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Abstract. In the 1960s, Lake Chad was the world’s sixth latgeater body, which has since shrunk dramatidatiyn a
surface area of 25,000 Rito only 2,000 krmin the following 40 years. In the present studygdioyclimatic variability in the
Chari-Logone, Komadugu-Yobe, YENG (Yedseram, EleBéigadda and Gubio basins) as well as Lake Fasirts and
decreasing streamflow to Lake Chad due to cémmatiability and human activities were separated guantified using trend
analysis, change point analysis, and hydrologippr@ach, for the period of 1951-2015. The resuimaed very strong
signals ¢=0.001) of increasing trend in mean temperaturt am average increase of 1.4 °C, and very wea@.() to strong
(0=0.01) decreasing signals in precipitation, withaarrage decrease of 15%. In case of streamfldake Chad, very strong
decreasing trends were observed, showing 67% rieduicr the whole period. The north-eastern pamseamost affected
parts in case of increasing temperature anceésitrg precipitation. Decreasing flow due to bdithate variability and human
activitieswereranged from 34% to 45% in different decades, fr@2lto 2013. On the whole, a 66%total decline in
streamflow was observed due to human activities3#%d due to climate variability. Most reductionsineamflow (59%) due
to climate variability was explored only during 238991 because a devastating drougts-occurred during this period.
Since human activities caused most reduction e@astflow to Lake Chad than climate, inflow to thiel@an be improved by

reducing or properly managing the human aatisitind using sustainable water resount@sagement.

1 Introduction

Lake Chad (LC), one of the biggest lakes in theldyas located in the Lake Chad basin (LCB), thrgést endorheic basin in
Africa (Gao et al., 2011). LC straddles the borddgr€had, Nigeria, Niger, and Cameroon, as showfign 1. As of 2011, it

provides livelihoods to more than 30 x6igeople s the basin. It is a vital source egHwater and fishing and also__ -

provides water for pastoral and agriculturatllaim the 1960s, LC was the world’s sixth largestev body, with a surface
area of 25,000 kfn However, in the subsequent 40 years, it has dieaflg reduced to 2,000 kir(LCBC, 2011;Coe and

Foley, 2001) and even about 300%im the 1980s (Gao et al., 2011). In 1975, the laks divided into two parts (i.e., the
northern pool and the southern pool) because adistating drought over the African Sahel belt. Sithas, the northern pool
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the lake has an average annual surface arga d kf4for the period of 1992-2016. Same like other lakessituated in - { Formatted: Highlight

closed drainage basins, the variation of waterl leweC mostly depends on the streamflow from diffiet rivers in the LCB,
which varies according to the annual rainfall ie tiesin (Coe and Foley, 2001;Lemoalle et al., 2008 to shallow water
level (even less than 7 m), LC is very sensitiveetaperature, precipitation, and runoff changesnaalle et al., 2012).

LC is mostly fed by two river systems: the CHaogone River system and the Komadugu-Yobe RiveteBygSingh etl.,
2006;Gao et al., 2011). The Chari-Logone River (CLRWan the south-eastern parts of the LCB and etettse southern
pool of the lake (Fig. 1), contributing more thad?® (27.14 km yr-t, mean for1960-2013) to the lake, and the Komadugu-
Yobe River (KYR) runs in the western parts of th@H_and enters to the northern pool of the lake.(Ejgcontributing 2—
5% (0.56 knd yr=, mean for 1961-2013) (Gao et al., 2011;LemoalteMagrin, 2014). In addition, the Yedseram, El-Beid
Ngadda, and Gubio (YENG) Rivers enters fromsthethwest of LC (Fig. 1) and contributes about 1-BP%wever, the Batha
River to the east of Lake Chad (Fig. 1) does nietatliy contribute to Lake Chad but to Lake Fitriofidble et al., 2016).
Agriculture is the main water user in the basinichtprovides the major livelihood to about 60% plead the LCB. During

1983-1994, the water demand in the agricultureoseeas increased by twofold because of rapidlygasing population in

the LCB from 1960 (13 x Bpto 1990 (26 x 1%). At the present, an area of about 135,000 hextarierigated in the ba$' -~

The most devastating droughts in ft#&70s1980®xtremely reduced the water level in LC, resultinghe shortage
water for irrigation canals. Moreover, building dammave greatly affected the river flow to the lakbout 23 earth dams
have been constructed in Kano and Hadejia basssjting reduction in the KYR's flow to the lakeofn |7 kn? yHli;%

0.45 kn? yr*due to impoundment of reservoirs in Kano provirsagh et al., 2006).
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During the last few decades, dramatic rise in threcentration of greenhouse gases has resultedialgharming and global { Comment [mm4]: Source?

energy imbalance (Mahmood and Babel, 2013). &prently, the global average temperature has isedday 0.85 °@uring
1880-2012 and by 0.74 °C + 0.18 °C only in the tsttury (906—-2005) (IPCC, 2013). This global warmgncan greatly
disturb the hydrologic cycle of world, resultingchanges in the availability of water anbdangedn extreme events such
as flood and droughts (Khattak et al., 2011). Theudbance of hydrological cycle can seriously effater demand in
different sectors, public health, energy exploitati ecosystem, and food security. However, the atgpaf climate
change on

hydrologic systeemay vary from region to region (Chu et al., 20R@cently, climatic variability is a great challent the
world andespeciallyto Africa. Since the most parts of Africa such age¥, Central African Republic etc. are not econzatiy
strong enough to cope with changing climate amdatlic variability, this rapidly changing climatercgreatly affect the water

resources of Africa. One noticeable example isliiB, where inflow to the lake has decreased by D86@&nd surface area

)

of the lake about 90| r the last 40 years (QoeFmley, 2001;Gao et al., 2011). Moreover, the lafks separated into the [ Comment [mm5]: no

northern and the southern pools during 1973-HE@%use of devastating decrease in precipitatiem@alle et al.2012).
Since 1970, water level in the lake has declinedily because of climate variability and humanvéeis, and the discharge

of the CLR (contribubgesmore than 90%) has decreased! by@only ovdagihel0 years, which is an alarming situation - { Comment [mmé]: ??

in the basin (Jun and Bantin, 2017;Singh et alQ620According to{Coe and Foley:—2001), climate variability and

2
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human activities equally caused reduction of wteel in the lake during 1983-1994. However, thettneation was based
on hypothetical irrigation water use and carrietl buyears ago. So it|is essential to conduct zeseand more preci$g study
to assess the climate variability in the most a&parts of the basin, also known as conventionsihband to separate and
guantify the impacts of climate change and humaiites (e.g., irrigation water withdrawal), whican help to cope with
climate change, to manage the impacts of humtvitess on the water resources of the basin, andrprove the water
resources management practices in the basin.

