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Abstract

In this study we assess the impact of climate change on water resources by usiregtgaacorr
and bias corrected data fraire regional climate model REMO simulations over the Sénega
River Basin (SRB). Both simulations were used as input of the Max Planck Institute for
Meteorologyi Hydrological Model (MPiHM) over the Upper Senegal Basin (USB).

Applying the bias correction simulations of present day climate 290D) substantiafl
improved for both temporal and spatial variations of the analyzed climate parameters
(precipitation, temperature) when comparednterpolated gridde@bservations and station
data. Additionally, lhe bias corrected input give better repreation of tle mean river flow,

the lowflows (10" percentilg andthe high flows 90" percentil@ at the outlet of the USB.

For the future, the regional climate model projections for precipitation show a general
decrease by the end of 2Xkentury (20712100) for lth scenarios Representative
Concentration PathwayBRCP4.5 and RCP8.5) and datasets in the majority of the basin,
except the Guinean highlands whexeslight increase is found. In case of the potential
changes of the maximum consecutive number of dry dagisvet days, the northern basin is
likely to face the most pronounced increase of dry days and decrease of welttaygha

slight increase of heavy rainfall is found with similar spatial patterns in both data. Higher
decadal variability of the maxiom 5day precipitation with the uncorrectedtain RCP8.5

is projected, while uncorrected and bias corrected data depict similar temporal variability for

extremely wet daygd-urthermore, a general temperature increase is projected over the entire

basinfe both scenari os, but more pronounced ul
percent is found to be higher than warm day
basindés hydrology, a gener al decr eadgiam, of ri

soil moisture is found under RCP4.5 and RCP8.5 in all simulations. The decrease is higher
under RCP8.5 with uncorrected data in the northern basin. However, there are some localized
increases of runoff in some parts of the basin. @wgnean Highlads). Furthermore, the
available water resources are projected to substantially decrease by mo+g0#bam the
majority of the basin for all da, except the southern basin in Guingzere no change is
projected.

The impact of the bias correction on fh@jected climate change signal, affects mainly the
magnitude of the signal rather than its direction of change althoughreodiécationsmay

occur in particular months and localities.

Keywords: Climate change signal, impact, bias correction, regichalate model, water

resources, Senegal River Basin



Résumé
Dans cette étude, I'impact du changement climatique sur les ressources en eau du bassin du

fleuve Sénégala été évalué en utilisant des données corrigées et non corrigées des
simulations du modeéleégional climatigue REMO. Les deux types de simulations ont été
utilisés comme entrée du modeéle hydrologique de I'Institut Max Planck pour la Météorologie

dans le Haut basin du fleuverteégal. Les simulations corrigées sur le climat passé (1971

2000) ont ettement amélioré les variations temporelle et spatiale des précipitatidas et
temp®r atures par rapport aux observations. (
une meill eure repr®sentation du r ®gilbee d' ®c
projections du modéle régional montrent une baisse générale des précipitations a la fin du
21°™ siécle (20712100) pour les deux scénarios (RCP4.5 et RCP8.5) et pour toutes les
données dans la majeure partie du bassin, a l'exception de éaguanienne ou une légére
augmentation est projetéDans le cas des changements potentiels du nombre maximal
consécutif de jours secs et de jours humides, le nord du bassin est susceptible de faire face a
'augmentation la plus prononcée de jours sec let diminution de jours pluvieux, bien
gudbune | ®g re augmentation des pluies extr?
similaires entre les deux types de données. Une forte variabilité décennale du total de 5 jours

de précipitations aweles donnés non corrigées avde scenario RCP8.5 estouvée. En

outre,les données non corrigées et corrigées présentent une variakiréndiesimilaire

pour les jours @rémement humidePe plus, me augmentation générale de la température

est projetée sutensemble du bassin pour les deux scénarios, mais elle est plus prononcée
dans le scénariextrémeRCP8.5. Le pourcentage des nuits chaudes est plus élevé que celui

des journées chaudes. En ce qui concerne les changements potentiels de I'hydrologie du
basin, une diminution générale des écoulements, de I'évapotranspiration réelle et de
I'humidité du sol est prévue avec les deux scenarios dans toutes les simulations. La
diminution est plus élevée dans les données non corrayeesle scenario RCP8.5 aord

du bassinLa disponibilitédes resources en eau pourdiminuer de plus de 50% dares |
majeure partie du bassin © | " exception de | a zone sud ol
constaté.

L'impact de la méthode de correction des biais sur le sigmahtidjue projeté, affecte
principal ement | 6 ampl ioh sethswle dd @ n gsei ngennatl  bpil eunt * ¢
modification soit possible dee produire au cours de certains mois et a des localités
particulieres.

Mots clés: changement climatique, impact, caction de bies, modle régional climatique,

ressources en eau, bassin du fleusreéal



Chapter 1

1. General introduction

Water management planners are facing considerable uncertainties reidietie future
availability of water resources and extreeents (such as floods and droughts) worldwide.

In addition, climate change and its potential impacts on the hydrological system are
increasingly contributing to these uncertaintiéhe general increase of surface air
temperature strengthens the hydratag cycle due to increased evaporation which in turn
leads to more atmospheric water vapour. L-tergn observational records and climate
projections provide abundant evidence that freshwater resources are vulnerable and have the
potential to be stronglympacted by climate change, with witenging consequences for
human societies and ecosyste(Bates et al.,, 2008)Several studies on climate change
impact have shown that water resources are impacted in all investigate(Guosais et al.,

2006; Chen eal., 2011, Grillakis et al., 2011; Ibrahim et al., 2012; Arnell and Gosling 2013;
Hagemann et al.,, 2013, etc). These changes have effects on critical sectors such as water
resources, agriculture, energy, health, biodiversity, among others in many ragiond the

world particularly in AfricaAfrica as a whole is one of the most vulnerable continents due to

its high exposure and low adaptive capacity (IPRART B, 2014)The decreasing rainfall

and devastating droughts in the Sahel region (West Africapglthe last three decades of

the 20" century are among the largest climate changes anywhere (Bates et al.i2pa8).
studies over WA have shown that water resources are significantly impacted by climate
change (ArdoirBardin et al., 2009; Karambiet al., 2011; McCartney et al., 2012; Ruelland

et al., 2012; Faramarzi et al., 2013; Mahe et al., 2013; Aich et al., 2013, etc). Furthermore, the
recurrence of droughts in West Africa, has led to a swamti decline of water flows in many

West African river basins(e.g. Gambia, Oueme, Upper Niger, Senegal,. et§ivers
constitute the main water resource for drinking, irrigation, and industrial purposes in inland
areas (Mouri et al., 2011b). For muchAdfica, knowledge about recent climate change is
limited, due to weak climate monitoring, and gaps in coverage that continue to exist (IPCC
PART A, 2014). Additionally, an increase in the frequency of extreme rainfall events from
the end of 28 century to early 2 century over the Sahel by using obserseations data

(Ly et al., 2013) and the agroclimatic risks and negative impacts due to these events is less
uncertain (Salack et al., 2015). These impacts, may likely be exacerbated in the future by
extreme events (such as flood, drought) and the higllgiogn growth (IPCEPART-B,

2014). The changes in extreme precipitation and temperatures are predicted by many global



climate models (GCMs) as a response to the increase in greenhouse gases (Vizy and Cook
2012; Sillmann et al., 2013b).

This introductoy Chapter is organized as follows: Section 1.1 gaveshortoverview about
climate change impactsver Africa; the background and the problem statenuérthe study

are given in Section 1.2 and Section 1.3, respectively. Section 1.4 details the research
guestionsfollowed by the hypothesés Section 1.5The objectives are given in Section 1.6.

Moreover, the organization of the thesis ends this General Introduction.
1.1 Climate change impacs over Africa

The terms of climate change refers in generalrty persistent variation of the climate state

over a long term period (several decades). In the literature, two definitions are commonly
usedwhich are the UNFCCQUN, 1992)andtheIPCC (2007)

According to theUNFCCC,c | i mat e change iat which is attntutedy e o f
directly or indirectly to human activity that alters the composition of the global atmosphere

and which is in addition to natural climate variability observed over comparable time
periods . The UNFCCC t hus maklamte ehangkiatiributabletbi on |
human activities altering the atmospheric composition, and climate variability attributable to
natural causes.

The IPCC defines climate change a statistically significant variation in the mean state of

the climate or & variability, persisting for an extended period (typically decades or longer)
Climate change, as defined here, may be caused by natural internal processes or external
forcings or by persistent anthropogenic changes in the composition of the atmosphede or

use.

Several studies over the region have shownrthet dischargesariations are highly affected

by rainfall fluctuations.Descroix et al. (2009have found a decrease of annuider
dischargeover the Sudanian aredsie to the strong decline ddinfall in late 28" century.

However, these later authors found also an increased runoff ddmspidecreased rainfall in

the Sirba basinBurkina Fasdliger); this situation is sThiscall ec
situation was mainly due to the lawdver degradationMoreover, Ruelland et al2012

found a considerable decrease of rainfall and continuing increase of potential
evapotranspiration that is likely to reduce runoff in the Bani catchment towards Yhe 21
century.A probable intensificatio of droughtsevents is expeetl for the period 2022040

by Faramazi et al. (2013) through an increase of dry days and the frequency of their
occurrencedlt has been found that the changes in river discharge are almost twice than those

in precipitation @er four large African river basingLimpopo, Niger,Ubangi, and Upper

9



Blue Nile) (Aich et al. 2014) A comparison of lot a studies by several time slices has
revealed that the impacts of climate change are more pronounced in thelaem®Rity by

the tising green houses gases concentrations (Roudier et al.. ZBkAghanges are highly
heterogeneous ovehe region where some parts depict increased runoff and others show
decreased runoff. Around the Fouta Djalon Mountains and the inner delta of Niger Ri
strong decline of streamflows was projected by Paturel et al. (260rhermore, over
Burkina Faso Ibrahim et al. (2014) have found an increase of heavy rainfall events that are
greater than 50 mnowards the mietentury.

These above changes haveoatonsiderablempacts in the Senegal River Basin

1.2 Background

As far as theSenegal River Basin (SRB) was concerned by the above mentioned extreme
climate, its annual average flow at Bakel (reference station) fell from 1,38éarover the

period 19031950 to 597rfsec over the period 198002, and from an average of
840nt/sec in the period 1950972 to only 419riisec in the period 1973002 (ENDATM,

2007). That hydrological drought has reduced rainfed agriculture, decreased the seasonal
flooding of wetlands, limited economic development, and in the overall, enhanced poverty
(Oyebande and Odunuga, 2010). Such water shortage has obviously affected the main
activities in the basin (agriculture, fishery, hydropower generation, etc).

A series of stugs has already been carried out over WA where the Senegal River basin is
situated in order to analyze the ability of
guantify projected climate changes and to identify potential climate change impacts- Ardo
Bardin et al. (2009) evaluated thbility to reproduce thelimateof the regiorof four Global
Circulation Models (CSIR&Mk2, ECHAM4, HadCM3 and NCAHRPCM) used in the Third
Assessment Report of the IPCC, and they found that all four models failegromluce the

rainfall volumes in the Sahelian zone, and the seasonal dynamics of rainfall in the Guinean
zones.In a subsequent study, Bodian (2011) found a divergence of projected streamflows in
upstreamsub asi ns when wusing t h e asimpuéora®GgiMlegicalpr oj e
model. This divergence was mainly addressed to the coarse resolution of the GCMs unable to
correctly represent the local procesdesjected increase in dry spell length by 2050 was
highlighted by Karambiri et a(2010), andOsorio and Galiano (2012) by analyzing regional

climate models (RCMs).

