneous groups need to be formed.

4
3.
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Threshold of discordancy

2a5
a 2
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Figure 2. Discordancy measure (Di) of the different gauge sites

3.1. Formation of Homogeneous Groups.
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Figure 3 and Table 4 show the results of the cluster analysis. It can be seen from Table 4 that Cluster
1 is “acceptably homogeneous”, whereas Clusters 2 and 3 are “definitively heterogeneous”.
Consequently, the clusters were adjusted to obtain the final groups shown in Table 5. It should be noted
that the final groups are all “acceptably homogeneous”.

o
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27 —&—  Cluster 1
i |
o~ —#¥— Cluster 2
E 8
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3 §
©
& 8 m #*
T O
£ 9
E T3] amn * En
=) ]
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0.0 0.5 1.0 15 20 25 30
Mean slope (%)
Figure 3. Formation of three groups through the cluster analysis.
Table 4. Characteristics of the initial clusters.
Number of .
Clusters ) H: H: Hs Homogeneity
Sites
6 0.44 -0.32 0.39 Homogeneous
10 4.48 3.19 2.69 Heterogeneous
3 6 1.65 2.30 3.03 Heterogeneous
Table 5. Homogeneity measure of the final groups.
Number of .
Groups Sit H H: Hs Homogeneity
ites
A 7 0.12 0.29 0.43 Homogeneous
B 7 -2.02 0.70 0.98 Homogeneous
C 7 -0.21 -1.34 -0.37 Homogeneous

In addition, the location of the final homogeneous groups is shown in Figure 4. One can notice that
all the sites of Group A are situated in the Oti River Basin, while those of Group B are located in the
White and Black Volta basins. The sites of Group C are scattered in the White Volta, Black Volta and Oti
basins. Similar results were found by Burn and Goel [27], who confirmed that in RFFA, the catchments of
a given homogeneous region may not be geographically contiguous, but similar in terms of their flood
generation processes.

118



Appendix la

FOTW Torw v s
A A A A
1449107 N k14 0N
Black Volta
*H
6k % @3
10°00°NA IO OUN
170 85 0
L TN
Kiameters
600N FOOUTN
L4 L A\l L)
FOrW 200w 1 VUYE

Figure 4. Location of the final homogeneous groups (for the site characteristics; please see Table 3)

3.2. Selection of Appropriate Distributions

The choice of the appropriate distribution for each group is based on L-moment ratio diagrams, Z-
statistic tests and quantile-quantile plots. First, Figure 5 shows the L-moment ratio diagrams for the
homogeneous groups. It may be noted that the maximum of sample sites lies close to the GPA
distribution line for Group A, whereas the sample sites are closer to the GEV and GPA distribution for
both group B and Group C. Secondly, Table 6 summarizes the Z-statistic values of the appropriate
candidate distributions for the homogeneous groups. In this table, it is observed that only the GPA
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distribution has the absolute value of the Z-statistic less than 1.64 for Group A and the GEV distribution
has the lowest absolute value of the Z-statistic, which is less than 1.64, for both Group B and Group C.
Hence, the GPA distribution can be considered as the regional distribution for
Group A, while the GEV distribution is acceptable for both Groups B and C. These results are confirmed
by the quantile-quantile plots for which the points lie approximately on the 1:1 line
(Figure 6).
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Figure 5. L-moment ratio diagrams for the homogeneous groups. GLO: generalized logistic distribution;
GEV: generalized extreme value distribution; GPA: generalized Pareto distribution; GNO: generalized
normal distribution; PE3: Pearson Type III distribution.

Table 6. Z-statistic values of the homogeneous groups.

Distribution Group A Group B Group C
Generalized Pareto distribution 0.55 -2.57 -3.57
Generalized extreme value distribution 4.29 0.39 0.15
Pearson Type III distribution 4.20 0.40 0.55
Generalized normal distribution 4.45 0.52 0.56
Generalized logistic distribution 6.67 1.87 2.04

120



Appendix la

Group A (GPA) Group B (GEV) Group C (GEV)
o o Q /
™ ™ / ™ y,
/ /
o | o | o/ o | /
o o~ oF o~ 7/
o/" “,"
T o T o / T o 4
@ - @ - / @ - y
g o g o gp g o p
@ @ / @ 4
g © g o g 0
E E E
2 q 2 Q. 2 o
&g = & g =
v o | n
o o o
o | /8 o _| ? o _|
o o o
T T T T T 1 T T T T T 1 T T T T T 1
0.0 1.0 20 3.0 0.0 1.0 20 3.0 0.0 1.0 2.0 3.0
QT/Qm (estimated) QT/Qm (estimated) QT/Qm (estimated)

Figure 6. Quantile-quantile plots of the fitted frequency distributions for the three groups. GPA:
generalized Pareto distribution; GEV: generalized extreme value distribution.

3.3. Flood Frequency Relationships

3.3.1. Regional Growth Curves

Table 7 and Figure 7 show respectively the quantile functions and the regional growth curves of the
homogeneous groups. Table 7 shows also the fitted parameters to the distributions selected. In order to
estimate the flood quantile for a given return period, Equation 10 is used. For the ungauged sites where
observed discharge data are not available to compute the index flood (@,,), the values of Q,, are estimated
via a multi-regression model.

Table 7. Quantile functions of the homogeneous groups.

Group Distributions and Their Parameters Quantile Functions
1 0.62
A GPA : € =025 a =122k =0.62 n=0.25 + 1.97{1 - }
0.12
~0.82+ 3.17{1 ~[etn (22 }
B GEV:e=082 a=038Lk=012; - ()]
C GEV:e=088a=030k=023  qz=088+130{1—[-in (=17}
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Figure 7. Regional growth curves of the homogeneous groups. qg = Q(T)/Qm; with @, the index flood,
and Q(T), the flood quantile of return period T.

It can be seen from Figure 7 that the regional flood frequency curves for the different groups in the
Volta Basin are relatively flat. This result confirms the findings of Meigh et al. [28], who showed that
regional curves in West Africa and some regions affected by monsoon are “fairly flat”. Moreover,
Sutcliffe and Farquharson [29], cited in Meigh et al.[28], noted that a feature of many basins with flat
curves is that floods appear to be due to the accumulation of rainfall over a distinct wet season or
monsoon and that the date of the annual maximum flood is relatively constant from year to year. This
means that the peak flow is more likely to be related to the annual total rainfall, which is less variable
than storm rainfall [28].