2017;0konkwo et al., 2014;Adeyeri OE et al., 20Linfet al., 2012). Nkiaka et al. (2017) used trandlysis to explore the
precipitationvariability (1950—-2000) in the Logone River basin. They usdy bhrain gauges, which are unevenly distributed
in the Logone basin. Okonkwo et al. (2014) cateld a study to link ENSO and precipitation witk thater level fluctuation
in LC, using precipitation amount (only June—Segterhfrom CRU for the period of 1970-2010. Howethey used only
weighted mean of the northern part and the southarnof the L@, \ng the wholdaike@om the great barrier of
the lake. Adeyeri OE et al. (2017) studied preaipin trends in {l omadugu-Yobe River basin usiogne observed
and gridded data of Princeton University for theigm of 1979-2015. Funk et al. (2012) conductedualysto explore
temperature

and precipitation variability in Chad. They usedy 13 temperature gauges and 117 precipitaarggs for the whole Chad
for the period of 1900-2009. However, they conduictudy for only rainy season (June—September)h Bche above

studies cover some small parts of the LCB and ndis$ are reported covering the whole conventibaain—the most active

part of the LCB entirely contributes to LC—and m\@hari-Logone River b hich contributes mibr@n 90% water to

LC. In addition, most of the studies concentratedhe precipitation variability.

Coe and Foley (2011) studied to find out theaotp of climate variability and human water usestieamflow to LC from
the CLR only for one decade (1985-1994) with resped956—1975. They calculated the changes iraistrBow due to
climate and human activities by hydrological modai with and without hypothetical irrigation witrewal. Similar kind of
study was reported by Gao et al. (2011) to exptleeecauses of shrinking LC for the period of 195€, but their focus was
to find out the causes of split of LC and how toaeer to its size of 1960s. Many other studieshsag (Lemoalle et al.,
2012Bumaet al., 2016;Zhu et al., 2017;Leblanc e28lQ7;Ndehedehe et al., 2016) have been reportéeé inasin to explore
the lake water level changes, changes in terréstater storage, and groundwater changes. Howevest of these studies
concentrated on the LC’s area. No studies have tegmrted to cover the most active parts, completélthe LCB.

Thus, in the present study, 1) hydro-climatic Vaitisy was assessed in the most active parts of @8 which is

the mandate of Lake Chad Basin Commisdice., Chari, Logone, Komadugu, Yobe, YedseramB&H basin, Ngadda,
Gubio, and Batha River basins), for the period @81-2015which-is

- - { Comment [mm7]: yes
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Tthe impacts of climate variability and human aci@gton the streamflow to Lake Chad were separatddjaantified in the

Chari-Logone River basin because it contributesentioan 90% water to LC. We used a different hydyiclal approach than
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observed streamflow data were used in this studyhfe period of 1951-2015, which was converted ohdy form as
requirements of hydrological model, using MODAWBohthly to Daily Weather Convertor) model.
This study is a part of an on-going project “Infgasin Water Transfer Project (IBWTP) Feasibility? BowerChina

International Limited. The main focus of the prdjecstudy the feasibility of restoring rapidly stking Lake Chad to its

normal——_bgical level by transferring watemfréhe Congo River. The present study will help hderstand hydro-climatic - { comment [mm10]: based on the

Chari discharge, since 1933, the
“normal” or more frequent state of
separately. This study will help in choosing betieaptation options to cope with climate variapiind water resources the lake is probably the present state.
What is normal for you?

changes in the LCB and to understand the impactdimfate variability and human activity on the oWl to Lake Chad

management practices to deal with human impacts.

2 Study area

The Lake Chad basin (LCB), the world’s largdssed drainage basin covering an area of 2.5%ki8 (about 8% of Africa)
(Gao et al., 2011;Coe and Foley, 2001), is situatetween 5.19-25.29°N latitude and 6.85-24.45fBitade, as show in
Fig. 1. The LCB shares the borders with Algeriam@eoon, Central African Republic, Chad, Libya, Nigdigeria, and
Sudan. The mogtf the area of the LCB, 44%, is located in Chad followgdNiger, 29%. The LCB receives an average
annual rainfall of 415 mm, ranging from 1215-160@ in the south-western parts of the basin (Cewthadan Republic) to
20-150

mm in the northern parts such as Algeria.-festactive pars of the LCB that almost entirely contributes watien_C is

composed of four countries: Cameroon, Chad, Nied, Nigeria. At that time, it was about 20% (42D &@v¥) of the LCB’s

area (Frenken, 1997;Lemoalle and Magrin, 2014;0dddd., 2005). In 2012, it was extended to an afe@67 000 krf,

which is around 40% of the LCB’s area (Komble et 2016). Themestactive parts of the conventional basin inclite

following river basins: the Chari, the Logonee tKkomadugu, the Yobe, the Yedseram, the El-Béiel Ngadda, the Gubio,

and\ the Batha Riv@ns (Lemoalle and Magrin420as shown in Fig. 1. These rivers mostly cbote to LC, especially_ _ - | comment [mm12]: Batha although in

known as conventional basin (Fig. 1). This is thmn‘até e Chad Basin Commission (LCBC), eistiaédl in 1964 and - { Comment [mm11]: english J

the Chari-Logone RKer and the Komadugu-Yobe Riteke Fitri located to the east of LC is fed eryirey Batha River gonventionallbasingdoesiiodiccd]lc
(Fig. 1). Hereafter, YENG will be used for the Yedsm, the El-Beid, the Ngadda, and the Gubio Riesins. In the present
study, the Chari-Logone River basin (CLRB), the Katogu-Yobe River basin (KYRB), the YENG, and Laktibasin

(LFB), which cover the most parts of the coni@gl basin (ConvB), as shown in Fig. 1, were getbdor the assessment of

hydro-climatic variability. However, hydrologicaladelling was performed only in the CLRB to sepaiate quantify the
streamflow changes in Lake Chad due to climateabdify and human activities because this rivehis main source of water

to Lake Chad, contributing more than 90%. Somechetsaracteristics of these basins are given inelabl

%’é’b‘l-'g Trgﬁc(:)l\l/r\ga(t)lgscg\}gl l%‘égr%haen%EJa yiﬁ”Hg\?v tel@kad for the period of 1951-2013 as well as nag@nial temperature

and precipitation in the LCB, the ConvB, the CLRBe KYRB, the YENG, and the LFB for the period &f51-2015,

4
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calculated from CRU climatic data. The LCB receigesannual precipitation 465 mm and has 26.7 °@nagverage annual
temperature. The CLRB is the wettest basin, witlumannual precipitation of 935 mm, and the LFBhesdriest part, with a
mean precipitation of 527 mm. Precipitation in #tedy area not only varies geographically but alsasonally. Most of the
precipitation (80—90%) occurs only from June tot8epber. In contrast, the LFB and the CLRB are thtéelst and the coldest
parts, with mean temperature of 28.3 °C and 26, #espectively. The CLR contributes an annualftd 931 n¥ s (92% of
total flow) to LC, for the period of 1951-2013, athet KYRB contributes about 74%w* (about 5%). Other rivers contribute
even less than 3% to LC, as described in Table 1.

3 Data description
3.1 Station hydro-meteorological data

Historical observed time series play the cemtild in studies like detecting climatic changesanflow changes, lake level
changes, water resources management, and watarces@lanning. Monthly data of 11 meteorologis& for the period of
1950-2013 and other for1985-2013) stations andivoinyetric stations (four for 1997-2007, two for 192007, and one for
1951-2013) were collected from the Lake Chad B&immission (LCBC), as shown in Fig. 2a, which sh@aaserious
scarcity of climatic data in the LCB. The inflowsltC from the CLR, the KYR, and the El-Beid Riversre collected for the
period of 1951-2013. Except N'djamena dischgegege, other gauges either have short data parmfthiggh missingalues.
Although; collected meteorological stations have long tireges of precipitation and less missing values, thmbes of

stations are seriously scarce, not even coverimgthin basin (the CLRB) and unevenly distributethabasin.

3.2 Gridded meteorological data

Recently, globally interpolated gridded observethasets (e.g., Climate Research Unit (CRU) and Glébacipitation
Climatology Centre (GPCC)), satellite (e.g., SI€ligh-resolution Optimally-interpolated Microwawrecipitation from
Satellite (CHOMPS)), reanalysis (e.g., National terfior Environmental Protection (NCEP)), and conaltion of satellite
and observed (e.g., Tropical Rainfall Measuremergsidn (TRMM)) have been created by the world legdscientific
research centres for understanding and predicfiareather, water, and climate of the world.