1.3 Problem Statement

In its efforts to improve the quality of RCM=utput the international scientific community
has developed the COordinated Regional climate Downscaling Experif@GORDEX,

10



Giorgi et al. 2009). The purpose of CORDEX is to provide higher regional climate
simulations for climate change impact studasl decision making at the regional level
(Klutse et al. 2015)The finer spatial resolution of RCMs can be an addaide while
simulating regional climate features such as precipitation over mountainous areas (Haensler
et al.,, 2011), extreme events, and regional scale climate anomalies (Fowler et al. 2007).
Neverthel ess, RCMs 6 out put sat car affectahydeologicad s s o C i
simulations (Roosmalen et al. 2011).

The RCMs biases were found by Gbobaniyi et al. 42@tter the analysis of 10 RCMs of the
CORDEX project which vary substantially from model to model over West Africa.
According to Klutse etal. (2015) RCMs differences in biases are associated with the
convective scheme employed. To overcome the well known biases in GCMs/RCMs output,
statistical posprocessing of climate output commonly known as bias correction is often used
in impact studies Statistical bias correction methodologies act on model output so the
statistical properties of the corrected data match those of the observation (Haerter et al.,
2011). However, bias correction cannot correct for incorrect representation of dynamical
andor physical processes as suggested by these later authors. A review on several bias
correction techniques is available in Teutschbein and Seibert (2010).

The delta change method which consists of perturbing an observed data set with absolute or
relative tiange factors derived from the comparison of RCM data for the current climate and
a projected scenario climate (Hay et2000), is widely used in many climate change impact
studies(Roosmalen et al. 2011; Akhtar et &008; Robler 2011; etc). In additi, others

used quantile mapping or histogram equalization, by fitting probability density function or
cumulative distribution function to the modelled and observed dataRjeuy et al. 2010a, b;
Schoetter et al012; etc). Chen et al. (2011), and Heeet al (2011), have modified the
methodology developed by Piani et al. (2010b). This later methodology has been applied also
by Hagemann et al(2011) and Dosio and Paruolo (2011). Due to its skills and less
parameters to fit, the widely used methodgi@f Piani et al. (2010b) is also applied in the
current study on the simulations (historical and scenarodhe regional climate model
REMO. Inversely, taking into account the concern of the potential alteration of climate
change signal due to bias pertion (Hagemann et al., 2011), both uncorrected and bias
corrected data from the regional climate model REMO are used to drive the Max Planck
Institute for MeteorologyHydrological model (MRHM). Moreover, the future evolution of
extreme precipitatioand temperatures at the basin scale are still une@edrthere is a lack

of understanding on the impact of statistical bias correction on extreme climate at the basin

scale because detailed informations are needed by water resources managers and users.
11



Then, in this study we attempt to address the issue of bias correction effect on precipitation
and temperature changes over the Senegal River Basin on one hand, and to investigate t
seasonal changes on hydrological variables (such as soil moistureframapiration, river
discharge and runoff), extreme streamflow and water availability changes over Upper
Senegal Basin (USB) in the other hand. Thus, the better understanding of potential future
changes in the spatial and temporal variability of the Hgdrcal cycle is fundamental to

inform local societies and water resources managers in order to increase awareness and to
support the development of adaptation strategies, and also agricultural productivity which
accounts for more than 80% of the waterhdraws in the basin (Oyebande and Odunuga
2010). These above challenges are the main reasons of the scientific questions that have been

raised in this study as detailed in the following Section.

1.4 Research Questions
The essential questions that haveiwaied this study are the following:

U What is theeffect of bias correction on REMO outpand does bias correctiomodify
the climate change signdfer precipitation and temperatufe)

In this above question, the added value of bias correction is igatestiin order to see if the
corrected data are able to represent correctly the present day climate. Additithelly,
potential changes qifrecipitation and temperature, and the effect of statistical bias correction
on the projected climate change sigrais also examined systematically.

0O How the basinds hydr ol ogy dueathebiassorréecednp or a l
inputallow reproducingwell theriver regime8

The aim of this second question is to better understand the temporal and spatidityaof
hydrological variables such as runoff, evapotranspiration, soil moisture over the Upper
Senegal Basin which generates more than 80% of flows of the Senegal River. As like the first
guestion, a great interest is given to the ability of bias ctdeinput to well reproduce the

river regimes.

0 What ae the projectechydrological indicators changes (evapotranspiration, river
discharge, runoff, soil moisture)? And alsowh climate change magwgffect the
availability of water resources the kasin?

In this third and last question, a focus is given to the annual cycle and seasonal changes of
above variables because to our knowledge no study has addressed these changes over the
Upper Senegal Basin, as well as the potential changes of available watercess
Furthermore, the interannual variability of river discharge and precipitation is investigated

towards the end of d1century.

12



To attempt to give answers to these scientific questtbesollowing hypothesesreadopted

in Section 1.5.

1.5 Hypotheses
U Bias correction will improve well the present day climate
In this first hypothesisye assume that the bias correction will improve well both temporal
and spatial variations of precipitation and temperature during the present day climate
(historicalperiod) when compared to observed data.
U Temperature and precipitation will change considerably
In the future, the most common indicators of climate change such as precipitation and
temperature will change substantially over the basthe coming deca particularly in late
century.
0  Well reproduction of river regimes with corrected input
The bias corrected data which are used as climate forcing data of the hydrological model, will
reproduce well the river regimes (low and high flowlslying the higtrical period.In other
words, the bias corrected has an added value in simulating the river flows in the past.
U Water resourcewill be highly affected by climate change
In this last hypothesis, climate change will impact highly the water resourcles basinn
the future. Furthermore, actual evapotranspiration, soil moisture and runoff will be affected

by the change of the basinbés climate.

1.6 Objectives

The main objective of this study is to assess the effects of climate change on water resources
in the Senegal River Basin.

In order to achieve the main objective of the study, the following specific objectives will be
adopted:

U To bias correct and evaluate the REMO regional climate model output to simulate the
present day climate and to assess fbtential changes in temperature, precipitation,
potential evapotranspiration by the end of 2ktentury under the new IPCC
Representative Concentration Pathways scenarios (4.5 and 8.5)

U To evaluate the ability of the MM in reproducing past river div regimes by
using uncorrected and bias corrected input;

U To assess the potential changes of river discharge, runoff, soil moisture, actual

evapotranspiration and available water resources;

13



1.7 Thesis structure

A part from this first Chapter that statié® general introduction which details the context of

the whole studyand somedefinitions and literature review on climate change impacts over
Africa, the thesis is composed by faubsequent scientific chapters§2 Some inevitable
repetitions may oag because some chapters5)3were degned to bepotential paper
themselves The last Chapter summarizes the main findings and conclusions, and gives
further research lines as outlook. The references of all chapters are gathered together into a
single eference list at the end of the thesis.

The following Chapter deals with the data and the methods used in the whole study. A
description of the hydralimate characteristics of the study area by using observational
datasets and from literatureview is gzen. Afull detail of all data (observations and climate
simulations) used in the present study is providiéareover, the statistical bias correction of
climate model output and the hydrological modeling methodologies are also described.

The third chapr gives clarification about the performance of the regional climate model
REMO over the Senegal River Basin. This was done mainly by comparison to observational

datasets for both spatial and temporal variability.

The questions whether there is an addalder of bias correction and its potential impact on
the future climate change signals are tackled in Chapter 4. Additionally, the results and
discussions during the present day climate and the climate change projections are also

presented.

Chapter 5 assess the potential impact of climate change on water resources over the Upper
Senegal Basin. It aims of providing answers of the suitability of using bias corrected input for
hydrological impact studies and how climate change may affect the future watercess

availability.

Chapter 6 summarizes the findings of the thesis with respect to the objectives mentioned
above. Furthermore, it presents an outlook for future research in the fields on climate change

impacts over the Senegal River Basin.

14



Chapter 2

2. Data andMethodology

2.1 Introduction

In this chapter, detailed description of the data used during the current study is given. The
data are composed mainly by stations data, gridded observational datasets, and regional
climate smulations data. fiecharacterization of the hydidimate conditions of the basin is

done by using the observed stations and the documented litefatutieermore the bias
correction technique used to correct REMO ouiputiescribedas well as the hydrological

model used tstudy the impact of climate change on water resources in the Upper Senegal
Basin.

The Chapters organized mainly into fou8ections: Section 2.1 describes the Senegal River
Basin; the details of all datasets used are given in Sectiofifiilater Setion is followed

by the met h o dAobliedsygmgndass anfl eooctusiomsnSection ends the Chapter.

2.2 Senegal River Basin

The SenegaRiver Basin is the second largester basin in West Africa (Figure 1). From its

source in Guinea it flows throughe western Sahel region in Mali, Mauritania and §ahe

its catchment is about 3@MO knf and it has a length 0800 km (OMVS,2009. The three

main tributaries (Bafing, Bakoye and Fal eme)
The Bafing transfers half of the flow; mainly for this seathatthe Manantali damwater

storage capacity df1.5 billion nt) was built on its course, while the Diama dam is located

23 km from Saint Louis near the River mouth in the delta (Diene, 20h2)Diama damvas

built in order to block seawater intias. It has created favourable conditions for irrigation

and double cropping in its upstream water body. The Manantali damonssucted mainly

for hydro power generation and to attenuate extreme floods. The regulation of river flows at
Manantali hasonmewhatchanged the natural flow regime of the river. These human activities

have considerably affected the quantity and the quality of water, and also disturbed the
natural ecosystems of the delta. As underlined by Giosan et al. (2014) river engineering is
among of the main causes of delta |¢3%. the hydrological modeling, we focus in the upper
Senegal basin (uUSB) due to the backwater €
anthropogenic activitiewhich denaturalize the natural river flamdownstream.

The basin is subject to a large nddbuth precipitation gradient ranging from 150 mm/year

in the north to more than 1650 mm/year in the south (Figure 2.2a).
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Figure 2.1: Senegal River Basin (SRB)

Its temperatures vary fio 22 in the south to more &1 in the north (Figure 2.2b).

The predominantly natural vegetation of the region follows this rainfall gradient, ranging
from semiarid savannah in the north to shbmid forest in the south (Stisen et al., 2008).

The annal mean of river discharge at Bakel as plotted in Figure 2.3 shows that the decade
19601961 has the higher river discharge (up to 108@)nthen it decreases drastically from

the years 70s to the year 1990. The most severe decline of discharge @mi¥$)0occurs

in the period 198990. From this later period to 2010, it increases slightly (up to 780.m
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Figure 2.3: Annual mean of river discharge at Bakel

This suggests also the decadal variability of streamflow as precipitation over West Africa.
This decine of river flowis consistent witlthe well known meteorological drought since the
70s over tk Sahel region.