3.3.2. Regression Models

Table 8 and Figure 8 show respectively the best regression models and the comparison between
estimated quantiles and the observed values of Q,,, (index flood). In these equations, A, P and S are
respectively the drainage area, the mean annual precipitation and the mean slope of the basins. The
powers associated with the area (0.61 and 0.8) are comparable to the findings of other similar studies,
such as Lim et al. [30] and Noto ef al. [31]. These values (0.61 and 0.8) are also reasonable because they
show that the mean specific discharge (Q,,/A) decreases with the area [32].

Table 8. Regression models for the estimation of the index flood at ungauged sites.

Sub-Basins Regression Models R?
Oti River Q,, = 10775041 40.61p2.42 0.96
White Volta and Black 0, = 3 x 10-65025 408p152 0.91
Volta i
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Figure 8. Diagnostic plots of the best regression models: (a) for the Oti River Basin and (b) for the White
Volta and Black Volta basins. The 1:1 line is the plot for reference.

In addition, Pandey and Nguyen [33] have shown that the non-linear optimization model is the best
method for estimating the power-form flood regionalization model when compared to linear regression
models. The same authors conclude that in terms of flood quantile prediction and parameter uncertainty,
the non-linear optimization model is the most robust when compared to the linear regression methods.
Consequently, the regression models obtained are suitable to estimate index floods for regional flood
estimation in the Volta River Basin.

4. Conclusions

Flood fatalities in West Africa have increased during the last two decades. Thus, efficient flood risk
management is urgently needed to reduce the vulnerability of the local population. The first step in any
flood management project is to determine the relationship between peak flows and the associated return
periods. However, the estimation of flood values with high recurrence intervals, such as extreme floods,
for a site of interest poses a great challenge in the Volta River Basin due to the lack of sufficient
hydrological information.

We have presented a flood estimation procedure for the Volta River Basin in West Africa using
regional flood frequency analysis methods based on L-moments. This study represents a huge step
forward in the local context towards improvement of design flood estimates. The selection of the
appropriate frequency distributions was based on the identification of homogeneous regions using both
the clustering algorithm and statistical tests, L-moment ratio diagrams, quantile-quantile plots and a
numerical goodness of fit test (Z-statistic). It was found that GPA and GEV distributions are the most
robust flood frequency distributions among five candidate three-parameter distributions. In addition, the
relatively flat shape of the flood frequency curves may suggest that flood in the Volta River Basin is
caused by an accumulation of rainfall over the monsoon (rainy season), rather than by a storm rainfall.
Based on the acceptable results shown in this article, we conclude that the outcomes of this study can be
used to predict flood quantiles and the associated recurrence intervals. In addition, the design floods can
be used as inputs to hydraulic models to produce flood hazard maps for rivers within the Volta Basin.
Finally, due to the evidence of future climate change, further analyses are needed to understand the
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effects of climatic variables, such as rainfall, on the variability of L-moments of annual maximum floods
in the study area.
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Abstract: Flood damage in West Africa has increased appreciably during the last two decades. Poor
communities are more at risk due to the vulnerability of their livelihoods, especially in rural areas
where access to services and infrastructures is limited. The aim of this paper is to identify the main
factors that contribute to flood risk of rural communities in the Oti River Basin, Togo. A
community-based disaster risk index model is applied. The analyses use primary data collected
through questionnaires during fieldwork, the analytic hierarchy process (AHP) method, population and
housing census data and flood hazard mapping of the study area. The results showed a moderate level of
flood risk despite a high level of hazard and vulnerability for all investigated communities. In addition,
the results suggest that decreasing vulnerability through creation of new income-generating opportunities
and increasing capacity of communities to manage their own flood risk should be paramount in
order to reduce flood risk in the study area. The results of this work contribute to the understanding of
flood risk and can be used to identify, assess, and compare flood-prone areas, as well as simulating the
impacts of flood management measures in the Oti River Basin.

Keywords: community-based disaster risk index; AHP; flood hazard; flood vulnerability

1. Introduction

In many parts of the world, extreme floods have been observed and grave consequences on
ecosystems, human life and socio-economic activities have been reported. In the last two decades, floods
have caused extensive economic damage and loss of life throughout the world. For instance, floods in
September 2007 in West Africa caused 23, 46 and 56 deaths in Togo, Burkina Faso and Ghana,
respectively [1] and extraordinary floods occurred in 2010 in Pakistan and China [2]. Apart from the
effects of human-induced climate change, which is expected to exacerbate this dire situation, many
factors contribute to Africa’s high vulnerability to disasters, including a high rate of population growth,
high levels of poverty, inappropriate use of natural resources, and failures of policy and institutional
frameworks [3]. In addition, the main features that characterize an area vulnerable to flood hazards are
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the flat topography, the geological conditions, urbanization and poor draining networks [4]. Managing
flood risk is important to reduce the damage and adapt to the combined effects of climate and land use
changes. With risk defined herein as the probability of harmful consequences, or expected losses and
resulting from the interactions between natural or human-induced hazards and vulnerable conditions [5],
flood risk can then be managed by reducing the hazard (probability or magnitude) or by reducing the
vulnerability of the exposed population.

This approach to managing flood risk is based on the knowledge of the hazards and the physical,
social, economic and environmental vulnerabilities to floods that a population faces. Consequently,
efficient flood risk management is reliant on a priori assessment of flood hazards. Such assessments give
insights into what can be expected, and therefore open up the discussion on how to tackle such situations
[6]. Moreover, flood hazard assessment is indispensable for the development of policies and plans to
mitigate flood risk [7]. A risk assessment is a methodology to determine the nature and extent of risk by
analyzing potential hazards and evaluating existing conditions of vulnerability that could pose a
potential threat or harm to people, property, livelihoods and the environment on which they depend [5].
Depending on data availability, the scale of application and the purpose of the risk assessment, several
methods have been used to assess flood risk over the last decades. For instance, Ward et al. [8] developed
and validated a model cascade to assess flood risk at the global scale. The cascade included hydrological
and hydraulic modelling, extreme value statistics and estimation of annual expected impacts. Because of
the small time required for the simulations and the good performance of the model cascade, the authors
conclude that it could be used to carry out assessment of changes in flood risk. Remote sensing and
Geographic Information System (GIS) were used for the delineation of flood zones for flood risk analysis
in Ghana [9]. Musungu et al. [10] proposed a methodology of integration of community-based
information into a GIS for flood risk assessment of an informal settlement in Cape Town (Republic of
South Africa) and Guarin [11] integrated local knowledge into GIS-based flood risk assessment of
Triangulo and Mabolo communities in Naga city (Philippines). A Community-Based Disaster Risk Index
(CBDRI) approach, developed by Bollin et al. [12], was applied by Adeloye et al. [13] to assess flood risk
and vulnerability of rural communities in Malawi (South Africa) and the German Technical Cooperation
Agency (GTZ) to assess disaster risks in Africa, Asia, Caribbean, Central America and South America
[14]. The CBDRI model was chosen in this study because it can be applied in data sparse areas where data
for conventional flood risk assessment are missing.