Due to lack of high quality and long term histotiobservations in the basin, in the present stothnthly precipitation (PP),
mean temperature at 2 m height (TM), maximunptmature (TX), minimum temperature (TN), wet day&X), and potential
evapotranspiration (PE) were obtained from thestatersion (i.e., CRU-TS4.00) of the CRU datasetHe period of 1951—
2015, and the extracted CRU data for each sub-laasishown in Fig. 2a. This is a high resolutiomthty gridded dataset
of 0.5° x 0.5° grid resolution, from 1901 to 20b®ntaining the following variables: PP, TM, TX, TWD, PE, diurnal
temperaturgange, vapour pressure, cloud cover, and frosthigayuency (Harris et al2014). This datasets used in many
studies

for the evaluation of simulated data from glotlahate models, regional climate modes, and hydjiohl models (Chiyuan

5
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3.3 Land cover, soil, and elevation data

Land cover can have great effect on hydrologic processes of a basipe@ally the density of plant cover and the
morphology of plant species can greatly influerfeese processes (Ghoraba, 2015). The land coverfatathe LCB was
derived from the U.S. Geological Survey (US@8)ps://earthexplorer.usgs.gowith 1 km spatial resolution. The soil data of
1 km resolution

was acquired from the Harmonized World Soil Datbh(HWSD), which was established by FAO with ¢bBaboration
of the International Soil Reference and InformatCentre, the International Institute Of Appliegs&@ms Analysis, the
World Soil Information, the Institute of Sobcience, and the Joint Research Centre ef Bhropean Commission
(http://www.fao.org/soils-portal/soil-survey/soilaps-and-databases/harmonized-world-soil-databaaw]. Basin’s
elevation information is one of the primary sourtieextract topographic information of a terraispecially in hydrological
studies. Recently, a digital elevation model fDEs the most common form of elevation data (&irg al., 2015). In this
study, a DEM of NASA's Shuttle Radar Topography #&ii®m (SRTM) was obtained from the USGS
(https://earthexplorer.usgs.gov). SRTM-DEM coversstrpart of the world, with a spatial resolution®farc-seconds for

global coverage. The DEM, the land cover types,tardsoil types for the LCB are shown in Fig. 2barmd d, respectively.

4 Methodology
4.1 Input data preparation

Since the study area (911 000%ns quite large, the whole study area was diviaéa 84 sub-basins (37, 15, 17, and 15 sub-
basins for the CLRB, the KYRB, the YENG, and theB|_Fespectively) using DEM, as shown in Fig. 2ajclitwas processed
by HEC-GeoHMS on ArcGIS platform. In addition, otheasin characteristics such as riyastopes sub-basins’ areas, river
lengths, longest flow paths, basins’ average elenst and streamlines were also extracted duriisgptocess, which were
required for hydrological modelling. This infaation along with the information from soil and lacadver datasets were used
to extract the initial estimations of hydrologigabperties of the basin, such as time of conceatrastorage coefficient,
maximum soil moisture deficit, initial deficit, iififation rate, percentage of imperviousness etowéler, the exact estimates
about these parameters were obtained during tieatadn process.

Since monthly collected observed data was extreseyce in the basin, meteorological data (i.e., T, TN, PP, PE, and
WD) was obtained from CRU climatic dataset, Wwhig also based on monthly interval and griddedetabklowever, HEC-
HMS requires point data for semi-distributed maddell For each sub-basin, meteorological variablesevebtained by taking
the average of all CRU grids covering that sub+hdsi this way, a total of 84 time series (37, 18, and 15 time series for
the CLRB, the KYRB, the YENG, and the LFB, respeely) for each variable (i.e., TM, TX, TN, PP, P&hd WD) were
constructed in the LCB.

In addition, HEC-HMS also requires daily or stdily (ranging from 1 minute to 1day) meteorologicguts to simulate

flow. Therefore, CRU monthly TX, TN, and PP werengerted into daily time series using the MODAWECUkthly to
7
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DAily WEather Convertor) model (Liu et al., 2009JODAWEC converts monthly PP, TX, and TN to dailyues while it
preserves the monthly total PP and monthly avefagand TN. The required inputs for the model arenthty PP, TX, TN,
and WD, and outputs are daily PP, TX, and TN. SiRBeis used as driving variable in MODAWEC, it @nsidered as a
parametric weather generator. It generates the aramal occurrence of PP independently, and TX &hdrE produced based
on the generated daily PP. The methods usedsimibdel for the generation of daily PP and temipeesare explained by Liu
et al. (2009). The monthly streamflow at N'Djamestation was simply converted into daily data byirtgkmonthly mean

values for all days of corresponding mohﬁ anghe present study, the main focus was monthty @mual flow time __ —  comment [mm13]: It seems possible

series. to use a better algorithm

4.2 Trend Analysis

Many parametric and non-parametric methods baea developed to detect trends and to estimatea#iymitude of trends,
as reviewed in (Esterby, 199Bhang et al., 2006;Sonali and Nagesh Kumar, 2H&)@ametric tests are considered to be more
powerful, but time series must be normally disttézl As hydro-climatic times series, especially B® not pass normality
test, therefore, non-parametric methods are comynadd for trend detection in time series, as ur(Bet al., 2004Fu et al.,
2010;Wang et al., 2012;Tekleab et al., 20CBjerinde et al., 2014), and are considered to be nobust relative to parametric
methods (Hess et al., 2001;Khattak et al., ZHdng et al., 2006;Sonali and Nagesh Kumar, 2003)s, a non-parametric
method, Mann-Kendal (MK) (Mann, 194%endall, 1975), was applied ithe present study to identify the hydro-

meteorological trends in the LCB. For a time serigss, ..., , with n >10, the following equation is used to calculate the
MK test
statistic (2), as in (Hu et al., 2015;Mahmood aiagd 2017;Feng et al., 2016):
S-1
Y] forS >0
Z= 0 forS =0 1
forS <0

[V ]
Where S and V(S) are calculated as below:

n-1 n
S=> > sgn(x]- —X) 2
i=1 j=i+1

in which

1 for(x—x) >0
sgn(x; —x) =[ 0 for(x; —x;) = 0] 3
-1 for(x;—x) <0

q

ww=$mm—mm+w—z?m—na%+m 4
p=1

8


RASHID
Sticky Note
As mentioned here, the focus of the study was on monthly and annual flow not on daily flow, we just converted into daily data for requirement of model. 


Hydrol. Eartt Syst Sci. Discuss https://doi.«rg/10.5194/he«-201€-13¢ Hydrology and
Manuscript under review for journal Hydrol. Eartysg Sci. Earth System
Discussion started: 3 April 2018 Sciences
@ Author(s) 2018. CC BY 4.0 License.

Discussions

Whereq is the number of total tied groups (a tied grouptaims a set of same values in a dataset) isrtie numberof
values in each tied group. Posit&&alues are the indication of upward trends in ts®eges, and the opposite show downward
trends. Trends (upward or downward) are then chiethiat either trends are statistically significantot. For example, if the
absolute value of is greater thadi. ,, (€.9.,Z1- calculated at. = 0.05); the null hypothesis (i.e., trend)is rejected, and

5 alternative hypothesis (i.e., significant treisddccepted at = 0.05. TheZs.,, is a critical value used to decide either theetim
series has significant trend or not.
To determine the magnitude of hydro-climatic trertie Sen’s slope method (Sen, 1968) is frequeagplied in hydro-
climatic studies, as in Khattak et al (2011), Batral (2004), Kumar et al. (2009), and Mahmood ai#d(2017). Since this
method is robust against outliers, it effectivelyaqtifies a trend in a time series. Sen'’s sldyag calculated as below:

10

=[ ] forall < 5

Wherex; andxi are the data points at timeandi, respectively. Before applying the MK test, hydravatic time series must
be free of serial correlation because serial cati@i can mislead the actual result of trends. Timuthe present study, trend-
15 free prewhitening (TFPW) method developed by ¥ual. (Yue et al., 2002) was used to remove #r@alscorrelation, if
existed, from the hydro-meteorological time seriEsis method has frequently been used to removeséhi@l correlation
effects from the time series, as in (Khattak et2011;Kumar et al., 2009;Burn et al., 2004). la fiesent study, trends were
detected on annual time series of temperature ascipitation in the CLRB, the KYRB, the YENG, arldetLFB for the
period of 1951-2015, on four significance levels.(o = 0.10, 0.05, 0.01, and 0.001). For clarificatitrese basins were

20 divided into 3-5 regions (e.g., northern, southeastern, and western parts).