The standardizegbrecipitation and discharge indexes presented in Figure 2.4 at Bakel show
their decrease since the years T0@anore than100%. Then, slight increases are noticed

after the year 1995 to 2010 even though there are sorteufmaryears where they decrease.
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Figure 24: Precipitationand discharge indexes at Bakel station

The decrease of streamflow follows the decrease of precipitation; this shows how river
discharge is highly dependent on ralhfover this semarid region. Before the years 70s,

wetter years were found, and the droughts seem to be recovered after 2000.
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Furthermore, the Senegal River and its tributaries Bafing and Bakoye pass through
Precambrian sandstone deposits, lower Camnbschistedolomitic deposits and Palaeozoic
metamorphic rocks that are mainly composed of schists and quartzites from a volcano
sedimentary complex and granites (Michel, 1973). From Bakel to the mouth, the Senegal
River is bordered by Holocene fluviteltaic deposits composed of fine sands, silts and clays,
surrounded by stabilized s@lled red dunes (Michel et al., 1993). Of the gauging stations
along its course the station Bakel providescdarge measurements since 1984 this
station 81% of the tota&atchment is drained so that it is largely used in the literature as the
reference station for sicharge estimates. High flowsccur from August to October and
suspended matter discharge, probably, pesdtier and grface runoff has a suspended
matterconcentration of ~1g £ and is responsible for 580% of the riverine synded load

via slopeerosion (Kattan et al., 1987 the river bed this suspended load is diluted by
subsurface and groundwater discharge (Kattan et al., 19@7ontrast to the discharge
minimum in the early 1970s whicwas due to severe droughtisis recent drop is due to
increased irrigation and the dam construciidubert et al., 2007Rasmussen et al., 1999
Human impact has increased considerably since the 1970s when irrigated areas were created
since the natural flooding of the banks ceased due to dro{Rg¢snussen et al., 199 The
natural flood receding agriculture has been replaced by irrigation which is more costly also as
fertilizers are required to maintain the yi¢Rlasmussen et al., 1999

Figure 2.5 displays the seasonal cycles of precipitation during the following d€t866s

1969, 197601979, 19861989, 19901999, and 200@009) at 10 stations over the SRB. A
high variability in term of magnitude is noticed within the same station and from station to
another. The upstream stations (&gnieba, Kita, Kidira, etc) have ehrmaxima of rainfall

(up to 12 mm/day). The minima of rainfall are found in downstream stationsSaiuf

Louis, Podor, etc).
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Figure 2.5: Seasonal cycles of precipitatiperdecade at stations over SRB.

This situation confms the well known southorth gradient of rainfall in West Africa with
maxima inthe southern basin where there arere moisture and forest. The precipitation
varies from a decade to another and it decreases generally from the first decadE9GP60
to the last decade (202D09).

Furthermore, the number dAS (July August Septembat)y days is presented in Figure 2.6.

As like the gradient of rainfall, there is a high gradient between the north (drier) and the south
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(wetter). The number of dry days the southern basin is around 20 daysl itincreases
northward up to 70 days in the northern basin. This means that, there are approximately 20
days where rainfall is greater than 1mm in this main rainy season period in the northern
basin. As most partsf the basin are within the Sahel, precipitation is somehow influenced by
limited moisturein this dry and hot region. Thmoisture originated from moisture advected

by the atmosphere mainly transported by mesoscale and large dynamical processes such
African Easterly Jet (AEJ), African Easterly Waves (AEW), and the monsoonal flow
(Messager et al., 2006). The limited available moisture influences the local evaporation that is
found to be the origin of about 27% of the precipitation over West Africa (Gahdgkahir

1996). These dry days are within the period when the Sahel experiences its severe droughts of
the 20" century which was a result of the cooling of the North Atlantic relative to the South
Atlantic (Giannini et al., 2013).

&
© 80
16N - @ e 70
©

— 60
— 50
— 40

— 30

20

12N A

16W 12W 8W
Figure 2.6: Number of JAS dry days (rainfall <1mm)

Moreover, the seasonal cycles of river discharge at some stations from 1984 to 2009 is
displayed in figure 2.7. The lower streamflows are found at stations within the Faleme
tributary (Fadougou, Gohassi and Kidira) where the maximum is reached at the outlet
Kidira (400n7/s), Bafing Makana station in the Bafing tributary has an intermediate flow of
800nt/s. The stations situated in the Senegakisagin such as Kayes, Matam and Bakel
depict the highst river flows with maxima (up to 1750 m3/s) reached at stations after the

confluence (Bakel and Matam).
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2.3 Data

I I
Nov Dec

The choice of climate simulatisrdoes not depend only to the raised scientific question but to

the availability of data and the capacity to process them with the scope of the project (Murth

et al., 2013)Limited stations data were available in the whole hasinthis reason a good

coverage of reanalysis data were used as an alternative dat@ietate scenarios were

obtained from the regional climate model REMO in the framework of CORDEX.

2.3.1 Observational data

2.3.1a Stations data

Daily rainfall and temperature data from edewstations available for the period 1961 to 2010

were obtained from the National Meteorology Agencies of the riparian countries (Senegal,

Mali, Mauritania, and Guinea) of the basin (Figure 2.1). This long period concerns generally

the stations localizechithe Senegalese part of the basin. All the others station have many

misgng data. Then, in some analyzedses, specific periods (e 9811990, 19792005,

19602009) and stations are used dependinghe spatial coverage of the stations over the

basin,the period without/or with less missing values and the needed information to show.

The stations from Senegal were already been correct&hlagk (2013) and the few other

stations were control by statistics (etggression, correlation, double massveuretc); but

here we dondt present

t hi

S

gual ity

c datat r ol

at Bake] Matam, Kayes, Dakkasaidou, Bafing Makana and Sokatatawere usedduring

the evaluation of hydrological simulations.
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2.3.1b Water and Global Change forcing data

The Water and Global Chand®/ATCH) forcing data methodology applied to ERAterim
reanalysis dateDee et al., 201)1Iknown asVFDEI based on the work &¥eedon et al. 2014,
available athalf-degree (0.5 resolution and covers the period 12@®12were used in this
study to evaluate and bias correct regional climate output. The WFDEI datasagaed as
climate forcing data for land surface and hydrological models where good quality of climate
observamns is not availableThey are derived from the surface variables of HRW@&rim
reanalysis and were monthly corrected Ilimate Research Unit(CRU) data
(TS3.1/TS3.101/TS3.21) (Haris et al., 2013) and GPCC (versions: V&@eBheider et al.
2013). The dtails on the correction of the data can be found in Weedon et al. (2011). The
variables used inhts study are precipitatiorminimum, maximum and mean temperature
surface pressure, and wind spegaecific humidityandradiations. These data were usee d

to its spatial coverage when compared to REMO output and also the sparse stations data and
they have also the same spatial grid as the Max Planck Institute for Meteerology

Hydrological Model which is used in the hydrological modeling part (Chapter 5).
2.3.2 Regional Climate Model REMO data

Daily data from a set of simulations (historical and scenario) conducted with the regional
climate model REMO (JacoAnd Podzun, 997; Jacob et al. 200Bre usedREMO is a
threedimensional, hydrostatic atmosphegirculation model which solves the discretized
primitive equations of atmospheric motion. The REMO simulationsdaven mainly with

data from the global climate model MEEM-LR (Stevens et al., 2013) following the newly
developedRCP4.5 and RCP8.5 Regsentative Concentration Pathwayfsthe latest IPCC
report RCP 4.5 is a scenario that stabilizes radiative forcing at 4r62Wh the year 2100
without ever exceeding that valueThis later scenarios chosen because it reprete
somewhat the mediwlow RCP and it reflects alsthe situation inour region.As for the
increasing greenhouse gas emissiB@P8.50ver time, its choice is based in the fact that it
reflects the impact of the largest potential climate chamye. radiations used here were
driven by EC-EARTH. REMO has a rotated spherical grid with Araka@grid for
horizontaldiscretization in which all variables, except the wind components, are defined in
the centre of the respective grid box, the grid box centres are defined on a rotatdd lati
longitude coordinate system; the vertical variations of the prognostic variables (except
surface pressure) are represented by a hybrid vertical coordinate system (Elizalde et al., 2011)
with 27 levels for this experiment. The scheme convection isdbasdhe work of Tiedtke

(1989) and it advection is seiff@igrangien. Surface pressure, temperature, horizontal wind
23



components, water vapour content, and cloud water content are the prognostic variables of
REMO. Its Lateral boundary formulation after Das/({@976), adjusts the prognostic variables

in a boundary zone of 8 grid box&he land surface scheme (LSS) is based on the physical
parameterizations of the global climate model ECHAM4 (DKRZ 1993, Roeckner et al.
1996). It was extended to a more sophatd LSS for example, by an improved surface
runoff scheme (Hagemann & Gates 2003), inland glaciers (Kotlarski 2007) and vegetation
phenology (Rechid 2009). The land surface parameters are taken from LSP2 dataset
(Hagemann, 2002)REMO data is availabléen the context of the international regional
downscaling framework callecCoordinated Regional Climate Downscaling Experiment
(CORDEX, Giorgi et al., 2009) over African a 0.44 spatialgrid for the period 1950 to

2100 and it has already been used oveicAf(Gbobaniyi et al. 204 Jacob et al2012;
Haensler et al. 2011; Nikulin et. &012; Klutse et al., 2015; etc). The choice of this model is
based on the data availability aatsoits skill over West Africa Additionally, it has been

used successfyilin lot of impact studies in central Africa and in Eurofacob et al. (2012)

has shown that REMO was able to simulate quite well the characteristics of other regions
climate with thesame set of parameterizations. The details of the model charactesisic

summarized in Tabk1.

Table2:1: REMO characteristics

Institute Climate Service Centre, Hamburg, Germany
Main driving Model MPI-ESM-LR

Projection Rotated spherical grid

Resolution 0.44 degree

Vertical coordinates Hybrid

Vertical levels 27

Advection Semtlagrangian

Time step 240

Convection Scheme Tiedke (1989)

Radiation Scheme Morcrette et al., (1986); Giorgetta and Wild (1995
Turbulence vertical diffusion Louis (1979)

Cloud Microphysics Scheme Lohmann and Roeckner (1986)

Land Surfacescheme Hagemann (2002); Rechid and al., (2009)

Further details about the REMO model can be founditp://www.remercm.de/The
ReqgionalModelFREMO.1267.0.html
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2.4 Methodology

Any scientific research work uses methods, techniques and appropriate tools to achieve the
desired resultsThe methodology is nothing bthie approach to be followed to achieve work
goals as mentioned in the introductory Chapf@ue to the well known bias alimate model
output, a bias correction technique is applied to correct REMO simulations for the present
day and the future climati order to study the impact of climate on water resources, the raw
and corrected output from REMO are used as inpuhefMax Institute for Meteorology
Hydrology Model (MPIMH). The overall methodology is summaridein the following
hydro-climatic scheme (Figure 2.8)WFDEI data are validated by stations daasedon
saasonal and annual cycle scales. After this validaiREBMO simulations are evaluated by
WFDEI datasetsn the second step. Finallyhe regional climate model data are bias
corrected following Piani et al. (2010bgfore being used as input in MMH. Corrected

and uncorrected data are compared during theegnt day climate in order to see how well

the bias corrected data improve the representation of thedbsksnate and hydrologand

alsoto investigate the potential changes of the climate change signals due to bias correction.

i —————y
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—————— l ———————————————l————.ﬂpﬁmisaﬁnn

I ®IPI-HDOI -

______ 1_______________1_____|
|___ Evaluation of reference runs __ |
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Figure 2.8: Scheme of the hydrolimatic ensemble

The statistical bias correction and the hydrological modeling are described in detail in the

following subsections.
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2.4.1 Biascorrection
The bias correction is based on fitted histogram equalizathere the corrected variable is
a function of the modelled counterpart.{¥ F (Vmod)) and the derived transfer function is
such that the intensity histogram of the corrected variable matches the intensity histogram of
the observed one (Piani et al01®b). This means that the corrected variable is a function of
the modelled one. To derive the transfer functions (TFs), modelled and observed data
shoud have the same grid spatrakolution and the same length of time series. The transfer
functions mapthe cumulative distribution function (CDF) of the modelled data onto the
observed ondirectly (Chen et al., 2011). The TFs are obtained by computing the CDFs of
the simulated data and then associating to each value of the modelled dajath{¥
correspoding value of the observed data,(y such that CDEodVmod) = CDFRopdVong for
each grid point, mnth and variable. Piani et 20100 and Hagemann et a{2011),
suggested that the perfect TF obtained by plotting the observed versus the modéiéd so t
the bias corrected data match exactly the observed one, is unreliable because it has a lot of
degree of freedom to be stable in time. Therefore, an ideal emerging TF with less number of
parameters is fitted. After bias correction, the corrected anehadts data should have the
same PDF. REMO data are remapped onto a grid 8(59151e grid as WFDEI) through
conservative interpolation. The full common period (32095) between both datasets is
used to derive the transfer function coefficients which are then applied t622006
scenarios simulations. For the climate change simenahe same transfer functions are
used because we assume that the bias behaviour of the model does not change with time, as
it was suggsted by Hagemann et al. (2011); this means that the TFs arsdiependent
and thus, applicable in the futuféhis is the main inconvenience of the bias correcfltme
datasets are first grouped according to calendar month and secondly sorted at each grid
point by value (from the smallest to the highest) of the variable (precipitation and
temperature). As these tweariables have diffent distributions, they areorrected
separately.