Traditionally, flood risk is expressed in terms of expected damages and likelihood of occurrence. The
flood damage is combined with information on the probability of the flood event and then plotted as
return period-damage curve [15, 16]. However, the results obtained using this method would provide
neither sufficient information nor the required level of detail for input into flood risk reduction strategies.
In addition, the use of damages to assess flood risk suffers from data scarcity, particularly in developing
countries where data are usually scarce. The reason is that disaster-related damage figures are not
systematically recorded and are often under-recorded, even in developed countries [17, 18]. According to
Birkmann [17], highly exposed regions, with high poverty levels and subject to repeated and catastrophic
floods, may not necessarily register significant deaths or damage, although these factors make such
places highly risky. Moreover, since mortality and damage figures are obtained from actual events, the
use of damage assesses actual vulnerability but potential vulnerability is ignored [18].

This study aims at assessing fluvial flood risk of seven rural communities in the study area.
Specifically, three research questions are investigated: (i) what are the major factors that contribute to
flood in the studied communities? ; (ii) what are the level of flood risk in the Oti River Basin? ; and (iii)
what type of measures are required to reduce flood risk in the basin?

This study performs an integrated flood risk assessment for rural communities of the Oti River Basin
in Togo, West Africa. This is important because this basin is subject to frequent flooding, and it is the first
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time to analyze flood risk in this area. This methodology can be used to support decision-making on
possible measures that can be taken and to prioritize areas where actions are required.

2. Materials and Methods

2.1. Study Area

In this study, seven communities of the Oti River Basin in Togo (Figure 1a) are investigated. The
climate of this area is tropical semi-arid and is characterized by a rainy season starting from April to
October with the maximum rainfall occurring in August (Figure 1b) and a dry season from November to
March. With a poverty rate of more than 90% (Table 1), these communities are the poorest in the country.
Their livelihoods are derived from subsistence farming, animal husbandry and informal labor, all of
which are threatened by the impacts of climate change. Most of the dwellings in the studied area are
informal self-housing units, poorly planned and made of mud walls, wooden doors and windows.
Consequently, many buildings collapse from the force of the flood water.

Heavy rainfall in September 2007 caused the worst flood that Oti River Basin had ever faced.
According to the International Federation of Red Cross and Red Crescent Societies (IFRCRCS), by
September 2007, 25 people were killed and 97 people were critically injured [19]. In recent years, the most
damaging floods were experienced in 2008, 2010 and 2012.
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Figure 1. (a) location of the study area; and (b) climate diagram at Mango from 1980 to 2010.
Table 1. Socio-economic characteristics of the selected communities.
Characteristics Tambigou Borgou Tchamonga Tchanaga Mango Mogou Sadori
Density ! (habitants per km?) 16 17 11 8 29 17 12
Area (km?) 164 630 298 267 342 432 156
Literacy level (%) #* 25 21 18 31 81 22 31
Poverty level (%) 2 96.7 96.3 95.9 95.8 40.8 96.2 96.5
Area under forest (% of total area) 21 9 8 24 30 18 71
Rate of access to safe drinking 7.8 10.8 42.6 1.5 84.1 39.1 2.3
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water (%) 2
Area prone to flood (% of total
25 12 19 24 29 18 38
area)

Number of housing units ! 818 3441 1031 582 2808 2309 459

T Source: DGSCN [20]; 2 Source: Coulombe et al. [21]; * Literacy level is defined as the percentage of adult
population that can read.

2.2. Conceptual Framework of the Study

This study applies the CBDRI system, which characterizes the risk of natural disaster via four
factors, namely: hazard, exposure, vulnerability, as well as capacity and measures (Equation (1)):

R=f(HV,ECQ), (2)

where R is the flood risk index and H, V, E, C are indices for hazard, vulnerability, exposure as well as
coping capacity, and f denotes the function. In this study, a set of 37 indicators are used to quantify the
risk index for a given community (Table 2). All indicators for each of the four factors are integrated into

one index (e.g., hazard index).

Table 2. The selected factors and indicators used in the analysis (modified from Bollin et al. [12]).

Factor Component Indicator Name Indicator
HAZARD
(HT) Occurrence (experienced events) Frequency of events in the past 30 years
Probability . . .
ccurrence (possible events robability of possible events. Chances per year
(H2) O (possibl ts) Probability of possibl ts. Ch per y
5 ) (H3) Intensity (experienced events) Intensity of the worst event in the past 30 years
everi
v (H4) Intensity (possible events) Expected intensity of possible events
EXPOSURE
(E1) Number of housing units Number of housing units (Living quarter)
Structures
(E2) Lifelines % of homes with piped drinking water
Population (E3) Local gross domestic product Total locally generated GDP in constant currency
Economy (E4) Total resident population Total resident population
VULNERABILITY
(V1) Density People per km?
) (V2) Demographic pressure Population growth rate
Physical/Demograph . . .
. Homes in hazard prone area (ravines, river banks,
ic (V3) Unsafe settlement
etc.)
(V4) Access to basic services % of homes with piped drinking water
(V5) Poverty level % of population below poverty level
(V6) Literacy rate % of adult population that can read and write
Social (V7) Attitude Priority of a population to protect against a hazard
L Portion of self-generated revenues of the total
(V8) Decentralisation
budget
(V9) Community participation % of voter turnout at last commune election
) (V10) Local resource base Total available local budget in USS
Economic

(V11) Diversification

Economic sector mix for employees
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(V12) Stability % of businesses with fewer than 20 employees
(V13) Accessibility Number of interruption of road access in last 5 years
Environmental (V14) Area under forest % Area of the commune covered with forest
CAPACITY and MEASURES
(C1) Land use planning Enforced land use plan or zoning regulation
Physical planning (C2) Preventive structure Expected effect of impact-limiting structures
and engineering . Measures that promote and enforce nature
(C3) Environmental management .
preservation
(C4) Public awareness programs Frequency of public awareness programmes
(C5) School curricula Scope of relevant topics taught at school
. . (C6) Public participation Emergency committee with public representatives
Societal capacity . )
(C7) Access to local emergency funds Release period of national emergency funds