4.3 Change point detection

Before starting hydrologic modelling and assesghg impacts of climate variability and human atidg, tithere was
essential to find out a stable period (baselingopgmwhere the impacts of human activities weresgdered to be minimum.
In the present study, we used two statistical testdetect the change point year in the hydro-dicntime series in the
CLRB:

25 Standard Normal Homogeneity Test (Alexandersk®86) and Worsley Likelihood Ratio Test (Worsl&979).

4.3.1 Standard Normal Homogeneity Test

Standard Normal Homogeneity Test (SNHT) developedlexandersson (1986) has been used frequemtiperesearcher
for the detection of change point years (breaktsdiand for inhomogeneity check in hydro-climaiinée series, as ifJaiswal
et al., 2015;Vezzoli et al., 2012gptinek, 2009;Freiwan and Kaglo, 2008;Mahmood and Jia, 2016;Goktiirk et al., 3008

30 For atime series lika, y,...,ya With n observations, the SNHT can be formulated as below:
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O=;+(%), 2 =12,.., 6

where

=1 =+1

Test statisticT(k) compares the mean of the filstvalues with the mean of the lastk values. The highestalue ()

obtained fromT(k) statistics is the indication of the change pointha time serie$. To check the change point stzlst
significance, is compared with the critical values (given in Tabl of (Wijngaard et al., 2003)) at specifiedrsificance

level (e.g.¢=0.05). and are standard deviations and mean values of tinmbr | - [ Comment [mm15]: English not clear ]

4.3.2 Worsley Likelihood Ration test

Worsley Likelihood Ration test (WLRT) developed f/orsley- (1979) explores the most likely position of a chaitye

2,...,n),andthen weights are given to each sum according fio lositions in the time series. This method iscusequently
to explore

the position of jumps in time series, agBuishand, 1982;Vezzoli et al., 2012;Dollar et 2006). The formulation of this test
explained by (Buishand, 1982) is given below:

*

= 7
((-)°*
where
=20)
=1
= max [l
(-2)%
= (1-2)05
Where are the sums of deviations from meanre the Worsley test statistics (weighted adjuptatial sums), " is the

weighted rescaled adjusted partial sums and isr@ateby dividing the sample standard deviatigris the highest value of

test statisti ing the position of jump (ufe point) in a time series. If we need to knowydhk position of the change _ - { Comment [mm17]: Not clear
point, then alculation oV (Worsley likelihood ratio) is not necessary. Howevié we need to check the level of
significance of change point, théf is essential. W is compared with the critical values at differeigngficance levels to

explore that eithew s statistical significant or not.
10
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These tests were applied on annual streamflow Bjdmena gauge for the period 1951-2013 and alsdeapph annual
TX, TN, TM, and PP in the CLRB for the period of 519-2015, gh not necessary for climatic variabler a

hydrological approach used for assessing the clsaimgstreamflow due to climate and human. The akthiresults were

also confirmed

with information available about abrupt changestmeamflow in the literature.

4.4 Description of HEC-HMS

Hydrologic Engineering Centre-Hydrological Modegilsystem (HEC-HMS) is a rainfall-runoff simulatiomodel, created
by U.S. Army Corps of Engineers at Hydrologic Eregiring Centre (HEC). The model is designed to sehidespread
possible hydrological problems (e.g., flood hydmiplarge basin water supply, and small to lardeuoror natural watershed
runoff ) in a wide range of geographic regions (ktlra and Najim, 2013;William et al., 2010). Thisdelling system is
composed of four major components:al) mathematical model to compute streamflow in a waed and to roatit
through channels 2); a data storing and managistesy (i.e., HEC-DSS); 3) a GUI (graphic user irgtee)) to display
hydrological componegtof a basin such as sub-basins, reaches, resenais junctions; and 4) an interface for
displaying/reportingutputs in the form of tables and figures to amsdythe results (Halwatura and Najim, 2013).
HEC-HMS includes twelve loss methods (e.g., SCS/eurumber, initial and constant, deficit-constestil moisture
accounting, and gridded loss method) to calewdatess PP from some simple to complex infiltraéind evapotranspiration
environments. Some methods are designed for cantgigimulation like deficit-constant method andagels soil moisture
the initial and constant loss method is a simpitenfof loss methods, which requires only few E}ﬂand the 5-layes soil
moisture counting is a complex and more advanae fifrloss methods, but it requires high numberasbmeters (Mahmobﬁdi |
et al., 2016;William et al., 2010).

For the estimation of direct runoff, HEC-HMS congas of 7 transformation methods such as SCS udibgyaph, Clark’
unit hydrograph, and Snyder’s unit hydrograph. Safthem are complex and require more input pararagthat most of
the time are not easy to estimate, especiallyfigauged basins. The model consists of 5 base flethads such as recession

method and 6 channel routing methods such as Mgskinfor base flow estimation and streamflow chamoeting,

_ - { Comment [mm18]: Not clear

{ Comment [mm19]: English?

{ Comment [mm20]: Not clear

respectively. To anage meteorological data for each sub-basin, HEC-HMESdix different kinds of meteorological models

such as Thiessen polygon and inverse distance aeetitowever, only Temperature Index is includedhi@e model for
calculating runoff from snowfall (William et al. 020;Feldman, 2000).

A complete basin model setup for rainfall-runofbpesses comprises of a basin model, a meteorolagmdel, a control
specification, and input time serig¥/erma et al., 2010). A comprehensive descripibout the model formulation and

various processes is given in User's Manualeethnical Reference Manual (William et al., 2010dRsan, 2000).

11
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4.5 Model setup for the study area

HEC-HMS has been used throughout the world fordlomodelling, water resource assessment, impacesssent, urban
flooding, flood warning system, stream restoratioater availability, flow for ting etc. as ine@a et al., 2017;Halwatura
and Najim, 2013;Mahmood and Jia, 2017;Yimer et24l09;Meenu et al., ZOC%

In the present study, we included the followingtiods for a basin model development: the defiuit @onstant loss (DCL)

method, the Clark unit hydrograph (CUH), Muskington channel routing, and constant monthly base (Y @Bthod. For

meteorological model setup, Thiessen poly ettaxiused to calculate PP for each sub-basin diakpeale. The similar -
kind of basin model setup has been applieLem%}ia et al., 2008;Meenu et al., 2012;Verma.e8l0;Halwatura and
Najim,

2013).

DCL is a single layer continuous method to dakeuthe continuous changes in soil moisture cdrdex consequently,
provides excess PP for a watershed. The potenéglotranspiration obtained from meteorological midasl@ised to dry out
the soil layer between two rainfall events. It nems the initial losses after a long period of i Phere are four parameters
(i.e., maximum deficit, initial deficit, constarate, and impervious percentage) which are initialimated using sodnd
land cover data as initial inputs to model but faralized during calibration process. CLU transferexcess PP calculated
from DCL into direct surface runoff. It is a #lyatic unit hydrograph method and has two paraméstorage coefficient and
time of concentration) to optimize durin iboati Lastly, the flow is transferred from one pototthe other using

Muskingum method, which is a simple m nsesuacheme for routing flow through the channelavér time (K) and

Muskingum coefficient (X) are obtained during cadition process (William et al., 2010).