2.4.11 Precipitation bias correction

In the case of precipitation, the following transfer functions (TFs) were used:

~

0 O QO (Eq21)
110 » woaéd 0 (Eq22)
0 O ©dp Q 7 (Eq23)

Where R, represents the bias correctedgppéation, P is a given value to be corrected and,

a,bBand U are fit parameters and |In represent
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(Eg21), the coefficients aand b are respectively additive and multiplicative correction
factors. Ris the value of precipitation below whichodeledprecipitation is set to zero. This

is done to equate the numbermbdeledand observed dry days (Piani et al., 2010b). These
authors justify the employment dE¢22) that it is expressed as a linear relati@tween the
logarithms by the fact that daily precipitation intensity spectra follow exponential type
distributions and many emerging TFs are linear in aldggcoordinates representation.
(Eq23) which was novel in that methodology is composed by aoresntial that tends to a

l inear asymptote (a+bP); U is thegigthetdy at
day correction termkor high intensities the TF of Eq2t8nds to the linear term as Eqg2.1,

and it presents a systematic changeslofe at the lowest intensitig®osio andParuolo,

201]). Eqg2.2 was not usdtkrebecause it was giving the poorest results.

Then, a TF is chosen dependiog some conditions such aspaeferably small numbeof
parameters (robustness), goodrefst and hresholds. A threshold of 1 mm is defined as a
wet day, a cutoff value of = 20 is prescribed for the minimum number of observed wet
days for which fitting is acceptable. This threshold is taken in order to avoid the issues of the
measurement of very st amounts of rainfall that can influence its accuracy. A simple
additive correction factor (differences in the means) is applied if the observed wet days are
less than the cutoff or the mean of observed precipitation is less than 0.01 mm/day; in this
ca®, the mean is corrected onliythe number ofvet days are greater thag,Nand the mean

of precipitati on,the lmeaoTF {Eq.D) istkappledthem e cheary and

the standard deviation are corrected. In addition, the linear fit is accepted if a<0 and 1/5<b<5.
The authors of this method stated that the bias correctiongesalnot affected significantly

if these arbitrary values are changed. Finally the exponential TF is applied if albtiease
conditions are not met. In this later case, all the moments of the distribution can be corrected.
The monthly TFs were thenterpolated to daily ones according to Piani et al. (20098
smoothing techniquélhe daily transfer function (DTF) is given as follows:

Oo°'YO| O'YO p | 0O0QO0 , (Eg2.4)

Where | — P 0O O , andt is the value of the calendar day in a

given month mty, is the value of t athte center of sammonth

2.4.12 Temperatures bias correction

For temperaturethe bias correctionis donein meandaily temperaturgTmea), Mminimum
(Tmin) andmaximum(Tnay daily temperaturesThe biascorrectionis lesscomplexthanthe
precipitation.As the histogramsf meandaily temperaturdor a givenmontharecomparably
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well representetty a Gaussiardistribution,the TF betweerntwo histogramss representety
alinearfunction (Pianietal., 2010b)sincea Gaussiardistributionis settledby its meanand
standarddeviation. To minimizetherelativeerrorsby correctingdirectly Tmin, Tmax @NdTmean

the diurnalrangedefinedasagl =T nax Tmin andthe skwenessi= (Tmear Tmin)/&€T arecorrected.

This will keepthe consistencybetweenall variables.The linear function (Eg2.1) is used.
Furtherdetailsonthe methodaregivenin Pianietal. (2010b).

The bias corrected and uncorrected temperature, are then used in thenReEmteith
(1965 equation ot shown henewith other climate variables (sucs radiations, wind,
surface pressure, humidityp estimate the potential evapatspiration (PET). Thigives
possibility to estimate potential evaporation which takes into account both the effect of
available energy and atmospheric humidity on evapspigation through vapor pressure
deficit and wind speed (Li et al., 2005). These later authors suggested the suitability of this
equation in humid, arid and seisaniid climates. Hence, this equation is used insbudy area

that covershumid andsemtarid areas Evapotranspiration is generally the most significant
component of the water budget, acting to recycle much of rainfall, in particular, over the
Sahel region (Ruti et al., 2011). Here, we did not bias correct evapotranspiration because
therearenoreliable observations availabé this resolution (half degree) and scale and also
the variables required for its computation. The influence of the PET bias is relatively small
when compared to precipitation that is the most troublesome in hydrologizdhtons.
Moreover,to avoid also increasinguncertaintiesn PET estimation,the others estimated
variables(e.g radiations humidity, pressureandwind) arenot biascorrected.The potential
evapotranspiratiofPET) and precipitation (P) were usedto estimatethe potential water
balance(P-PET). This meansthat when we say bias correctedPET, we havein mind that

only temperatureis corrected.The influence of the PET bias is relatively small when
comparedo precipitationthatis the mosttroublesone variablein hydrologicalsimulations.

2.4.2 The Max Planck Institute for Meteorology -Hydrological Model (MPI -HM)

The MPIHM is a global hydrological model which is a combination of a simplified Land
Surface (SL) scheme (Hagemann and Dumenil Gates, 20@Ba Hydrological Discharge
(HD) model (Hagemann and Dumenil, 1998, 1999; Hagemann and Dumenil Gates, 2001).
The choice of MRHM is motivated by the fact th#tis adistributed physicalhbased model
which is recommended for studying interactions betw atmosphi& and hydrological
processes (Li et al., 2005); has been widely used for impact studies over different rivers
around the world, including West African rivers (Chen et al., 2011; Hagemann et al., 2011,
2013)and also the challenge on howatdapt some parameters of this global model into local
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conditions at the basin scal&dditionally, its consistency irtransformingprecipitation to
runoff with the SL scheme and also due to its temporal and spatial scales similar to that in the
climate facing data immong the reasons of choice. It uses a half degree resolution (0.5°) and
daily time steps.The SL scheme is designed to compui&nly the surface runoff and the
drainagewhile the HDmodelcomputes theiver flow on the land surface (Figur€l. The

SL scheme uses a soil bucket schemeits output such as surface runoff and drainage are
used directly by the HD model which is a state of the art river routing model. Initially, the
two submodels were run separately. Most recently, Stacke Hademann (2012
implemented a dynamical wetland extent scheme in-NRl We precise thathe model

does not take into accouhuman activities({dams, water withdraw, etc) and land cover
changesThe MPFHM model reqires as climate input:usface temperate, precipitation,

and poential evapotranspiration. Moreovet,uses land sea mask, glacier mask, total field
capacity and plardvailable soil water capacity from LSP2 dataset (Hagemann, 2002) that
has recently been updated (Hagemann and Stacke, 2bihthers boundary data are sub
grid slope, elevation, glacier fractigmermafrost fractionsiver routing direction, and storage
retention times.

The simulated variables of interest are river discharge, surface runoff, drainage

evapotranspiration, argbil moisture.
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Figure 2.9: Structure of MPdHM. Orange boxes indicatdimateinput variables, green
boxes are water storages, and black arrows indicate water fluxes.

All simulations were carried out from 1965 2400; the first six years of simulations were
taken as sphup in order to avoid the influence of initial conditions in the water storages.
This allows an assimilation of the model reservoirs to reality as an initialization of the linear
model reservoirs is a prololebecause measurements of the reservoir contents do not exists
(Hagemann and Dumenil, 199&ll fluxes are computed at each land surface grid cell for
every time step. The precipitation is divided into rainfall and snowfall depending on the
temperature; feer they reach the snow layer from where a throughfall enters in the surface
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water layer. The separation of precipitation into rainfall and snow refers to Wigmosta et al.
(1994) scheme. The snowmelt uses a degree day formula according to the HBV model
(Bergstrom, 1992). Important evaporation takes place in this canopy storage. Then, overflow
from the surface water storage reaches the soil layer as interception and is divided into
infiltration and surface runoff as computed by the improved Arno schelagatiann and
Dumenil Gates2003 . These authors state that in the
scheme, surface runoff is calculated as infiltration excess from a bucket which takes the
subgrid variability of the soil saturation within a GCM gridbox (orchatent) area into
account assuming a statistical distribution of soil water capacities in the gridbox. In this
scheme, it is supposed the existence of a minimum soil water capacity) (within a
gridbox that is not necessarily zero as it was ia tormer Arno Scheme. Then, the
distribution of the soil water capacities within a gridbox is:

- (Eqz.5)

Where is the maximum local soil capacityy is the subgrid water content that
corresponds to the fractional saturation jofrof the gridbox, b is a parameter that represents
the shape of soil water distribution curve, and it depends on the topography varigbiisy,

the percentag of the gridbox area S where the field capacity is less or equal to an assigned
valuew :

W W . p - QuU, (Eq.6)

When w is greater than zero, runoff occurs when the total wedetent within the
gridbox is greater than this minimum; butwf is equal to zero, runoff may occur after
each rainfall eventHagemann an®utmenil Gates2003. ® leads to more runoff in wet
areas due to the increased shape pararbeterd to less runoff in dry areas. Hence, the
introduction of®  greater than zero, and the derivation of individual parameters b for each
grid point from the subgrid soil water capacity distribution, are mainly novel this new
scheme.The infiltration is added to a bucket type soil layer. Drainage and ET occur
depending on the soil water content. Drainage is calculated using a scheni@(afesnil
Gatesand Todini (1992). Actual evapotranspiration is derived from PET. This scheme scales
drainagelinearly when soil moisture is below a certain threshold, but it increases drainages
exponentially when the threshold is exceeded (Stacke and Hagemann, 2012). The bare soill
evaporation is estimated using Bauer et(#083) scheme where ET is supposed ¢o b
linearly dependant on PET. Furthermore, the actual evapotranspiration is based on the
formulations used in the ECHAM model (Roeckner et al. 1992) and on Warrilow et al.

(1986) and Bauer et al. (1983). At the wilting point, transpiration tends to zerdatsand
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maximum is obtained when there is enough water available into the soil. The wilting point is
the difference between the soil water capacity (or field capacity that represents the amount of
water held in the soil) and the plant available water capéettich is the maximum amount

from the soil before they start to wilt).

In the HD model, thevater flow is separated into the three flpwocess of overland flow,
basélow and river flow. Overland flow usesurface runoff as input, bdlesv is fed by
drainage from the soil and the inflow from other upstream grid boxes contributes to river
flow. The sum of the three flow processes equals to the total outflow from a grid box
(Hagemann and Dumenil Gates, 2003).