Economic capaci
pacity (C8) Access to international ) .
Access to international emergency funds
emergency funds

(C9) Insurance market Availability of insurance for buildings
(C10) Risk management committee Meeting frequency of a commune committee
(C11) Risk map Availability and circulation of risk maps
M tand (C12) Emergency plan Availability and circulation of emergency plans
anagement an
. t'tut'g i " (C13) Early warning system Effectiveness of early warning system
institutional capaci
pacty (C14) Institutional capacity building Frequency of training for local institutions

L Frequency of contact with district level risk
(C15) Communication o
institutions

2.3. Data Collection

The application of CBDRI method requires a questionnaire (Table S1) to be administrated at the
commune level. In total, seven communities—Sadori, Mango, Mogou, Tchamonga, Tchanaga, Tambigou
and Borgou (Figure 1a) in the Oti and Kpendjal prefectures of Togo —were selected for this study because
of their proximity to the Oti River. In each community, one questionnaire was completed. In order to get
reliable information, only knowledgeable people (members of the local development committee, formal
community leader, teacher, etc.) were contacted to fill out the questionnaire. However, some data such as
population density (V1), population growth rate (V2), number of housing units (E1) access to basic
services (V4) and literacy levels (V6) were obtained from Population and Housing Census data of 2010
[20] and literature. In addition, the percentages of forested area for each community area and flood-prone
areas were derived from the FAO (Food and Agriculture Organization) land cover database [22] and
NASA MODIS data, respectively. Since the data regarding the hazard factor should be obtained from
scientific sources [12], the information on the experienced flood hazards was obtained from the literature
while the probability and severity of the possible flood hazard (H2 and H4 ) were obtained through flood
hazard mapping of the Oti River Basin.

2.4. Estimation of the Vulnerability, Exposure, Capacity and Measure Indices

To assess the vulnerability, exposure, as well as capacity and measures indices of a risk index for a
given community, many steps were followed. The first step consisted of making the different
measurement of each indicator (e.g., 10,000 residents, 10% literacy level) comparable using a scale. The
scaling was done by assigning a score (S) of one, two or three according to the level of the indicator —low,
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medium, or high, respectively. A zero value was given if the indicator does not apply for a commune. In
a second step, the scores are multiplied by a specific weight (W) of each indicator. The CBDRI model was
developed in such a way that the total sum of weights for each of the four factors is equal to 3, so that the
factor indices range between 0 and 10. Finally, separate indices were calculated for each factor using the
following linear Equations (2)-(5):

V = WviSvi + Wva2Svz + WvaSvs + ...... + WvaSva, (2)
E = WE1SE1 + WE2SE2 + WEsSEs + WE4SEs, (3)
C=WaSct + WSz + ... + WesSezs, 4)

H = WriSH1 + WH2SH2 + WH3SH3 + WHaSH3, 5)

where V, E, C and H are the values of the vulnerability, exposure, capacity and measures indices and
hazard, respectively; Sxi refers to the scaled value of the indicator for Xi, and Wxi is the weight applied to
the indicator Xi.

2.5. Estimation of the Indicator Weight

In the present study, the analytical hierarchy process (AHP) method was employed to compute
weights for the different indicators considered in the CBDRI model. The AHP method, which was
developed by Saaty [23], is a multi-criteria, mathematically based method which uses a set of pairwise
comparison matrices to estimate the relative importance of different criteria and alternatives, among
which the best decision is made. Saaty’s AHP model has attracted the interest of many researchers (e.g.,
[7,24-29]) because it has the advantage of incorporating a test for checking the consistency of a choice,
thus reducing the uncertainty in the evaluation process.

In order to compute the weights for each indicator, the AHP starts creating a pairwise comparison
matrix M = (B;;). Each numerical value B;; of M represents the relative importance of the ith indicator in
comparison with the jth indicator. If B;; > 1, then the ith indicator is more important than the jth indicator,
whereas if B;; <1, then the ith indicator is less important than the jth indicator. If two indicators have the
same importance, then B;; = 1. The numerical values satisfy the condition given in Equation (6) [23]:

Bij * Bjy = 1. (6)

Moreover, the relative importance between two criteria was measured based on a numerical scale
from 1 to 9 as follows: 1 =i and j are equally important, 3 = i is slightly more important than j, 5 =1 is
strongly important than j, 7 = i is very strongly more important than j, 9 =i is extremely more important
than j, and 2, 4, 6, 8 are intermediate values between the previous scales [23]. After building the matrix M,
anormalized pairwise comparison matrix was derived by dividing each value B;; by the sum of all values
of that column. Finally, the relative weight (W,yp) vector was estimated by averaging the values on each
row of the normalized pairwise comparison matrix. The AHP method requires all indicator weights to
satisfy the condition shown in Equation (7) [30]:

Z?=1 Wanp = 1. (7)

The AHP method provides the possibility to check consistency of the estimated weights. This is done
with the consistency ratio (CR), which is shown in Equation (8) [30]:

CR=CI/RI, 8)

where CI is the consistency index which is obtained by first computing the scalar A,,,, as the average of
the elements of the vector whose ith element is the ratio of the ith element of the vector (M*W,,p) to the
corresponding element of the vector W,y [30]. Then, CI is calculated using the Equation (9):
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where 1,4, is the largest eigenvalue of the matrix and 7 is the number of indicators. RI is a constant that
depends on n. When CR < 0.1, the evaluation is consistent, and reliable results can be expected from the

AHP model [23].

In this study, four pairwise comparison matrices (Tables 3—6) were constructed for the weight
estimations of the different indicators used in the CBDRI model. Furthermore, W,,, was multiplied by

Cl

Amax

n—1

three to get the final weights (W,;) of each indicator.

—n

]

)

Table 3. The weights estimated from the analytical hierarchy process model and the final weights for the
indicators of the hazard factor. For the definition of H1, H2, H3 and H4, see Table 2.

H1 H2 H3 H4 W anp W,

H1 1 1 1/3 2 0.2 0.6

H2 1/2 1 2 0.18 0.54

H3 3 3 1 2 0.47 1.41

H4 1/2 1/2 1/2 1 0.15 0.45
CR = 0.01

Table 4. The weights estimated from the analytical hierarchy process model and the final weights for the
indicators of the exposure factor. For the definition of E1, E2, E3 and E4, see Table 2.