4.5.1 Model calibration and validation

Model calibration is a procedure to adggsihodel parameters in such a way that the simufiedcaptures the variations of
the observed flow (Garcia et al., 2008). Beforébcation of Hydrologic model, the whole hydro-clititadata was divided
into baseline period and impacted period. A basgheriod was the period where impacts of humarvitie§ on streamflow
were considexd to be minimum in the basin. The baseline period @gplored by change point analysis using two sttedl
tests: the WLRT and the SNHT. These tests weredexpph hydro-climatic time series in the Chari-Logdasin for the
period of 1951-2015. The results showed 19%hasge point year in the streamflow time serie®l@4). So hydro-climatic
eriod (1951-2013) hesmwe had to
access the changes in streamflow due to climatehility and human activities separately. So a getaod of 10 years from
1956 to 1965 was used for calibration ana tweriods, i.e., 1951-1955 and 1966-1971,Vdidation. The basin

characteristics, i.e., soil properties and laaders were assumed to be constant throughouirthdagion period. Univariate

data was divided into two parts: 1951-1971(basglare 1972-2013 (impact%]w the present study, model was _ _ -

calibrated and validated for the baseline periograzlucel natural flow for the who

gradient optimization method was applied to minenthe objective function (peak weighted root megnase) during
optimization of model parameters.
12
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In the present study, the simulated flow was comgbavith observed data using four commonly usedssitz! indicators, i.e.,
coefficient of determinationR?), percent deviationl¥), Nash-Sutcliffee efficiencyH), and root mean square error (RMSE)
for model performance evaluation, as in (Mahmoodl¢t2016;Garcia et al., 2008;Verma et al., 20EM et al., 2012). In
addition, the simulated data were also compareld @biserved data graphically to investigate how tedlmodel simulated

the low and high flows in the basin. These intticawere calculated as below:

s S -w)xG -0

= 8
\/Z( —0)?x(g —2
(%) =100 x - 9
L G-
B Gt 10
1
=V(ZeE-)) 11

=1

whereQops and Qsm describes observed and simulated streamflow, réspc An R value closer to 1 is the indication of

good correlation between observed and modeled\ alue of 1 means model simulated data 100% sambsmveb./ ~ - 7 Comment [mm25]: Sentence not

D andRMSE values should be closer to 0 for good réSults. Megand positive values @ show under and overestimation,
respectively (Meenu et al., 2012). The value& aftretches from 0 to 1. For good resulsyalues should be positive and

closes to 1, but a value which is negative and closed is not acceptablé values stretched between 0.36 and 0.75 are
considered to be satisfactory amtden -greater than 0.75 are indication of good resultan(\iew and Garbrecht, 2003)

(Meenu et al., 2012).

4.6 Impacts of climate and human on streamflow to &ke Chad

To quantify the impacts of climate variability ahdman activities on water resources in a basiferdifit kind of approaches
have been reported in the literature. These aiidetivinto four main categories, i.e., hydrologioaddelling approaches, as
in {Hu et al.;(-2015), conceptual methods, as{Mo et al.,(2018), analytical approaches, as in (Tang and het&er,
(2012), and experimental approaches, as in (Huarad.,e2003) and are reviewed comprehensively byy(Bred Mishra,
2017). In the present study, the hydrological satioh method was applied to separate and quamigfyrhpacts of climate
variability and human activities on rapidly decriegsnflow to Lake Chad. This method requires legermation to process,
e.g., we require only hydro-climatic data to sintelaatural streamflow. However, this method requileng term time
series to find out

baseline period where human activities are demnsd to be minimum.

\In this method, the first step is to explore tharue point year in the streamflow time series usome statistical methods,

and then the whole period is divided into a basgtieriod and an impacted period (mentioned ai ndly, a hydrological _ - [ Comment [mm26]:

model is calibrated and validated for the basgderénd, and naturatreamflowis simulated for the imfpacted period by forcing
12
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only meteorological data to a hydrological modidieﬂ'efore, this can be referred as the hydrologiespponses to climate

variability only (Hu et al., 2015). The changesviztn observed streamfl r a baseline period@mah impacted period__ - -{ comment [mm27]: The present
referee disagrees with this approach.
Changes in rainfall may impact the

this can be calculated as below: natural vegetation, the groundwater
level, the soil surface etc. All these can
alter the rainfall-discharge

A=A+A=_— 12 relationship and create a change

point.

describe the combined impacts of increased humtivites and climate variability (Wang et al., 20181 et al., 2015), and

where is the observed streamflow for a baseline periadl afor an impacted periodd demonstrates the total changes in
streamflow, which is the sum of changes in streamfilue climate variabilityA) and changes in streamflow due to
human activitieg). In the previous studies, such as (Wang et @l 3Dey and Mishra, 2017;Hu et al., 2015;Wang et al
2008),A has been estimated by subtracting the average \@usstreamflow of baseline periods fraveragesimulated
streamflow of impacted periods. Since a model casimaulate streamflow exactly the same as obsestredmflow, and there
are always some biases (e.g., model under or diraggss) between simulated and obsersgdamflows,which we can
calculated during the model calibration and val@ratFor example, during the calibration and valmaprocess in this study,
4-8% biases were obtained between simulatedlaselved streamflow (Table 5). This can misleadotiginal changes due
to climate change and human activities. Thereforée present study, to reduce the effects ofetlémses) wasestimatedoy
taking the difference between the simulated nattraBmflow of the baseline peri¢dl and the natural streamflow of
impacted period), as below:

A= — 13

After estimation ofA, the change in streamflow due to human activifigscan be obtained by taking the difference of total
changes and changes due to climate, as in (DeMésida, 2017), as below:

A=A-A 14

Finally, the percentage contributions of climateiafility () and human activitie§) to total streamflow changes are
guantified, as in (Dey and Mishra, 2017;Wang et2408), as below:

(%) =7 x100 and (%) = =100
A Mg

In the present study, after the change point dielecHEC-HMS was calibrated and validated succdigsfor the baseline
period (1951-1971), and then the natural streamil@as simulated by forcing the meteorological datalfoth the baseline
period and the impacted period (1972-2013), at Brigna gauge in the CLRB. The simulated data fron242015 was

13
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divided into four decades: 1972-1981, 1982—-1999249001, and 2002-2011. Finally, the overall anchdal changes in
streamflow due to climate variability, human adtes, and due to both factors (climate and humagrevassessed in the
CLRB.

5 Results and discussion
5.1 Verification of CRU data for the study area

Before starting the main analysis, it is esseritiagévaluate CRU data with available good qualitgesbed data. For this
purpose, TM and PP of three climate stations (N&Qdjamena, Sarh, and Moundou) were compared with CRfd dsing
some statistical indicators (Table 2) and graphptats (Fig. 3). The CRU data was extracted from ghids corresponding

to the location of these stations. The statistfiamonthly mean PP were calculated for the period384—-2015 for all three
stations,

and the statistics of monthly temperature wesmated for the periods of 1984-2014 atDWjamena, 1984-2001 at
Moundou, and 1989-2013 at Sarh station. The coefiof determinationR?) between observed and CRU data were more
than 0.9 for PP and above 0.95 in case of RMSE ranged between 26 and 44 mm in case of PP, antCOahd 0.97 °C
for TM. The mean and standard deviation from obs@mata were very close to CRU values for all atati(Table 2). The
PP and TM of CRU underestimated a little on altistes except on Moundou in case of PP. Figure 3vshtbat the mean

monthly observed

pattens of both TM and PP were well followed by the CRAdadat N'Djamena site. Thus, the results showed@RAJ climatic - [ Comment [mm28]: yes

variables can confidently be used for this studaar

5.2 Trend analysis for detection of climate change

Table 3 shows the Mann-Kendall test statistt)s $en’s slope@), significance level$L), total change per 65 yea®) of
annual TM and PP for the period of 1951-2015 afidvinto the lake for the period 1951-2013 in theRH, the KYRB, the
YENG, and the LFB. The positive and negativaugalofZ show increasing (upward) and decreasing (downwizeshds,
respectivelySL value shows how statistically significant or strahg signals of trends are in the time sei@salue describes
the magnitude or rate of change of trend per ye#ime series. The strength of trend signals weisléd into four categories
on the basis of significance level: (1) trends=.1 (very weak signal of trend), (2) trends:20.05 (weak signal), (3) trends

ato=0.01 (strong signal), and (4) trends:@0.001 (very strong signal).