The flows storages act as reservoirs and saeeific water retention times which control the
water release. These retention times or retention coefficient (average residence time of water
within the gridbox) depend o@fortovesanddlong onage s |
the topographyg r a d i ebetweenabio adjacent gridboxesnd t he gri dbox |
defined as the distance between the centres of two adjacent gridboxes in the direction of the
flow (Q for riverflow), and on the gridbox lengtliXfor baseflow). The inflow from alll

these three storages am@mbined as river flow and routed to the next downstream gridbox.
The river flow within a gridbox hasight possible outflow directions corresponding to eight
values: North (N: 8), East (E: 6), South (S: 2) and West (Wthd) are the four main
directions and the four diagonateictions (NE: 9), (SE: 3), (SW: 1) and (NW:afe defined.
However, for a specific gridbox only one outflow direction is allowed. The outflow from this
gridbox reaches the neighbouring gridbox whitas the lowest topography value of the
surrounding gridboxedHagemann and Dumenil, 1998

The parameters of the overland flow and riverflow are given in the following equations:

0 pRPTES With ¢ p (Eq27)
0 B B With ;v (Eq28)
2

Where, the unit o0i6inkmhaad the retemtibnacoeffidiesta gnd®  aex
aregivenindays.Incaseshver e t he average sl ope U within
Eq2.9 i's replaced by thxpgo themgxoggidbax pnhflow dgectiard i e n t

Their flow velocities are given by:

Op — (Eq29)
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In addition, the fractional amount of wetlands and lakes within a gridbox influence also the
parameters of overland and riverflow for certain gridboxes (Hagemann and Dimenil, 1998).
As we focus in a senrarid to arid region, this &ctional is not playing enajor feature of the

land surface. In addition, regarding the fundingHafgemann and Dumenil (1998) on the
modified global distribution of fractional lake area and wetland fraction, the Sahel region has
relatively very weak covege of wetlands and lakes. So, that we do not discuss their
parameterization in the current study.

As for the retention coefficieni®) of the baseflow, it is defined as follows:
N o8- (Eq210)

Here, 0 is theretention time of baseflow (set to 300 day®),is the typical diametr of a
0.5%gridbox (50 km). We have found during the model tuning that the simulations did not
change significantly by setting small variationsoofvalues. ThenHagemann and Dumenil
(1998)stated that &rebling ofd yielded no significanthanges in the total discharge; on the
contrary a reduction od to a third or a tenth has an impact to the total discharge but this
generally causes a worsening of the simulated discharge.

More details about the functioning of the model can be downStacke and Hagemann
(2012); Hagemann aridimenilGates (2001, 2003).

2.4.2.1 Model performancecriteria

In order to evaluate the performance of the optimized-NIMI model over the USB, the
following statistics are used:
U Nash Sutcliffe Efficiency (1970) which is commonly used to assess hydrological

models goodness fit:

afQ-Ql (Eq2.11)

2% ™ "aq00 (EqR.12)
47.3Q.8
0 denotes the observed discharge at the monih js the simulated one, and is the
averaged observed streamflow. NSE ranges frdinto 1.0, with high values indicating
betteragreement. NSE1 indicates a perfect match of simulated and observedNi&t O

corresponds to the model predictions matching the mean of the measured data, and NSE <
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shows that the measured mean is a better predictor than the model (Legates abe,McC
1999).

The PBIAS measures the tendency of the simulated variable to be larger or smaller than the
corresponding observed value, its optimal value is 0.0, and positive values indicate a
tendency to oveestimation whereas negative values indicate detecy for undeestimation

(Gupta et al., 1999).

2.4.2.2 Simulation analyses

The analyses have been mainly focused in the seasonal cycles of river discharge, runoff,
actual evapotranspiration, soil moisture and precipitation. In addition, we furtheigavedt

the seasonal spatial variability from July to October (JASO) which represents the high flows
period in the Senegal River BasinThe changes represent the differences between the
scenario period (2072100) and the reference period (12400). Then,the change of
available water resources which depends mainly on mean anumgaff is estimated as

follows:

(Rscen Rref)3 100= (Rscen Rref) R _(Rscen Rref)3 10(()Eq2.13)
(Rref— EWR) (Rref— O.23Rref) (0.77Rref)
'Y is the annual mean runoff in the scenario peridd, denotes the annual mean runoff

DAW =

in the reference period, af@® ™Ms the Environmental Water Requirements that represents
fair conditions of freshwater ecosystems and it is ar@8% of the mean annual runoff in
our semi aridbasin accordingo the work ofSmakhtin et al(2004) wlo found that EWR

range globallyfrom 20 to 50 percent of the mean annual river flow of a basin.
2.4.2.30ptimization of the Max Planck Institute for Meteorology-Hydrological Model

This global standard version of the model has been optimized to local conditions in USB.
After several sensitivity simulations in order to identify the main parameters that influence
the performance of the model over USB, théofeing parameters were identified. The
overland flow retention constant, the riverflow retention constant, minimum soil moisture
threshold for drainage and critical soil moisture for drainage, and the evaporation factor
coefficients have been optimized manual adjustment® comparing the simulations with
observed river flowsFor example, to overcome the issue of discharge overestimation, we
pointed out an underestimation of evapotranspiration in the SL scheme as it was suggested by
Hagemann and Dimen@ates (2001). Then, the evaporation has been incréasadl to

1.15. Details about the parameters optimization are given in Table 2.1. Several different runs
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have been performed in order to see whiéhthem allow abetter representation othe

observediver discharge

Table2.1: Optimization of some mod@larameters

overland flow retention constant (ALF_K) ALF_K*0.15

riverflow retention constant (ARF_K) ARF_K*0.15

minimum  soil  masture  threshold for drainag PWDMIN=0.3
(PWDMIN=0.05)

critical soil moisture for drainage (PWDCRI=0.9) PWDCRI=0.95

evaporation factor (UFAKEV=1) UFAKEV=1.15

The two first parameters (retenti@onstant whichthe average of residence time of wate
within the reservojrwere tuned in order to overcome thedayor shift ofthe simulated peak
dischargethat occurs one month after with regard to observed disch#&gefor the
parameters for drainage, they deal with the overestimation of dry seassn Additionally,

the evaporation factor was slightly increased to reduce the general overestimation. But here,
we show only four runs. Tmetersfonoatibeation loyasng n 0 t
observed dischargas it isusually done with soméydrological modelfGR2M, GR4J,
ModHyPMA, etc) This make it a little complicates to match well the observed discharge. We
have corrected the flawvdirection (Figure 2.10) for eachrid cell by using our local
knowledge of the river basiRiver flow directions are based on the land surface topography.

It is assumed that every grid cell drains into the neighbouring grid cell with the lowest
elevation (Stacke and Hagemann, 2013jx stations were considered during the
optimization, and the LSP2 datasetsdats updated version by either using dynamical
wetlands or no wetland. This was done in order to figure out the best combination of
parameters in reproducing the observed river discharge at stations. In Figure 2.11, the model
largely overestimates thevar discharge at stations (Sokotoro, Dakasaidou, Bafing Makana)
located more upstream (before the Manantali dam) with LSP3 dataset and dynamic wetland.
As for stations after the dam (Kayes, Bakel, and Matam), the simulations are quite well
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acceptable withL.SP3 and no wetland. But the peak discharge is delayed for one month.

Then, regarding these above results, we choose the LPS3with no wetland.
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Figure 2.10: Senegal river and river flow directions
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Figure 2.11: Simulated and observed river discharge at stations over USB

In figure 2.12, we show the simulations with optimized parameters that were mainly the

evaporation factor for the overestimation and the river retention cosis@ther runs were

done (not shown) before getting this current run that we suppose acceptable at stations after

the dam (Kayes, Bakel, and Matam). The different characteristics of the basin in upstream
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and downstream complicate the optimization in the whole basin. For #isigmewe focus at

Bakel station which is the outlet of the USB that is also the reference station of the river.
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Figure 2.12: Simulated and observed river discharge at stations over USB with parameters

optimized

Hence, the following river discharge simulations are been focused at Bakel. After the

optimization with WDFEI a climate input, the MPHM wasforced by uncorrected and bias
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corrected data from REMO climate model.

2.5Summary and Conclusions

The climate of the Senegal River Basin (Western Africa) is characterized by humid (Guinean

Highlands) to semarid (northern basin) conditions with strong rainfall spatial and temporal
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variability. The northern basin records more than 70 days where precipittiess than

1mm during the main rainy season (July, August and September) by contrast to the southern

basin that has around 20 dry days. It has been found also an important decadal variability of

precipitation at stations over the basin with higher anwimtipstream stations. Additionally

most downstream stations of the whole upstream area, record maxima of river discharge (e.g

Bakel, Matam). During the three last decades of tH& @dtury, the precipitation and the
river discharge have decreased saibally at the reference gauging station of the basin
(Bakel ) .

Ther ef or e, -clinateehasoshosve a dvyegwith carsidenables

variability. Then, the future evolution of tree®bserved tendencies is crudilthis basin
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where the majoi ty i ts popul ati onds .agricultwe). Henees de p e
future high resolution of climate simulations is required in order to investigate the evolution

of the hydreclimate of the basinFurthermore, the bias correction methodologgdi to

correct REMO output is described as well as the hydrological modeling procedures.

The results from this ensemble methodology are given in the following chapters.
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Chapter 3

3. Evaluation of REMO and Validation of WFDEI over
Senegal River Basin

3.1 Introduction
In the present chapter, a higksolution regional climate (REMO) simulation is evaluated
over the Senegal River Basin. To assess the impact of climate change on water resources at
the basin scale, detailed climate information is needed. Wtell documented that climate
impact assessment studies need suitablet injata for hydrological modelsThen an
evaluation of the climate model simulations in reproducing the present day climate over the
SRB is necessary before studying the futurdewot i on of the basinds cl
(2013) suggested that models projections cannot be credible if models are unable to
reproduce skillfully the current climate. This evaluation aims to investigate the capability of
REMO to reproduce the most pi@minant characteristics of the climate and also the
probable existence of biases that is general to all climate models. But the importance is here
to know the extent of the biases, and how climate simulations biases can be propagated into
hydrological moel results as it will be shown in Chapter 5. Although, the transferability of
REMO skills from its native region (Europe) to other regions such as Africa was successful
(by Jacob et al., 2012), its evaluation at the basin geatecularly in the Sahat essential.
Being so, the WFDEHataset (Weedon et al.,, 2014) that are our reference observational
datasets, are used during the evaluation of REMO output during the present day climate.
From that, few stations data are used to validate the WDFEI datdhexegh tley have been
validated globally.

The chapter is organized as follow&ection 3.2 describes briefly the simulations analyses.
In Section 3.3the evaluation of the REM@&mulations.The validation of WFDEUataseby
stations data ipresentedn Section 3.4Section 3.5 discusselse results btheseevaluation

and validationFinally, a short summary and conclusions section is presented.

3.2 Simulation analy®s

The simulations analyses were mainly done by comparing the climate model outpet to
observational dataset WFDEI which in tuare then compared to stations data. A focus is
givento the JAS seasofduly, August and Septembexhich represeistthe main period of
high rainand the annual cyclef precipitation and temperature. Additaty the 90" ,95",

and the 99 percentiles of mean JAS of these above variadlesalso computed for REMO
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and WFDEI. The nearest grid point is considered while extracting stations data from WFDEI
and REMO datasets. The REMO simulations (6.4@ remapped onto the same spatial grid
of the WFDEI (0.5 through conservative remappinghe bias represents the difference
between REMO simulations and WFDEI daboreover, the coefficient of variation of
precipitation, the standard deviation offgerature, and the number of JAS dry days were
also computedThe calculations are mainly done by the usihg climate data operasor
(CDO).