F1 E2 E3 E4 W aup W,

El 1 2 2 1/3 0.22 0.66

E2 1/2 1 12 1/5 0.1 0.3

E3 1/2 2 1 1/3 0.15 0.45

E4 3 5 3 1 0.52 1.56
CR =0.02

Table 5. The weights estimated from the analytical hierarchy process model and the final weight for the
indicators of the vulnerability factor. For the definition of V1, V2...V14, see Table 2.

Vi V2 V3 V4 V5 V6 V7 V8 V9 VIO VII VI2 VI3 V14 Wuyp Wy
vi 1 1 12 2 12 3 2 3 2 1 2 3 2 2 010 03
V2 1 12 2 12 3 2 3 2 1 2 3 2 2 010 03
V3 1 3 2 5 3 5 3 2 3 5 3 3 017 051
V4 1 12 2 1 2 1 2 1 2 1 1 006 018
V5 1 3 2 3 2 2 2 3 2 2 012 036
V6 1 12 1 12 13 12 1 12 12 003 0.09
V7 1 2 1 12 1 2 1 1 005 015
V8 1 1 13 12 1 12 12 003 009
V9 1 12 1 2 1 1 005 015
V10 1 2 3 2 2 009 027
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V11 1 2 1 1 0.05 0.15

V12 1 1/2 1/2 0.03  0.09

V13 1 1 0.05 0.15

V14 1 0.05 0.15
CR=0.01

Table 6. The weights estimated from the analytical hierarchy process model and the final weights for the
indicators of the capacity and measure factor. For the definition of C1, C2...C15, see Table 2.

CI C2 C C& C C C7 C8 €9 CI0 CI1 CI2 CI3 Cld CI5 Wy Wy

C1 1 2 3 2 2 3 1 1 2 3 2 2 1/3 2 2 0.10 0.3
C2 1 2 1 2 2 12 12 1 2 1 1 1/3 1 1 0.06 0.18
C3 1 12 12 1 13 13 172 1 1/2 1/2 1/5 1/2 1/2 0.03 0.09
C4 1 1 2 12 12 1 12 1 1 1/3 1 1 0.05 0.15
C5 1 2 12 12 1 2 1 1 1/3 1 1 0.05 0.15
Cé6 1 13 13 12 1 12 1/2 1/5 12 12 0.03 0.09
c7 1 1 2 3 2 2 1/3 2 2 0.10 0.3
C8 1 2 3 2 2 1/3 2 2 0.10 0.3
c9 1 2 1 1 1/3 1 1 0.05 0.15
C10 1 12 1/2 1/5 12 12 0.03 0.09
C11 1 1 1/3 1 1 0.05 0.15
C12 1 1/3 1 1 0.05 0.15
C13 1 3 3 0.18 0.54
C14 1 1 0.05 0.15
C15 1 0.05 0.15

CR=0

2.6. Estimation of the Flood Hazard Index

In this study, the indicators of the experienced hazard (H1 and H3) were assessed by answering the
corresponding questions based on the literature (e.g., [31, 32]). In contrast, the possible hazard
components (H2 and H4) of the risk index were characterized in terms of the floodplain inundation level
of the 50-year flood, which were obtained through hydraulic modelling with the sub-grid model of
LISFLOOD-FP hydraulic model [33] and regional flood frequency analysis performed by Komi et al. [34].
The 50-year flood was chosen because it provides a plausible measure of flood-affected populations [35].
The application of the sub-grid solver of LISFLOOD-EP requires the specification of the streamlines of the
river, floodplain topography, river widths, river bank elevation, inflow hydrographs and downstream
boundary conditions. In addition, the sub grid channel solver of LISFLOOD-FP has four parameters,
namely: the Manning’s friction coefficient separately for channel and floodplain, the exponent (p), and
coefficient (r) of the hydraulic geometry. Due to the lack of detailed hydrological data, tributaries of the
Oti River Basin were not considered in the flood inundation modelling. For further details on the
calibration of LISFLOOD-FP hydraulic model, the reader is referred to Bates et al. [36]. Finally, the flood
hazard severity was estimated based on the categorization proposed by Dinh et al. [37] as shown in Table
7. Since each community area has many flood severity classes (FC) to a particular extent, an average flood
severity index (FSI) was used to estimate the average flood severity of a given community area. The FSI
takes into account the areal extent of a flood’s depth and was calculated using Equation (10) [13]:
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SE(FO) A,

FSI X
ie1 Ai

(10)

where Ai is the areal extent of the flood severity class i, n is the number of flood severity classes and (FC);
was represented by the mean depth of the flood severity class (Table 7). Then, the flood hazard index (H)
was estimated using Equation (5).

Table 7. Categorization of flood hazard severity [36].

Flood Depth (m) Hazardseverity Definition of Hazard Severity

0-0.2 Very low The damage to property is expected to be very low
The number of casualties due to floods, in terms of death or injuries,
0.2-0.5 Low is insignificant, and the damage to property is expected to be
relatively low
Causalities, in terms of death and injuries are considerable, relative
0.5-1.0 Medium
to the number of people living in the area under study.
Damage to property is extensive and the probability of having dead

1.0-2.0 High o
and injured people is high.

2.7. Estimation of the Flood Risk Index

To calculate the overall flood risk index (R) in the community based system, Equation (11) was used
[38]. In this equation, a constant coefficient of 0.03 was multiplied by each factor in order to maintain the
same scale between 0 and 10 as for the individual factor indices [12]:

R =0.03{H * V = E[0.1(1 — a)C + al}, (11)

where a is a constant (0< a < 1) used to reduce the total flood risk value and it is assumed to be 0.75 [38].
In addition, this equation is based on the conventional mathematical expression of risk as a convolution
of hazard, vulnerability and exposure. The coping capacity (C) was added as a reduction factor [38].
Finally, the values of the risk index were grouped into five categories (very low, low, moderate, high and
very high) as shown in Table 8.

Table 8. Categorization of the flood risk index used in this study.