5.2.1 The Chari-Logone River basin

The whole CLRB basin was divided into 5 small basincording to their location by aggregating thie-sasins: the Logone
River basin (LRB) located in the west of the CLRIBe Ouham River basin (ORB) in the south, the CRarer basin above
Sarh (CRBAS) in the southeast, the Chari Riverrbaglow Sarh (CRBBS) in the northwest, and the Bsddamat basin

14
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30 strong signals (Table 3). Two basins, the CRBAS the BSB, showed strong signals of decreasamgls; with 11%, and
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18% decrease for the period of 1951-2015, respdgfignd two basins, the LRB and the CRBBS, showeak decreasing
trends, indicating 9% and 16% decrease in PP, cdsply. However, the ORB showed very weak=0.1) decreasing trend,
with 7% decrease in PP. On the whole, strong edef decreasing trends were estimated over ttidewBLRB basin,
showing 10% decrease in PP. Nkiaka et al. (2050)stiowed decreasing trends in PP for the peria8®f—-2000. However,

they conducted study only in the LRB, using obsérpoint station PP. In contrast, ihe case of TM, very strong

increasing trends were detected in all the subalasicept in the ORB (weak signal). The highegeiase in TM (1.9 °C) was

estimated in the BSB (located in the north) for wieole period (1951-2015) and the lowest incredsebh°C in the ORB

(located in the south). In the whole basin, abolit>C (0.16 °C decad¢ of temperature was investigated to increase only

in 65 years (1951—201$). Spatially, the south-wegterts of the basi@ observed to be lesstafierelative to the north- _ — { comment [mm29]: all this § indicates

that it is not very useful to divide the

eastern parts ot '
basin in subbasins

of the CLRB in case of increasing TM and dedrepBP (Table 3).
The plots of mean annual data along with Sen’sntzdt lines (SE) are shown in Fig. 4a (for TM) ang. Ba (for PP),

indicating definite increasing trends in TM and @&sing in PP in the CLRB. These plots also expéoddear picture of

different rates of changes in the sub-basins. kample, a rapid rate of increase in TM was obseimettie BSB and the

CLRBAS (located in the north-eastern parts of th&B) relative to other sub-basins located in thetisaest of the basin,

and the highest increasing rate in TM was detkict the BSB (Fig. 4a). It was also explored thafpre the 1960s, TM in the

BSB and the CRBAS was lower than the ORB (soutlpeat) but after that was higher. In case of preatjgn, no abrupt

changes were explored between the sub-basins casénof temperature. Instead of overall decreaseean annual PP in the

basin, there was sharp decrease in PP until thefhtige 1980s, but after that there was slightease in PP up to 2015ig.

5a). These plots also give some information oniapadriability of TM and PP across the basin. Téties greatly from south

(e.g., low TM in the ORB) to north (e.g. hightire CRBBS) but a little from west (e.g. LRB) taseCRBAS)(Fig. 4a) in

the basin. In contrdst, PP varies greatly f%@etg. high PP in the ORB) to north (e.g. lowhe BSB) and a little from __ - 4 comment [mm30]: in absolute or

relative value?

west to east in the CLRB (Fig. 5a).

5.2.2 The Komadugu-Yobe River basin

The trend results of all sub-basins in the KYRBeveombined into four main parts of the areas: thnthern, the southern,
the eastern and the western parts. In the bsisiilar kind of trend statistics were found in gaenual TM and PP time series
but with different magnitudes. In case of PP, weagreasing signals were detected in the whole pagiman overall decrease
of 17%, higher than the CLRB (10%), for the permfd1951-2015. Strong decreasing trends in PP wepored in the
northern parts of the basin and weak trends irettstern and the western parts. Although the sautheats showed decrease
in PP but not statistically significance. The high#decrease in PP (24%) was investigated in thtaewor parts. Similar to the
CLRB, very strong increasing trends were obskmeTM in all parts of the basin, with an overtrease of 1.5 °C. The
eastern parts, similar to the CLRB, showed the imaséase in TM, about 1.6 °C (Table 3).

Increasing trends in TM and decreasing in PP ane rolearly shown in Fig. 4b and Fig. 5b. Thesegldso show that the

16
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5.2.3 The YENG basin

Like the KYRB, the trend results of all sub-basimshe YENG basin were combined into four majortpaf the basin: the
northern, the southern, the eastern, and the wegtets. As in the CLRB and the KYRB, very strongreasing trends were
observed in annual TM in all sub-basins, with XAificrease in the whole basin. Contrary to the CLfRB KYRB, and the
LFB, the highest increase (1.6 °C) was explonetthé western parts of the YENG basin. Althoughréasing trends in annual
PP were spotted in all regions of the basin, wégkads ¢ = 0.05) were obtained in all parts of the basicegt in the northern
part (no significant trends). However, an overatikase of 17%, similar to the KYRB and higher tifaa CLRB, was
estimated in the basin for the whole period (T&)leThe graphical presentation of these trends showFig. 4c and Fig. 4c
gives more clear indication of increasing TM andrdasing PP in the basin. The increase rate of @sifaster in the western
parts than other parts of the YENG basin. Bet®@0, the western parts were cooler than the aeortbarts but after that were
warmer. On the other hand, the western parts wittie Wetter than the eastern parts in early desalet later both parts
received same amount of PP (Fig. 5c, SE lines wested eastern). Figure 5c also shows decreask inRl the mid of
1980s, same like the KYRB and the CLRB, but inceesfter that in the whole basin.

5.2.4 The Lake Fitri basin

Since the LFB stretches more from east to wmst horth to south, the trends results of all saifis were categorized into 3
main parts: the eastern, middle and western p&atslé 3). In the LFB, there were strong signaldesfreasing PP in the whole
basin, with 18% decrease for 1951-2015. Similah®oCLRB, the KYRB, and the YENG, although theraevdecreasing
trends in all regions of the basin, in the easpeamts, the trends were statistically non-significareak trends in the middle,
and strong in the western region of the basin. I8t other basins, very strong rising trends Wi WWere detected in all areas
of the basin, with an increase of 1.8 °C, whiels the highest among other three main basinstheCLRB, the KYRB, and
the YENG. Like other basin, the east-northern paee changing faster than other parts in casévbf Figure 4d and Figure
5d show Sen'’s slops and annual TM and PP in thim,beespectively, which clearly indicates the pre=eof very strong
increasing trend in TM and weak to strong decrepsignals in PP. Same like the KYRB, the CLRB, &mel YENG, PP in
the basin decreased until the mid of 1980s, butased after that in all parts of the basin (Fid. 5

On the whole, very strong increasing trendshhwere explored in all four basins and weak torsgrdecreasing signals in
case of PP. An average increasing TM of 1.45 °22(0C decad@) and decreasing PP of 16% (2.5% dec8deere explored
in the study area, for the period of 1951-2015li@0{2011) has shown increase in TM by 0.16 °Cadet in Africa during
1979-2010. So the increasing rates of TM per deeagldigher than the increasing rate to TM oventhele Africa. The
similar results were explored by Funk et al. (2Gh2Yhad (country), they showed increase in TM 18/°C (0.23 °C decade

1) and decrease in precipitation by 13% (3.9% dedpéte 1975-2009 but only for rainy season (June+t&aper), which are
higher rates per decade than our results due toestperiod, rainy season and covering only somegfaour study area. In

all parts of basin, the maximum and the minimuresaf decrease in PP were explored to be 3.7% déeadl 0.9% decade
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1, respectively, and the highest and lowest ratésasease in TM were 0.34 °C decatiand 0.06 °C decade According to
these rates, in the next 100 years, PP is expéntestiuce by 9-37%, and TM is likely to increasedtB~3.4 °C in different

parts of the study areas.