3.3Evaluation of REMO model

In Figure 3.1, the mean July, August, and September (JAS) from208 d rainfall for
REMO andWFDEI, andREMO biasesare displayed. In this figure, it is well seen that
REMO captures well the spatial pattern of rainfall (seuthth gradient). The maxima of
rainfall are found around the Guinean highlands for both, but REMO overesirtiee
precipitation (more than 16mm/day) peularly below 13N where the maximum of WFDEI

is 12mm/day. This overestimation is confirmed in the biases maps which depict only wet
biases; they go up to 60% in the southern and in the northeast basin.
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Figure 3.1: Mean JAS precipitation of REMO, WFDEI, and REMO biases (%)

As for the mean JAS temperature (Figure 3.2), spatial pattern is captured as with
precipitation. The temperature ranges fromt2ih the South to 3% in the North with
REMO data that seem to be higher than the WFDEI data. Cold biases—@tﬂ)m-lAcC)
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are found around the mountainous areas and warm biasesthanr]a.lib) aboveof 12N in

the majority of the basin.
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Figure 32: Mean JAS Temperatur&:() of REMO, WFDEI, and biase&?()

The seasonal cycles of precipitation ateanperatureare shown in Kgure 3.3 REMO
reproduces reasonably the signal of precipitaffayure 3.3a)with an overestimatio of the

JAS peak rainfalthat iswell defined in August for botdatasetsThe maximum of REMO is

up to 250 mm/month by contrast to the maximeinWFDEI that is 170 mm/month. During

the post and prenonsoon (dry season), there is no significant difference between REMO and
WFDEI data. As for temperature (figure 3.3b), the signal isitg captured by REMO
although itunderemates the temperature from Octol()%.stb for WFDEI against 2€ for
REMO) to May (330(: for WFDEI and 28tb). The relative minima of temperature occur
during August and September for both daflthe overestimation/underestimation of
precipitation and temperature v&ry noticeable in figure 3.4The monthly wet biases of
precipitation(figure 3.4a)occur during the summer perigdp to 80%)and dry biases the

post and prenonsoonwhere biases arbeyond-40%. In case of temperaturdgias (Figure

3.4b), the model depicts warm biases from JunAugust (up to 1% in July), by contrast in

the dry season where REMO exhibits cold biases particularly in the most cold period (from
November to February). The maximwhcold bias is obtained in Decembe3ct).
Temperature biases exhi biuaryandRelaruany), cilder pret e r 0

and post monsoon and warmer biases (from June to August)
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Figure 3.4: Monthly precipitation(a) andtemperaturéb) biases

Figure 3.5displays the monthly meaof precipitation and temperature averaged over all

longitudes of the Senegal River Bagjftom 18W to GW). This figure characterizes
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somehow the West African Monsoon (WAM). The maxima of precipitation are localized in
the southern basin below WL in the Fouta Djalon mountainous for both datasets even
though higher values are obtained with REMDe peak rainfall is well defined in August.
The high rainfall period correspondtso to the minima of temperature as it is well seen in
the temperature mapHowever, WFDEI exhibits the highest values of temperature

particularly in the northern basin.
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Figure 3.5: Hovmoller diagram ofmonthly precipitation and temperatusev e r aged bet ween 6UW a
over the Senegal River Basin

Moreover, REMO generally overestimates th&,986", and 99 percentiles of precipitation
particularly in the southerbasin as displayed in Figure 3:Bhis later result iss consistent

with above results. The overestimation is more pronounced with tep&@entile that
represents the extreme wet days; maxima values are around 70mm/day in REMO while they
are around 30mm/day in WFDEI. In the Guinean Highlands, the simulated precipitation is
almost twice than the observed data.

In case of the same perciégs for temperature (Figure 3,7although both datasets show a
similar spatial pattern, the WFDEI data slightly overestimates the temperature. Véryg is

noticeable from central to nbern basin which is the hottest part of the Senegal River Basin
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where mean temperature ggup to 36C by contrast to the southern basin which has the

minima tempeatures (around 5@).
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o0th Percentile of Temperature
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Figure 3.8 displays the coefficient of variation of mean JAS precipitationtibee&Senegal
River Basinof REMO and WFDEI. Both data depict similar spatial patterntis a south

north gradient where maxima are found in the northern basin and minima and the southern

basin.
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REMO overestimates the variability of precipitation particularly in the northern basin (up to
70%). This high variability in the northern basin is due to the heterogearieayinfall and the
small mean ofprecipitationthat is chaacterized by ashort rainy season arallong dry
season.

As for temperaturéFigure3.9) the climate model output depicts the highest varialitiy is
almost twice the observational datasets. As like precipitation, the greater vari@8BL

for REMO and 0.5C for WFDEI) is found in the northern basin. In this part of the basin,

maximavalues of temperature are recorded.
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Figure 3.9: Standard deviation of mean JAS temperature (Z80(%)

In case of the numbef dry days (Figure 3.10the spatial pattern of REMO identicalto
the spatial pattern of WFDEI. The dry days exhibit a soattth gradient with greater dry
days in thenorth (upto 70 days)
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Figure 3.10: Number of JAS d/ days (19722005)
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REMO seems to have the highest number of dry days when compared to WFDEI. This shows

that the model depicts more days of rain with very low intensities.

In Figure 3.11 the seasonal cycle of precipitatdrREMO and WFDEIor 3 decadesre
shown.It is verynoticeable thator all decades in WFDHffigure 3.11a) the rainfall peak is

well defined in August where the first decade (1:9888) exhibits the lowenagnitudevith

less than 6mm/day) compared to the last decade that has tlesth{gmm/day). The first
decade is among the period which West Africa has faced the most severe dryittg due
decreased precipitatioAs for REMO (figure3.11b), it overestimates the peak rainfall in all
decades; however, the first decade seems to havgréater amount of rainfallherefore, it

should be noticed that from the first decade to the last decade, the magnitude of WFDEI
precipitation increase while those in REMO decrease. This can be due to the shortcomings of

the climate modethat doeshot properly capture the decadal variability of precipitation over
the Senegal River Basin.
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From that, stations data are used to vadéidae WFDEI over SRB as these griddidaare

going to be used in the whole study as observational reference data

3.4 Validation of WFDEI data by stations data

In this section, nearest grid point to stations coordinates (longitude and latitude) aceedxtr
from WFDEI and compared to observed stations data. The seasonal cycle of rainfall in
upstream basin (Mamou, Kenieba and Sagabari), central basin (Bakel, Matam and
Nioro_Sahel) and northern basin (Saint Louis, Podud, Kiffa) is shown in Figure 32. In

all parts of the basin, the peak rainfall is well defined in August with the highest values in
upstream stations (e.¢lamou with more than 12mm/day) and lowest amounts are found
downstream stations (e.§odor with less than 3mm/day). In the centrasin, the peak
rainfall ranges from 4 to 6mm/days. The signal of the precipitation is almost perfectly
reproduced by the WFDEI in all stations; however, very slight underestimation is found

particularly at Matam and Kiffa.
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Figure 3.12. Seasonal cycle of precipitation at stations over SRB

The annual cycle of temperature (figurd3.shows that the WFDEI matches the stations
even though there are noticeable deviations at Kenieba, Mamou and Saint Louis. As for the
other stabns, the seasonal cycle of temperature is rightly represented byahalyses data

with the two peaks of temperature occurring in May and October.
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Figure 3.13: Seasonal cycle of Temperature at stations over SRB

Furthermoe, the mean JAS of precipitation and temperature are presented in figdran.
3.14 for the WFDEI (the spatial map) and the stations (the small circles inside the map)
respectively. It is an overlay of the stations onto the WFDEI data. This means ttiat
circles have the same color of the background map, then the WDFEI matches well the

stations data. Precipitation ranges from 360mm/month (south) to 90mm/month in the north.
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As for temperature, higher values go up t6C38n the north and lower temperatures are
found in the south (i@). Maxima of precipitation are found in the southern basin while
minima of temperaturesire noticed in this same area which can be attributed to the
evaporative cooling.

From these two figes, precipitation and temperature spatial coverage of stations are well
reproduced by the WFDEI datasets
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3.5Discussion
The evaluation of REMO JAS precipitation over the Senegal River Basin as shokigdre

3.1, exhibits aroverestimation rainfall. This was found also during in the temporal variation

of precipitation &eraged over SRB. The wet biases during the main rainy season were
underlined byGbobaniyi et al. (204) around the Guinean Highlands. Additionally, during

the dry season, REMO depicts dry biases. For temperahgeninima are found in the
Guinean zoneand maxima are in the sahelian part of the basin that is south of the Saharan
Heat Low (SHL) which is a key driver in the circulation of West African climate during
summer. The warm biases could increase the thermal gradient between land and South
Atlantic Ocean and thereafter enhance northward moisture transport within the monsoon flow
which generates considerable rainfall over the region. Cold biases occur in orographic zones
and warm biases abovel\2 Its annual cyclétemperatureflepicts warm biasesudng the
monsoon period and biases during the post and pr®nsoon. The warm biases can be
explained by an overestimation of the surface downwelling radiation which results to a
misrepresentation of stratocumulus clouds (Jacob et al., 2012; Hastredle2011)The dreer

and hotter northern basin depicts the highest variability in term of temperature and
precipitationas described in figure 3.8 and figure 3.9.

Therefore, REMO simulations are associated with dry and wet biases in precipitation, warm
and cold biases in temperature. The wet biases found during the high rain period are mainly
associated with cold biases that result to a high evaporative cooling. Then, these biases of
temperature and precipitation are likely to affect the hydrologicallaions when they are

used directly without correctiomn Addition, the warm bias in the northern badimring the

peak monsoon could lead to a high temperature grasibith could interact with the
monsoon features, leading to a wider and more intemstll band (Gbobaniyi et al., 2014

So far, a bias removal which is a statistical gosicessing of model output is required. As

for the validation of the WFDEI data by stations (asnghon the Figures in Section 3.4he

spatial and temporal vatians were well captured. Thus, the WFDEI datasets are self

consistent to use for bias correcting REMO output.

3.6 Summary and conclusions

In this chapter, the performance of the regional climate model REMO was evaluated over the
Senegal River Basim.he model reproducegenerallythe spatial pattern of precipitation and
temperature and also their annual cycle. However, precipitation is generally overestimated by
the model particularly around the Guinean Highlands. This overestimation is well noticed in
the seasonal cycle of precipitation where wet biases are found during the main rain season.

As for temperature, the model slightly underestimates the temperature around the
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mountainous areas and overestimates it in the northern basin. Therefore, wer dfaite
evaluation part that a bias correction of REMO simulations is needed in order to have reliable
climate input for hydrological impact studies.rtfiermore, the WFDEmatches well the
stations data during its validation. Hence, these gridded obssaiadata aregoing to be

used to bias correct the climate model simulatidige comparison of bias corrected and

uncorrected climate simulations are presented in Chapter 4.
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Chapter 4

4. Impact of statistical bias correction on the projected
climate change signals

4.1 Introduction
The use of RCMs has increasingly gained interest in recent years and the ability of RCMs to
reproduce the present day climate has substantially improved (Xu et al. 2005). However, for
impact studiesit is well documentedhat RCMs output isssociated with biases that can
affect the quality of hydrological simulations. During the evaluation part of REMO output
(see in Chapter 3), wet and dry biases were found in precipitation, warm aniias#s
were noticed in temperatl The biases in the regional climate model simulations can rise
from shortcoming of the RCMghemselves, but also from erroneous forcing data as it was
suggested bchoetter et al. (2012). Faydrological impact study, a good quality of the
input datais very crucial for the final conclusions that can be taken from the modeling
results which are needed for water resources planners and managers. Beven and Feyen
(2002) stated that the models will not be able to simulate accurate predictions if the areal
precipitation is not adequately represented. Hence, to overcome this issue, we applied the
bias correctiormethodology developed by Piani et @010b) to bias correct prgpitation
and temperaturdata over the Senegal River Basin. These two varialdesnaong the most
prevailing climate drivers in modeling the hydrological processes, and also the most
common climate change indicators. The statistical bias correction is designed to adjust all
moments of the probability distribution function (PDF) of gty for a specific variabl
(Hagemann et al., 2012yVFDEI data were used to correct the model output. Prior to this,
the WFDEI datasets were validated by stations data over the Senegal River Basin. As our
stations data are very sparse to cover the apatid temporal resolutiorgood data
coverage is needed (e WFDEI) to correct tb climate model biases. Therefore, station
data are only used to evaluate/validate the corrected simulations for some grid points
(Lon/Lat).