Range of the Flood Risk Index Risk Zone
0-2 Very low
2-4 Low
4-6 Moderate
6-8 High
8-10 Very high

3. Results

3.1. Scores of the Indicators

As it is expected, there are differences in the scores assigned to some of the indicators in this case
study. For example, 57.15%, 28.57% and 14.29% of the studied communities score, respectively, low,
medium and high levels for ‘lifelines’ indicator and 14.29%, 57.15% and 28.57% of the communities score,
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respectively, low, medium and high levels for the ‘area under forest indicator’ (V14). However, these
communities have almost the same scores for many indicators, for instance those which characterize the
hazard and the social vulnerability. Moreover, the scores obtained for most of the capacity and measures
indicators are relatively low and consequently high for the vulnerability indicators. All communities
score low levels for many indicators of the ‘coping capacity factor (e.g., C2, C7, C9, C10, C11 and C12)
and high levels for many indicators of the vulnerability factor such as poverty level and literacy rate. The
low scores for the capacity and measures indicators highlight the insufficiency of social, economic and
institutional capacities to cope with extreme floods in the Oti River Basin (Togo).

3.2. Possible Flood Hazardousness

Figure 2 shows the 50-year flood hazard map simulated by the hydraulic model (LISFLOOD-EP).
This result is used to estimate the severity of the possible flood hazard (H4). When the set of thresholds
applied in Table 7 are considered, all community areas fall in the high flood severity category. Sadori has
the highest flood depth while Mango has the lowest (Table 9). This difference in simulated flood depth
can be explained by the spatial variability in the local topography and the soil property (permeability) of
the studied villages. In addition, it is worth noting that the flood depth in the communities may be higher
than simulated, given that flooding from tributaries was not considered in this study.

0°25'0"E 0°50'0"E

10°50'0"N- -10°50'0"N

10°25'0"N+ -10°25'0"N

. d Commune
Flood depth (m)
pm High: 3

8,600 17,200 25,800 Low: 0

Meters

1 1
0°25'0"E 0°50'0"E

Figure 2. Simulated 50-year flood map of the Oti River Basin in Togo.

Table 9. Averaged flood depth for the 50-year flood at the different communities in the Oti River Basin.
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Community Averaged Flood Depth (m) Severity
Borgou 1.57 High
Tambigou 1.53 High
Tchanaga 1.56 High
Tchamonga 1.54 High
Mogou 1.60 High
Mango 1.52 High
Sadori 1.62 High

3.3. Indices of the Risk Factors

Figure 3 shows the indices of the four factors that contribute to the risk in the CBDRI model. The
high level of hazard index can be explained by the repeated and catastrophic floods that have impacted
the communities of the Oti River Basin during the last two decades (1998, 2007, 2008 and 2010) and the
high level of simulated flood depth, while the observed elevated vulnerability index (V) is mainly due,
for instance, to the high poverty level of the communities, insufficiency of access to safe drinking water
and the little awareness of the majority of the community members regarding their own flood risk.

Borgou Tambigou Tchanaga Tchamoga  Mogou Mango Sadori

o

Factor index
N w =Y w [«)}

[

o

EH mE mV mC

Community
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Figure 3. Computed indices of the four risk factors for the different communities. C, H, V and E stand for
capacities, hazard, vulnerability and exposure indices.

3.4. Flood Risk Index

As it is shown in Table 10, flood risk in all studied communities is moderate when we consider the
classification shown in Table 8. This moderate level of flood risk is associated with a combination of high
indices of flood hazard and vulnerability and low indices of capacities and exposure. In addition, Mango
has the highest flood risk index (5.01), while the lowest flood risk index is estimated at Tambigou and
Tchanaga (4.36). The small difference (0.65) between the highest and lowest flood risk indices is an
indication of the relative homogeneity of flood risk across these communities.

Table 10. Flood risk index of the different communities.

Communities Borgou Tambigou Tchanaga Tchamoga Mogou Mango Sadori
Risk index 4.62 4.36 4.36 4.78 4.85 5.01 4.76

4. Discussion

In the present work, a community based disaster risk index system and a simulated 50-year flood
hazard map were used to assess quantitatively and qualitatively flood risk for rural communities of the
Oti River Basin in Togo (West Africa). Thirty seven (37) indicators of flood risk were considered for the
analysis and Saaty’s AHP (analytical hierarchy process) method was applied to estimate the weights of
the indicators.

The results showed that the hazard, vulnerability, coping capacity factors are the most important
factors in increasing flood risk in the study area. For instance, as shown in Figure 4, the hazard and
vulnerability indices are high in all the studied communities. The low index of capacity and measures
factor is associated with the insufficiency of the strategies and capacity to mitigate flood risk. For
instance, the people interviewed pointed out the absence of flood risk management committees at the
village level, non-access to local emergency funds and insurances for house owners. In addition,
education and culture of flood risk management are not part of the school curricula. Apart from Sadori,
Mango and Borgou, the investigated communities lack early warning systems and emergency plans for
floods, although advanced warning systems for floods are very helpful in reducing flood risk and
providing emergency response personnel time to prepare for and mitigate damages [39, 40].
Consequently, decreasing vulnerability and increasing capacity of the communities to manage their own
flood risk should be paramount in order to mitigate flood risk in the study area. For instance, due to the
high poverty level in the majority of the community areas (Table 1), creating diverse income-generating
opportunities could be essential to reduce the vulnerability of the local population. The results of this
study showed the need for non-structural measures to reduce the negative consequences of floods in the
study area. These measures include the implementation of advanced early flood warning systems for all
the flood-prone communes and public education about flood risk, real involvement of wide range of local
actors in national efforts to manage flood risks so that they can contribute as much as possible to the
reduction of flood risks in their own localities, and a creation of a culture of awareness in which the
population realises the negative impacts of floods on development. Moreover, actions to discourage
settlements in flood-prone areas and building codes to make houses more resilient to flooding are useful
to mitigate flood risk in the Oti River Basin.

Furthermore, the relative homogeneity observed in the majority of the vulnerability and coping
capacity is reasonable because the studied communities are almost the same in their social and economic
profiles as shown by their poverty levels (Table 1). In addition, their economic capacities for disaster risk
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management are also the same: all are funded by non-governmental organisation in the case of flood
disasters. They are managed at the top by a central government (lack of decentralization). For this reason,
a large difference in vulnerability and capacities in the Oti River Basin at the village scale is unexpected.

The presented flood risk indices summarize complex information about flood risk in a simple way
that is easy for non-experts to understand and use in flood risk management policies [12]. However, there
are some issues that need to be considered. First, the majority of the data are subjective as they were
collected from selected local residents. In addition, the results are dependent on the selected indicators,
their categorization, the set of thresholds and the spatial scale of application. Second, the selected
indicators are only a simplification of key elements of flood risks and vulnerabilities that we wanted to
measure. They are not real measures of these elements themselves. Finally, the return period associated
with the simulated flood hazard severity is 50 years. Given the significant contribution of the hazard
factor to the total flood risk, the results will differ if floods with lower or higher return periods than 50
years are considered.