5.2.5 Inflow to Lake Chad

Temporal trends were also detected in annuahwnfb LC from the CLR, the KYR, and the El-Beid Rivfor the period of

1951-2013. Table 3 describes very stramg0(001) decreasing trends in inflow time serieevéhg alarming situation for
LC. The flow from the CLR was perceived to decrelagé&7% during the whole period, and by 74% and &@B¥rease in
flow from the KYR and the El-Beid River, respectiueFigure 6 shows a dramatic decrease in flow fedhthe rivers to the
lake, though PP after the 1980s started increagitiyzpugh decreasing signal in PP were not vergrgfrand PP also started

increasing after the mid of the 1980s, veryrggrsigns of decreasing flow to the lake were olesrwith an overall decrease

of 67%.\ So we can conclude that decrease in flotuedake is not entirely d limatic variayifincrease in temperature _ - | Comment [mm31]: Is it possible that
the change in climate before the
change point has impacted the

the climate variability in the basin. These fact@specially climate and human, are separated amadtifjed in the next hydrological finctionong ot the basin?

and decrease in precipitation). There are certaiofye other factors that has caused decreasingdlhake Chad along with

sections.

5.3 Impacts of climate and human activities on stemflow to Lake Chad
5.3.1 Change point analysis

Table 4 shows the change point years in hydro-tértime series in the Chari-Logone River basinhBests, the WLRT and

change pointin PP and streamflow, respectiveggehwere nattatistically significan{a = 0.05). Statistical significant change
points in TX, TN, and TM were detected in 200396, and 1993 by both tests. According to (Bled@97;Coe and Foley,
2001), most of the irrigation projects were startieding the 1960s and 19$igure 7 shows thtestasistics calculated _ - | comment [mm32]: Nigeria’s SCIP and

Baga Polder have never been really
operational. Where are the irrigation
strong evidences of changes point. schemes you talk of?

from both tests for streamflow at N'Djamena gaufjeis shows a high peak @f test statistics in ther Yi®71, providing the

5.3.2 Calibration and validation

Table 5 shows the Nash efficien&),(coefficient of determinatiorRf), percent differencelY), and root mean square error
(RMSE) calculated for performance evaluation of HEC-Hfd6the calibration (1956-1965) and validation pds (1951—
1955 and 1966-1971). During calibration, the valokE and R? were 0.87, andD was 3.85. During validatiorE and R?
ranged between 0.84 and 0.88 for both validatiomogde, theD values were less than 10%. The valueRbISE were
calculated to be less than 408 st during calibration and validation. Figure 8 shots tomparison of simulated flow by

HEC-HMS and observed flow at N'Djamena gaugecdibration and validation periods. During calitioa, the model well
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overestimated during 1957 and 1964 and underesdrnd51,1960, and 1961 in peak months. Except &6nodel well
simulated the flow in low flow months. During thiest validation period (1966-1971), model well castimated in 1968nd
a little in 1967 and 1970, and underestimated flavl966 and 1968 in peak flow months. During secaal@iation period,
model well overestimated in 1953 but underestimatei®51, 1954 and 1955. During validation, the eladso performed
better in low flow months than peak flow montimsthe present study, we were more concerned aboutal simulated flow
rather than low or high flow. On the whole, the mbgderformed reasonably well during calibration amtidation according
our objectives. According to (Van Liew and Garbie@003),E values greater than 0.75 are greatly appreciatedl tfee
values between 0.36 and 0.75 are referred to ieszory depending upon the objectives of the wtud

5.4 Hydro-climatic changes in the impacted period

In the present study, we separated and quahtifie decadal (i.e., 1972-1981, 1982-1991, 1992:.280d 2002-2011)

changes in streamflow to Lake Chad due to climatiability and human activities with respect to dlage period(1951—

period is a very humid period
compared with the following decades.

1971%] the decadal changes in climatic vargafle., TX, TN, TM, and PP) were also assesseativel to the baseline_ _ - { comment [nm33]: The baseline

period:

5.4.1 Climatic Changes in the impacted period

Table 6 describes the decadal climatic changéisel CLRB with respect to 1951-1971. TM, TN, arXl Were explored to
increase in all decades, except 1972-1981, withexddo the baseline. The last decade was theshattall decades, where
TM, TN, and TX were increased by 0.74 °C decide 16 °C decad& and 0.9 °C decade respectively, with respect to the
baseline period. It was also explored that ratmafease of TN was much higher than TX &rd, indicating rapid warming

in the basin. In case of PP, negative changespegceived in all decades in the CLRB, indicatingrdase in PP with respect

to the baseline period. The highest decreasb) 4% PP was detected during 1982-13%4eause because tiverst drought
wasoccurred in the 1980s, reported by different sadGao et al., 201Hansen and Przyborski, 2017;Zieba et al., 2017;Uche
et al., 2015). After that, in the next two decad®B,started increasing relative to the second @e@adshown in Table \6. On
the whole, the CLRB received 10% (2.5% dec3dess PP relative to the baseline, which was cgiitelar to the decrease in
PP (15% 65yr

1) calculated during trend analysis in case of datade (2.3% decad’e.@ 9 also shows decrease in PP inthe CURBu _ - { Comment [mm34]: Not clear to me ]

to the mid of 1980s and increase after that.

5.4.2 Decreasing streamflow causes

The changes in streamflow at N'Djamena hydromedtation due to both climate variability and humativéties (AQr),
climate variability 4Qc), and human activitieaQn) are presented in Table 6. In all decades, negatianges in flow due to
climate variability, human activities, and bothifthte and human) were detected at N'Djamena gautheibasin, indicating
clear reduction in inflow to Lake Chad. In tlirstfdecade (1972—-1981), a 34% decrease in streamfls estimated due to
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both climate variability and human activities, tigbudecrease in PP was only 9%. It was estimate®@194 of total reduction

21



10

15

20

25

30

Hydrol. Eartt Syst Sci. Discuss https://doi.«rg/10.5194/he«-201€-13¢ Hydrology and
Manuscript under review for journal Hydrol. Eartysg Sci. Earth System
Discussion started: 3 April 2018 Sciences
@ Author(s) 2018. CC BY 4.0 License.

Discussions

(34%) was due to climate variability and 69% duduman activities. We can say that 9% reductioprécipitation resulted
in 31% reduction in streamflow to Lake Chad, thowgher factors, e.g., temperature, can also affact982-1991, total
reduction in streamflow was 45%, of which 59% deehvas due to climate variability and 41% due tman. Coe and Foley
(2001) also showed total reduction in flow of 45&6idg almost the same period (1985-1994), of wb&%b decline was due
climate and 44% due to human, though we usedrdift methodology. This was the only period tha mwastly affected by
climate variability because most devastating drowgburred during this period. In this period, pp&eation was reducebly
18%, which was double of the previous decade aeditfhest decrease during the whole period (197232(Table 6), and
also shown in Fig. 9.