The chapter is structured adldws. In Section 4.2he analyses of REMQimulationsare
described. Section 4.3 presents the evaluation of bias corrected REMO simulation during
the present day climate over the Senegal River Basin. The findings of theetongigh
resolution climag projection and the potential impact of the bias correction on the projected
climate change signal are shown in Section 4.4. Section 4.5 delivers a comparison of the
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climate change signals between different time slifége main results are discussed in

Section 4.6Finally, asummary an@onclusioms section ends this chapter.

4.2 Analysesof REMO simulations
In this chapter daily uncorrectedand bias correctedclimate model simulations(suchdaily
precipitation, mean, minimum and maximum temperaturesfrom the Regional Climate
Model REMO from 1971 to 2100 were used. The climate model output have been bias
correctedfollowing Pianiet al.(2010b). Detailson the biascorrectiontechniqueare givenin
Chapter2.
The analysesare donein seasonalannualand interannualtime scales. The climate indices
usedhereare: the maximumconsecutiveof wet days(CWD), the maximumconsecutiveof
dry days(CDD); adayis consideredvet/dry if therainfall amountis greater/lessthan1lmm
respectively Heavy and extremewet rainfall eventsare consideredfor rainfall valuesthat
areabovethe 95" and 99" of the referenceperiod (1971-2000), respectively The maxixum
five days total precipitation this indice is very importantin hydrology becauseextreme
hydrologcal events(e.g flood) are preceededusually with severaldays of heavyrainfall
events Ten yearsrunning standarddeviationis also usedfor temporalvariability. These
aboveindiceswereusedfor precipitaion.As for temperaturewarmdaysandwarmnightsare
computedby usingthe maximumandminimumtemperature¢hat are exceecthe 90" and 10"
during the referenceperiod, respectively. The changesare computedas the difference
betweerthe projectedscenario (2071-2100)andthe control period (19722000).In addition,
the potential water balancerepresentsthe difference betweenthe precipitation and the
potentialevapotranspiratio(P-PET).

4.3 Evaluation of REMO historical runs after bias correction
4.3.1 Precipitation

Figure 4.1 depictsthe meanJuly, Augustand Septembe(JAS) rainfall. The overestimation
of rainfall beforecorrectionaroundthe Guineanhighlandis reducedrom morethan16to 12

mm/dayafter correction.In this regionbiascorrectionimprovesthe resultsconsiderablyThe

biases in the correctedREMO datarangefrom -5 to 5% while the original REMO simulation

showedbiaseghatgo up to 55 %.
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Figure 4.1: Upper part of the figure: Mean JAS Rainfall for the period 1979 to 2005 as simulated with
REMO (left); as observed (WFDEI; center) and after bias correction (right). The lower two panels depict the
bias between uncorrected REMO and WFDEI (left) and bias corrected REMO and WFDEI (right).

The simulated datfrom REMO) and observed data (WFEI astdtion data) seasonal cycles

of precipitation averaged over the SRB are presented in figuréat.Zhe Senegal basin,eth

data are averaged over the whole basin; as for the stations, the nearest gridbox is diktracted.
is well seen that the overestinmat of rainfall (wet biases) during the summer in REMO
(blue curve), which was also seen in the hindcast simuattdrREMO (Gbobaniyi et al.

2014 has been successfully corrected in all parts of the basin.
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Figure 4.2: Seasoal Cycle of Rainfall over SRB and stations [UC: uncorrected, BC: bias
corrected]

The numberof dry days(NDD) and the 95" percentileof JAS precipitationare plotted in
figure 4.3 andtheir biasesin figure 4.4. The zonal patternsarewell capturedfor all metrics
(NDD, 95" P) form southto north. As for the 95" percentileof rainfall, the uncorrectediata

largely overestimateghe high rainfall (60mm) in the southernbasin aroundthe Guinean
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highlandswheretheamountis 30 mmin the WFDEI. The biasesnaps(figure 4.4) showsthat
the biaseshave been successfullyremoved for the 95" percentile. Therefore, the bias
correctionalmostperfectlyremovedhe biasesn the simulations.

In caseof the numberof dry days,the northernbasinhasthe maximaof dry days(morethan

60 days).This northernareais alsoknownto bethedriestandhottestpartof the basin.
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Figure 4.3: Number of dry days (NDD) and the'®percentile of JAS precipitation

In the case of the number of ddways, the bias correction also improved the results of the
REMO simulation; however the biases are still substantial in the corrected data.
Generally,the biasesof the 95" percentileof daily precipitationamountsthe numberof dry

daysshownin figure 4.4 are well reduced.However,remainingbiasesin the dry daysare

noticable.
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Figure 44: Biases of Number of Dry Days, and "Bercentile of precipitation

4.3.2 Potential Evapotranspiration (PET) and Potential water biance (RPET)

The annualmeanof potential evapotranspiratioms plotted in figure 4.5. It showsa high
gradientof PET betweenthe south(1200mm/year)andthe north (3000mm/year).Thereare
slight differencesbetweerthe correctedandthe uncorrecteddaa; this is well noticedon the
biasesmaps.More positive biasesare found in a large part of the basinalthoughthereare

somepartsin the northwherethereis no deviation.
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Figure 45: annual mean of PET (197ZD05)

It shauld be noticed that biases of uncorrected and corrected data present very similar spatial
patterns.
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Moreover, the potential water balance (P minus PET) and its relative departure is presented in
figure 4.6. A surplus ofvater (RPET >0) is found above4IN by contrast to the northern

basin which exhibits a water balance deficit. The bias correction has reduced the positive
biases in the potential water balance in the southern part of the SRB, even though only
temperature is different (corrected and unatge) in the estimation of PET. The relative
departure in the corrected REMO simulation is Iimahe whole basin, except the central

basin where some biases persist.
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Figure 4.6: Mean JAS Water Balance (top) and its tigladeparture (bottom) over SRB

4.3.3 Mean, minimum, and maximum Temperatures

The zonal pattern of themean JAS temperature (figure ¥ depided in the observations is
quit captured by thsimulations. Howeveithe model has a warm Isian the northerndsin
and coldbias in the south which have been removed after bias corredtidhe case of the
seasonal cycle of mean temperature (figure 4k#)most prominent features are the warm
biases in the summer and theédbiases in the dry season presainll stations. Both biases

were corrected for the whole basin and stations.
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Figure 4.7: Upper part of the figure: Mean JAS temperature for the period 1979 to 2005 as simulated with
REMO (left); as observed (WFDEI; center)daaifter bias correction (right). The lower two panels depict the
bias between uncorrected REMO and WFDEI (left) and bias corrected REMO and WFDEI (right).
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Figure 4.8: Seasonal Cycle of temperature over SRB and stations [WOrracted, BC: bias
corrected]

As for extreme temperatures (maximum and minimum) presented in figures 4.9 and 4.10

respectively, the zonal pattern of these temperatures is reproduced in all simulations with
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maxima in the northern basin and minima in thetisern basin. The bias correction has
successfully improved the correction of the original simulations of REMO. This is well
noticed in the biases maps where they are around zero.
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Figure 49: JAS maximum temperature over Sealegiver Basin
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Figure 4.10: JAS minimum temperature over Senegal River Basin

As for the mean temperature, the seasonal cycles of minimum and maximum temperatures
(figure 4.11) show that warm biases (from June to October) atdiliases (from November

to May) are well removed from the original simulations.
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Figure 411: Seasonal cycle of minimum and maximum temperatures averaged over Senegal
River Basin

Herce, the bias correction has significanttyproved the timingandthe magnitude in both
spatial and temporal variation of rainfall and temperature over the SRB. We conclude for this
evaluation part that the bias correction has successfully improved the historical simulations

also when comparing &tation data.

4.4 Climate change signal with and without bias correction

4.4.1 Precipitation

In this part, we analyze the potential impact of the bias correction on the projected climate
change signals over the Senegal Basin. Most of the analysesofotius end of Z1century

because substantial changes are expected during the late century as it was suggested by
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Roudier et al. (2014) and Aich et al. (2014). Figure 4.12 displays the historical and projected
changes of mean JAS rainfall for both, btasrected and nghiascorrected REMO
simulations for the historical period as well as for the end of tAe@itury for two different
emission scenarios. Furthermore the differences between the corrected acwrected
simulations (in the followinghid el t a0 i s the di fference of the
corrected and uncorredesimulations;the difference between corredt@nd uncorrected
model output, is defined afeviatior) are depicted, respectively. The projected decrease is
more pronanced in the RCP8.5 simulation (more than 2 mm decreased) than in RCP4.5.

In general an increase of rainfall is projected for the end of this century around the Guinean
highlands for both datasets and scenarios and arabie decrease of rainfall is peojed to

occur abovel2N. In thesemountainous areas, the moisture supply from the sea and the
surface heating leads to an ascent of moist air which cools and favors condensation of water
vapor that is responsible of precipitation generation. Addition#liig region is known to

receive thénighestbulk of precipitation in WA.
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Figure 4.12. Mean JAS ainfall and its absolutehanges for uncorrected data (left), for bias

corrected (Middle), and their differencégght) for RCR 4.5 and 8.5.
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Only a small difference (deviatior) is presentbetweenuncorrectedand bias corrected
simulation in the historical simulationsalthoudh a deviation up to 5 mm/day is noticed
aroundmountainousareas.The biascorrectionhasaffectedthe climatechangesignalin both
scenariogdelta) andit is more pronouncedn RCPB.5. The bias correctionseemso reduce
thedrying overthe SRB.

Furthermore, the precipitation seasonal changes in AMJ ¢May-June), JFM (January
FebruaryMarch), and OND QctoberNovembesDecember) are presented in figure 4.13,
figure 4.14 and figure 4.15 respectively for all simulations and scenarios. In AMJ season,
precipitation decreases generally in RCP8&®%o) for both datasets. This decrease is more
pronounced in t northerreastern parts and westerarthern parts of the basin. As for the
scenario RCP4.5, slight decrease is found in the majority of the basin, except the north
western part of the basin where an increase is found in the corrected and originafittiaia.

the same scenario, both data depict similar spatial pattern.
UC_REMO_RCP4.5 UC_REMO_RCP8.5

18N - 18N A
15N -

12N —+ r 12N 4

9N 9N

18W 15W 12W oW 8w 18W

BC_REMO_RCP4.5

18N 18N —

15N o

15N 1

12N 12N

18W 15W 12w aw W 18W 15W 12w aw 6w

BT T

-60 -50 -40 -30 -20 -10 O 10 20 30

Figure 4.13: Precipitation AMJ seasonal change

In the cold anddry seasor{JFM), anexceptionaincreasds foundin the northernpartof the
basin (up to 30%) with the extremescenarioin the uncorrecteddata by contrastto the
southerrbasinwhereprecipitationis likely to decreaseThis increasan thedriestpartof the
basincanbe explainedby the standardizatiomechniquewe used;the hugepercentagegmore
than70%) aredueto the division by very smallamounts As for the changein the moderate

scenariothe highestdecreases noticedin the centralbasin(-75%) in the uncorrecteddata.
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No changds foundin the northernbasinwith biascorrectedn RCP4.5. Thus in this season,

the biascorrectionhasalteredthe climatechangesignalby the endof 21% century.

In addition,in the postmonsoorseasor{OND), within the samescenariopoth dataexhibita
similar spatialpatternof the projectedsignal. The changesarehigherwith RCP8.5thanwith
RCP4.5particularly in the northernbasin. Moreover,localized increaseand decreasere
found in somepartsof the basin. The changesare more substantiain the uncorrecteddata
thanin thebiascorrectel data.