5. Conclusions

The risk of riverine flood to community facilities in the Oti River Basin is expected to increase due to
the combined effects of climate change and land use changes, economic development and population
growth. In 2005, the World Conference on Disaster Reduction emphasized the necessity to incorporate
disaster risk assessment into rural planning and management in order to mitigate disaster risk [41]. This
study performed a comprehensive flood risk assessment of rural communities in the Oti River Basin of
Togo and identified the relative contributions of hazard, exposure, vulnerability, as well as capacity and
measure factors to flood risk. While the flood risk for all communities studied is moderate, there were
high levels of hazards, vulnerability and a lack of capacity and measures, whereas the exposure is
relatively low. The outcomes of this study provide community members as well as government officials
with empirical risks and vulnerability evidence. Consequently, the information provided by the
community-based disaster risk index system can be used to support decision-makers at local and national
levels in order to analyze and understand the flood risk to which a community is exposed. In addition,
periodic application of the proposed method can be a measure to examine the projects undertaken to
manage flood risks. In order to reduce flood risk in the Oti River Basin, decreasing vulnerability through
creation of new income-generating opportunities and increasing capacity of communities to manage their
own flood risk should be paramount.

Supplementary Materials: The following are available online at www.mdpi.com/link, Table S1: questionnaire used
in the Community-based Disaster Risk Index, modified from Bollin et al. [12].
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DGSCN  Direction Générale de la Statistique et de la Comptabilité Nationale (Togo).

FAO Food and Agriculture Organization.

GTZzZ German Technical Cooperation Agency.

IFRCRCS International Federation of Red Cross and Red Crescent Societies
IPCC Intergovernmental Panel on Climate Change.

ISDR International Strategy for Disaster Reduction.

NASA National Aeronautics and Space Administration (United State of America).
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Appendix 3.1

Appendix 3.1 Site characteristics used in the development of the regression models. The data in
boldface were obtained from Moniod et al. (1977). P is the mean annual rainfall, Q,,, is the mean
annual daily maximum discharge, A the area and S the mean slope.

Number | Site name Record P(mm) | Q,, (M%s) A (km?) S (%)
periods
1 Nwokuy 1954-1973 1,085 103.53 14,800 0.70
2 Boromo 1955-1973 850 126.23 35,000 0.40
3 Lawa | 1oc1 1073 | 005 591.78 66,820 1.10
4 BU | osa1073 | 060 1270 96,000 147
5 Bamboi | oc0 1g75 | 1345 | 132942 | 134200 0.11
6 Yakala | joccto7n | gay 341.83 31,680 1.19
7 Nangodi | oo 1o7a | 017 309.71 11,570 141
8 Nakpanduri 1958-1972 925 107.32 1,530 1.47
9 Pwalugu | joco107s | 1156 | 127456 | 63350 1.09
10 Yagaba | |g50 1973 1,156 316.21 10,600 0.45
11 NaWUNT | oco 1073 | 1156 | 170462 | 92,950 1.05
12 Yaei | 101067 | 1345 | 104694 | 102170 1.11
13 Tiele | 1061-1073 | 073 54.38 836 1.56
14 POrga | 1963-1980 | 949 306.66 22,280 033
15 Mandouri 1959-1979 930 56557 29,100 0.80
16 Borgou | 1960-1087 | 1,004 | 11054 2,280 099
17 Mango | 19531080 | 1,055 | 79650 | 3650 033
18 Titira | 19621087 | 1161 | 542.38 369 089
19 Naboulgou 1962-1987 1,153 594 42 5,470 1.153
20 | Koumangou | 4959 1987 | 1,076 421,62 6,730 070
2L | tama-kara | 9501087 | 1,200 | 39632 1560 252
22 Saboba 1959-2002 1,072 1,800 53,090 1.44
23 Sabart | 19592007 | 1216 | 202071 | 8670 049
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Appendix 3.2

Appendix 3.2. Input tables and maps used in LISFLOOD hydrological model (.Van der Knijff et

al., 2008)

LAND USE

Table Name Description

Crop Coefficient cropcoef.txt Crop coefficient for each land use class [-]
Manning roughness n.txt Manning’s roughness for each land use class [-]
SOIL TEXTURE

Table Name Description

TabThetaSat thetas.txt Saturated volumetric soil moisture content
TabThetaRes thetar.txt Residual volumetric soil moisture content
TabLambda lambda Pore size index

TabGenuAlpha alpha Van Genuchten parameter o

TabKSat ksat Saturated conductivity

GENERAL

Maps Name Description

Mask area.map Boolean map that defines model boundaries
TOPOGRAPHY

Maps Name Description

LDD Idd.map This file contains flows direction from each

cell to its steepest neighbor (value 1-9).

Grad gradient.map Slope gradient

LAND USE

Map Name Description

Land use landuse.map Map with land use classes

Forest forest.map Forest fraction for each cell.\VValues range

from O(no forest ) to 1(100% forest)

Direct runoff fraction

directrf.map

Urban fraction for each cell.Values range
from O(no urban area) to 1 (100% urban)
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Appendix 3. 2 (continued)

SOIL

Maps Name Description

Texture 1 soiltex1.map Soil texture class layer 1 (upper layer)
Texture 2 soiltex 2.map Soil texture class layer 2 (lower layer)
Soil depth soidep.map Soil depth to bedrock or groundwater [cm]

CHANNEL GEOMETRY

Maps Name Description

Channels Chan.map Map with Boolean 1 for all channel pixel, and
Boolean 0 for all other pixels on the mask map.

ChanGrad changrad.map | Channel gradient

ChanMan chanman.map Manning’s roughness coefficient for channels

ChanLength chanleng.map Channel length [m]

Channel bottom width

chanbw.map

Channel bottom width [m].

METEOROLOGICAL VARIABLES

Maps Prefix Description

Precipitation pr Precipitation intensity [mm day]

EO e Daily potential evaporation rate from free
water surface

ESO es Daily potential evaporation rate from bare soil
surface

ETO et Daily potential reference evapotranspiration

DEVELOPMENT OF VEGETATION OVER TIME

Maps Prefix Description

LAI lai Pixel-average leaf area index [m?m™]

DEFINITION OF INPUT/OUTPUT TIME SERIES

Maps Name Description

Gauges Outlets.map Nominal map with locations at which discharge time
series are reported

Sites Sites.map Nominal map with locations at which discharge time
series of intermediate variables are reported.
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Appendix 3.3 The Community-based Disaster Risk Index, modified from (Bollin et al., 2003)

1. Hazard

Experienced hazard

1.1 | (H1) Occurrence

How often did an emergency with this
hazard happen in the past 30 years

0-1 Times Low
2-3 Times Medium
> 3 Times High

1.2 | (H2) Intensity

What was the intensity of the worst
event in the last 30 years?

No persons killed, only damages to Low
houses and infrastructure

Few persons killed, destruction of some Medium
houses and infrastructure

More than few persons killed, High
destruction of many houses and
infrastructure

2. EXPOSURE

STRUCTURES

2.1 | (E1) number of housing units.

Total number of housing units

< 10,000 Low
10.000 - 100.000 Medium
>100.000 High

2.2 | (E2) lifelines

% of homes with piped drinking

<20% Low
20%-50% Medium
>50% High
2.2 | Economy
(E3) average income per capita/year
<$1,022 Low
$1,022-$4,015 Medium
>$11/capita/year High

2.3 Population

(E4) Resident population

Total number of population living in
the commune.

< 50,000 Low
50,000 — 500,000 Medium
> 500,000 High

144




Appendix 3.3

Appendix 3.3(Continued)

3. VULNERABILITY

3.1 | Physical/demographic

(V1) Density

How many people per km? live in the

<100 Low
100-500 Medium
>500 High

(v2) Demographic pressure

Population growth rate

<2% Low
2-4% Medium
>4% High

(V3) Flood-prone areas

% of the total area prone to flood

< 10% Low
10-30% Medium
>30% High

(V4) Access to basic services

Rate of access to safe drinking water

>50 % Low
20-50 % Medium
<20% High

3.2 | Social

(V5) Poverty level

Percent of population below poverty level ($1/DAY)

<10% Low
10-30% Medium
>30% High

(V6) Literacy

Percentage of adult population able to read and write

>70% Low
40-70% Medium
<40 High

(V7) Attitude | |

What priority does the general population give the protection against a
flood hazard?

High priority. Protection against a hazard | Low

Concerned, but only if a disaster has hit. Medium

Not concerned. Other issues (food, work) | High

(V8) Decentralization

What is the portion of self-generated revenues of the total available

>50% Low
20-50% Medium
<20% High
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Appendix 3.3 (Continued)

(

VV9) Community participation

% voter turnout on last commune

>70% Low
50-70% Medium
<20% High

3.3 | Economic

(V10) Local resource base

Does the community have a budget Yes/no
Enough to help the most affected Low
Insufficient High

(V11) Diversification

Source of livelihood comes from one, two or three

Mix of 3 sectors Low
Mix of 2 sectors Medium
More than 80% in 1 sector (e.g. High

(V12) Small business

Percentage of businesses with fewer than 20

employees
<50% Low
50-80% Medium
>80% High

(V13) Accessibility

How often in the last 5 years was the commune isolated through interruption of access
roads for more than 2 days

0- time Low
1-5 times Medium
>5 times High

3.4 Environmental

(V14) Area under forest

How much of the total territory of the commune is covered with forest?

>30% Low
10-30% Medium
<10% High
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4. CAPACITIES AND MANAGEMENT

4.1 | Physical planning and engineering
(C1) Landuse planning Their Evaluation
enforcement
is
Does a land use plan or zoning regulations exists YES/NO
that keeps local production and housing out of IfYES, Low Low
o .
hazardous areas? explain High High
(C2) Preventive measures Expected effect on damage
Do flood exposure-limiting mechanisms/structures | YES/NO | Low Low
exist (dykes, retaining walls, dams, barrages, rock If YES, - - - -
fall barriers, terraces, drainage)? explain Medium/high | Medium/high
(C3) Environmental management Number of activities and
project
Are there activities to promote and YES/NO Few Low
enforce conservation of natural If YES, explain
resources in risk areas (e.g. protection Some Medium
of water reserves, natural resources,
desertlﬁce_ltlon control techniques, Many High
reforestation)
4.2 | Societal measures
(C4) Public awareness Frequency
Are the public awareness programs YES/NO Once Low
executed? If YES, what are sometimes Medium
these programmes
regular High
(C5) School curriculum The topics
are taught at
Are risk, disaster, environment and YES/NO One grade Low
development topics part of taught If YES, explain only

lessons at school?
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Appendix 3.3 (Continued)

(C6) Public participation

It is composed of

Is the public represented as member
in the risk management/ emergency
committee?

YES/NO
If YES,
explain

Only level 1 Low
Level 2 Medium
Level 3 of the society High

Level 1: administration (mayor’s office, planning department

Level 2: relevant response institutions (police, fire brigade, education, emergence health)

Level 3: the public (business, civil society, NGO’S)

(C7) Access to national emergency How fast can it be

fund released/received

Is there access to a national/ district YES/NO >7days Low

emergency fund? If YES, 3-5 days Medium
explain <3 days High

(C8) Access to international Access to funds is:

emergency funds

Is there access to international YES/NO Difficult Low

emergency funds? If YES, Easy High
explain

(C9) Insurance market Use

Is disaster risk insurance coverage YES/NO Not common Low

for buildings available? If YES, Common High
explain

4.3 | Management and institutional
measure
(C10) Risk management Meeting
frequency:

Does a community risk management YES/NO Only during Low

or emergency committee exist, that If YES, Emergency

deals with prevention, mitigation, explain Once a year Medium

Preparedness and response? At least High

quarterly
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Appendix3.3 (Continued)

(C11) Risk map The map is available at

Does a risk map exist? YES/NO Only levell Low
If YES, Also at level 2 Medium
explain Also at level 3 High

Level 1: administration (mayor’s office, planning department)

Level 2: relevant response institutions (police, fire brigade, education, emergence health)

Level 3: the public (business, civil society, NGO’S)

(C12) Emergency plan Availability of maps at different
levels:
Is there a worked out and circulated YES/NO One Low
emergency plan? If YES, Few Medium
explain many High

Does it work
(C13) Early warning system

Is an early warning system in place? YES/NO Low Low
IfYES, Medium Medium
explain High High

(C14) Institutional capacity

building

Do local institutions (administration, YES/NO Sometimes Low

police, fire brigade, hospitals, If YES, Often Modium

building sector) receive training on explain i

risk management? Constant High

(C15) Communication

Is there coordination with national YES/NO Sometimes Low

level risk management organizations If YES, Often Medium

(national committees, government explain constant High

etc.)?
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