In order to characterize the spatial variations of the West African Monsoon (WAM), a
Hovmoller diagram (timéatitude cross sections) of monthly precipitation, averaged over 18
W and 63W, is presented in Figure 4.16. The rainfall band is sugptts&ecome narrower

by the end this Zicentury for both scenarios and particularly for RCP8.5. Its magnitude and
its latitudinal position are likely also to be reduced. This rainfall band is reduced in the bias
corrected data particularly in August (nal6 mm/day in the uncorrected to 12mm/day in the

bias corrected).
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Figure 4.14: Precipitation JFM seasonal change

Moreover, localized increase and decrease are found in some parts of the basin. The changes

are more substdial in the uncorrected data than in the bias corrected data.
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Figure 4.15: Precipitation OND seasonal change

Its magnitude and its latitudinal position are likely also to be reduced northward. This rainfall
band has been raded in the bias corrected data particularly in August (from 16 mm/day in
the uncorrected to 12mm/day in the bias correctBais rainfall band is reduced in the bias
corrected data particularly in August (from more than 16 mm/day in the uncorrected to

12mm/day in the bias corrected), with largest deviatiémim/day) soutid2°N.
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Figure 4.16: Monthly precipitation (mm/day) over Senegal River Basin averaged between
18"W and W for the fistorical period (197:2000) and of 2% century (20712100) for
RCPs 4.5&8.5.

The projected changes of the 95th percentile of daily rainfall amounts (only wet days
>1mm/day rainfall are considered) are shown in Figure 8. An increase (up to 15 mm/day) is
found particularly from central to sdwdrn basin in the uncorrected data for the RCP4.5
scenario. After the bias correction, the projected changes rangeSreon5 mm/day. For
RCP8.5, the uncorrected model projections shows a substantial decrease in the 95th
percentile of daily rainfall amaus over most parts of SRB (up to 15 mm/day less). Only for
the region south of R, an increase of up to 15 mm/day is projected.

Similar to what has been described previously for the mean JAS rainfall the delta between
corrected and uncorrected projeosoof the 98 rainfall percentile shows mainly negative

departures in the southern basin and more pronounced for the RCP4.5 simulation. Especially
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in the southern part of the basin projected changes in high rainfall intensity is reduced by the
bias corretion by more than 5 mm/day. Adidinally, positive delta differences are found
above ofl2 N for RCP8.5
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Figure 4.17: Mean JAS 98 percenile of Rainfall and its absolutehanges for uncorrected
data (left), for bias coected (Middle), and their differenc€gght) for RCPs 4.5 and 8.5.

In Figure4.18 we present the projected changes of the number of dry days by the erid of 21
century for both scenarios. Generally and for both scenarios, the NDD is projected to increase
by the end of the current century over the whole basin. Larger increases in NDD are seen in
the north and in RCP8.5 (from 2 to 16 days) while in RCP4.5 projected changes ranges from
2 to 8 days. The difference between the corrected and the uncorrectedudata te
reference period depicts a soutbrth gradient of the number of dry days where the bias
correction leads to drier days in the northern basin (up to 6 days) by contrast to the southern
basin which shows less dry days with bias corrected simnsatiss for the projected signal,

the main deviations are likely to occur in the northern basin (up to 3 days).
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Figure 418 Mean JAS NDD and its absolute changes for uncorrected data (left), for bias
corrected (Middle), andhieir differencegright) for RCPs 4.5 and 8.5

Figure 4.19 displays the changes at the end 8fc2htury (20712100) of the maximum
consecutive wet days (CWD), the maximum consecutive dry days (CDD) ,and the frequence
of heavy rainfall that are above tB&" percentile of rainfall during the present day (1971
200). From this figure, it is veryoticeable a clear decrease of wet days length (up to 20
days) and an increase of dry days to more than 35 days. The incretmelaigth of
consecutive dry dayis more pronounced in the northern basin which is the driest and hottest

part of the Senegal basin.
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Figure 419 Projected cwd, cdd and frequency of heavy rainfall (95P)

We present in figure 20 the variation coefficientf rainfall. It shows that more changes are
expected in RCP8.5 (up to 60%) in the sahelian part of the basin for the uncorrected RCP8.5
scenarios. For both scenarios, the saaht of the basin exhibits small deviations in the bias
corrected data. Altholgthey have a similar spatial pattern, the magnitude of the climate
change signal is affected by the statistical bias correction.

The coefficient of variatiorof annual mean of precipitation is presented in figure 4.21. High
variability is found in the nahern basin (up to 80%), and it decrease southward in all
datasets (10%). However, the variability is more important in the uncorrected data than in the
bias corrected data. We have seen in the previous results that the bias correction seems to
reduce therecipitation, and the high variability can be due to the very short sasmgon and

the small amounof rainfall in the northern basin. Thus, localized precipitation events could
have great impact on the variabilitgdditionally, it should also be takeinto account the
influence of the global tropical oceans and the North Atlantic SSTs that highly influence the
Sahel rainfal(Giannini et al. 2003)Uncorrected and bias corrected data show similar spatial
patterns.
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Figure 4.20: Mean JAS CV and itshanges for uncorrected data (left), for bias corrected
(Middle), and their dferenceqright) for RCPs 4.5 and 8.5
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Figure 4.21: Mean annual CV of precipitation over SRB

In order to investigate theedadal variability of extreme precipitation, the 10 years running
standard deviation of the maximurrd&y precipitation total and the extreme wet day4' (99
percentile) are shown in Figure4.22a and 22b respectively.

The bias correction highy reduced th&at®-day precipition from present day climate to end

21" of century when comapred to uncorrected simulations. Both data depict a decadal
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variability that is more amplified with raw datar RCP8.%up to 36 mm). The variability is
higher during the decade€20112021, 20412051, 20612071 and 2072081 with RCP8.5.

As for RCP4.5, the most substantial variations are found after mid century to 2081
(maximum reached at 39mm) with original climate model output. The bias correction
somewhat mismatches the mégde of the decadal variability of accumulated precipitation.
Furthermore, the extreme wet ddfigure 4.22b)are likely to be more variable (up to 2.8 %)
during the decades 202D31, 20612071, 20812091 with RCP8.5 for both data.
Additionally, in RCP4.5 the decadal variability is projected to be more important from 2061
to 2081 for all simulations. In this later result the bias corection does not alter the climate
change signal. These results show also that thathagliforcing that is related witthe

greerhouse gases emission, l@simportant impact on the projected climate change signals.
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Figure 422 10 years running standard deviation of extreme wet days (99P) and maximum 5

days precipitation

By the end of 2% century, meanprecipitation (figure 4.23) is likely to decrease for both
corrected and uncorrected data. Tgrecipitatiorts peakin the uncorrectegimulationsis

2mm higher than the corrected peak in August. Then, thexbg# substantially reduce the
rainfall signal over the SRB. From the reference period to the scenario period, the bias
corrected data exhibit one IWvedefined peak in August byontrast to the projected
uncorrected signal where thgeak ismaintained untilSeptember. This situation care b
explained by the fact that we have conserved the same statistical relationship between
observed and simulated data in a changing climate. Moreover, the bias in August is higher
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than the increase of precipitation in September; this can also justify isereation of the

peak rainfall in August by the bias correction.
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4.4.2 Potential Evapotranspiration (PET) and potential water balance (FPET) changes

The changes in PET plotted in figure4. show that by the end of 2tentury, an increase

of potential evapotranspiration is likely twccur in the entire basin from 10 to 15 % in
RCP4.5 and from 10 to 25% in RCP8.5 either corrected or uncorrected data. The changes are
more pronounced in the uncorrected simulations than that in the bias corrected. Small
decrease-5%) is found in RCP8.%of corrected in the most southern part of the basin. Both
datasets in all scenarios present the same signal of increase in general even though there are
deviations in magnitude. This is shown in the delta maps that represent the different between
the biascorrected and the uncorrected data. As shown in the changes maps, the climate

change signal is reduced by the bias correction.

73



UC_HISTO BC_HISTO Delta_l:| ISTO |

Il 1 L L

18N - L 18N . 18N o

15N o Lo1sN o L 15N <

12N o F 12N - 12N

an

T T T El T T an
18w 18W 12w aw aW 18w 15W 12w aw 6W 18W  15W 12w aw BW

[ . N | [
2345678 M 05 03 -01 01 ("

Change_UC_RCP45 Change_BC_RCP45 Delta_Change_RCP45

L 18N -~

18N 18N

15N - </ 15N 4 L 15N 4 <

12N 12N - L 12N A

. : — N ; ; ; SN . ; ‘
18W 15W 12w 9w W 18W 15W 12W aw BW 18W 15W 12W aw 6w
Change_UC_RGP85 Change BC_RCP85 Delta_Change RCP85

9N

18N 18N - 18N 4

15N o o/ 15N 4 o/ - 15N o

12N 12N = 12N 4

9N 9N 9N

T T T
18W  15W 12w 9w W 18w 15w 12w aw 6W 18W  15W 12w aw W

9% [ .
5051015202 64202486 ™

Figure 4.24: Mean JAS PET and its relative changes for uncorrected data (left), for bias
correcked (Middle), and their differencégght) for RCPs 4.5 and 8.5.

The seasonal cycle of PET averaged over the SRB at the reference peric8d@9yand at

the end of century (2072100), and its relative changes are displayed in figurg 412 all

monthks, PET is expected to irease from reference to scenario period corrected and
uncorrected data. As seen above in the spatial variation, the temporal variation shows also
that the changes are higher in RCP8.5 than in RCP4.5. The maxima are foundnairthe

rain period (JAS) and from December to February. We have noticed that only few differences
exist between uncorrected and bias corrected data. This can be due to the fact that only
temperature is different in the estimation of PET, and others parsnseteh as radiations,

wind and humidity may have non negligible effect on the computation of PET. Then, it has
to be taken into account the nonlinearity in the relationships between the drivers of
evaporation (e.gemperature) as suggested by Weedal. €2011).

The spatial patterns of the potential water balance are displayed in Figar& Hi water
balance is expected to decrease in almost in the whole basin in both datasets and scenarios.

The decrease is drastically higher under the extreme rsegiCP8.5) for the central to
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northern parts of the basin. The decrease ranges-frao+1mm/day. The delta between the
two signals shows no changes in the majority of the bagim RCP4.5. As forRCP8.5
deviations are vergoticeable in the whole ban.
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Figure 4.25: Monthly PET (historical and scenarios) at top and its relative changes at bottom
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Figure 4.26: Potential water balance and its changes, for uncorrected (left), corrected
(Middle), and theidifferences (rightjor RCPs 4.5 and 8.5

The seasonal cycles of the potential water balande&P for the historical period and for

the two scenario simulations are displayed in figure 4.27. Additionally the respective
differences (delta) bereen the uncorrected and corrected simulations are depicted. It is
clearly seen that this water balance decreases from the present day climate by tHé end 21
century. The projected decrease of the potential water balance in the bias corrected data is

larger than in the uncorrected simulations.
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Figure 4.27: Seasonal cycle of-PET (top) and its delta (bottom) over Senegal Basin (2071
2100)

4.4.3 Mean, Minimum, and Maximum temperatures
In the case of mean JAS temperature ckan@igure 48), slight differences are found

between the corrected and uncorrected data in the historieadl p€&his is well seen in the

delta where deviations are noticed in the northern basll’ft(). Then, a general increase is
projected by the end of Z2tentury for both scenarios and datasets over the whole SRB. It
ranges from 1 to ¥ in RCP4.5 and it goes up% in RCP8.5. The warming in the extreme
scenario RCP8.5 is almost twice the wangnof the moderate scenario RCP4.5. The
increases are more severe in the uncorrected data than in the bias corrected data. The delta
change shows that the expected warming is likely to be reduced by the bias correction
because only negative differencee &yund. As well as JAS, generatrease of temperature
changes is found in the other seasons (OND, JFM, and AMJ) in allvtlate the increase is

more pronouncetbr RCP8.§Figure4.®, 30, and31).
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Figure 428 Mean JAS Tmperature and its changes, for uncorre¢left), corrected
(Middle), and their differencegight) for RCPs 4.5 and 8.5

Figure 4.29: Mean temperature AMJ seasonal change
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