In the third (1992-2001) and the fourth (2001-20dddades, the total decline in streamflow was 36845% with respect
to baseline period, respectively. In the thietabe, 39% decline of the total decline was dusinmate variability and 61%
due to human activities, and in the fourth decad®; 16% was due to climate and 84% due to humtnwitées. After second
decade decrease in streamflow due to climate vlityagtared improving in the next decades beca®Bestarted increasing
(Fig. 9). On the whole, human activities mostly $di reduction in inflow to Lake Chad as comparediitoate variability
during 1972-2013, with 66% reduction in flow duehtoman activities and 34% due to climate (TableF&jure 9 shows
annual PP, natural simulated flow, and obsestehmflow at N'Djamena gauge. This shows that e&ehsed in the CLRB
until the 1980s and after that started increasiing simulated natural flow well followed the obsathstreamflow until 1971
and after that the difference between natural ffmd observed flow increased which was certain atitio of extraordinary
water extraction in the basin, especially for iatign purposes. Although there was well incremeP after the 1980s, there
was a little or no increment in observed flow. Zeel. (2017) also showed a little or no incremerake water level from
1990-2015 and concluded a stable water leve¢sif90s. According to the experiments of Gao.€R8ll1), an increase of
106% of precipitation can recover the lake, withiotigation. They also showed that the lake camvec its size of 196@ith

a continuous flow of 50 Krhyr for 10 years, about 40% higher than the averagaaflow (29 kn? yr for 1951-2013).
So the lake can restore only by reducing the huadtivities, sustainable water resources managenaext,continuous
increase in precipitation in the Chari-Logone Ribasin. From the above results and discussionesemmend that it is
better to transfer water from the Congo Riverestore the Lake Chad quickly to its size of 1966sause it will not be easy
to reduce the human activities in the future aspibieulation has been increasing rapidly in therpaand even with better

human practices for irrigation, there still needlsrénsfer water from other river.

6 Conclusions

In the present study, hydro-climatic variabilitysuexamined by using trend analysis in the mostagiarts of the Lake Chad
basin (i.e., Chari-Logone River basin (CLRBY tomadugu-Yobe River basin (KYRB), the YENG (Y edse, El-Beid,
Ngadda, and Gubio Rivers) basin, and the Lakelfdtsin (LFB)), for the period of 1951-2015 (clincatariables) and 1951—

2013 (inflow). Then the impacts of climate varidtyiland human activities on decrease streamfloigke Chad were
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separated and quantified in the Chari-Logone Rbasin, contributing more than 90% to the lake, gidiydrological
approach. In this study, we modified the equatiseduto calculate streamflow changes due to clinsat@bility. So we
calculated changes in streamflow due to climatéatdity by subtracting simulated streamflow of thaseline period from
the simulated streamflow of the impacted periodthie previous studies, these changes were obtdynedibtracting the
observed streamflow of the baseline period froendimulated streamflow of the impacted period,cwitan be influenced by
biases between simulated and observed streamflangdealibration and validation. For hydrologic@iaoach, change point
analysis were used to identify a baseline (stableatural) period. So the streamflow data was digichto a baseline period
(1951-1971) and an impacted period (1972-2013). HEAS was calibrated for 1956—1965 and validatedf®#51-1955
and 1966—1971 periods and was used to simulatefipid51-2013. Decadal changes (i.e., 1972-19832-11991, 1992—
2001, and 2002-2011) in streamflow due to cknaatd human activities were estimated with resgettie baseline period,
at N'Djamena gauge on the Chari-Logone River. Sithee monthly collected observed data in the basis wery scarce,
monthly climatic data was extracted from the Cliem&esearch Unit (CRU) and was converted in dailyn& using
MODAWEC (Monthly to Daily Weather Convertor), aethequirements of HEC-HMS.

Trend analysis showed very strong signas0(001) of increasing trend in temperature in aibs. In contrast, decreasing
signals were detected in precipitation, howes®mnals ranged between very weak(@.1) to strong¢=0.01). An overall
increase of 1.1 °C, 1.5 °C, 1.4 °C, and 1.8 °C elzserved in the CLRB, KYRB, YENG, and LFB, respeely, during 1951—
2015. On the other hand, precipitation was decrehgel0%, 17%, 17%, and 18% in the CLRB, KYRB, YEN&d LFB,
respectively. The highest rise in temperature fZRwas explored in the eastern parts of the LF@ thve highest decline in
precipitation (24%) in the northern parts of the K, for the whole period 1951-2015. The north-eagparts of the study
areas were affected more than other parts ia ch#creasing temperature and decreasing pratiit Using the rates of
decrease in precipitation and increase in temperatee can say that in the next 100 years, predipit is likely to reduce by
9-37%, and temperature is anticipated to incregk-3.4 °C in different parts of the study aréas.the other hand, very
strong decreasing trends were observed in streantdid.ake Chad from the Chari-Logone, the Komad¥gle, and the EI-
Beid Rivers, with a decline of 57%, 74%, and 69&spectively, for the period of 1951-2013.

In case of decadal changes in the impacteddgetie last decade (2002—2011) was the hottestidaedative to 1951-1971
in the CLRB, where mean, maximum, and minimum tenajpees were increased by 0.9 °C, 0.74 °C and IC1@n alarming
situation, and the second decade (1982-1991) veadriast, with 18% decrease in precipitation. Gawole, temperature
was increased by 0.31 °C and precipitation dectelagd 0% in 1972-2013 relative to 1951-1971.

Decreasing streamflow to the lake due to both diin@end human activities were ranged between 34%8%din different
decades. The most reduction in streamflow wimated due to human activities in all decadesgirambetween 61% and
84%, except in 1982—-1991, where 59% decline wakbexghdue to climate variability because this pgri@s affected mostly
by a long devastating drought. After the seconddecthe impacts of climate variability on streawflvere reduced because
of increasing precipitation. On the whole, an agerdecrease of 40% was estimated due to climatabilty and human

activities for the period of 1972-2013, of which%6®f total decline was due to human activities 84é due to climate
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variability. Thus, human activities such as irrigatwithdrawal in the Lake Chad basin caused madtiction in streamflow
to the lake than climate variability. So inflow tfee lake can be improved by reducing the humarvitie8 and sustainable
water resources management. However, it looks ogziple to recover the lake’s size of 1960s (25/00¢) in coming recent
years by just considering the better water manageépractices because population has been increespidly in the basin.
So, we recommend that, it is better to transfelewfrom the Congo River for quick recovery ofdaRhad. In this study, we
quantified only impacts of human activities as alehit is recommended to assess impacts of diffdreman activities, e.g.,
irrigation withdrawal, dam construction, domestiater use, industrial water use etc., separately, Mioich better

understanding about which human intervention aifigatnost the inflow to the Lake Chad.
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Table 1. Basic characteristics of the study area, mean saloe the period of 1951-2013 (inflow) and 1951-2Qfemperature and
precipitation).

% area of % Inflow to Lake Annual inflow flow to

Area (knt) LCB Chad Lake Chad (m3-s) PP (mm) TM (°C)
mean (min—max) mean (min—max)

Lake Chad basin 25x 16 — — — 465 26.7
Conventional basin 967 000 40 — — 677 275
Chari-Logone basin 620 000 24.8 91.5 (86-98) 931 (586-1356) 935 26.7
Komadugu-Yobe basin 145 833 5.8 4.1 (0.3-6) 74 (4-136) 583 27.1
YENG basin 81 334 3.3 1.1 (0.4-1.6) 20 (4-41) 663 27.9
Lake Fitri basin 64 035 2.6 N/A N/A 527 28.3

LCB Lake Chad basi'ENG Yedzeram, El-Beid, Ngadda, and Gubid/ mean temperatur@®P precipitation
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Table 2.Comparison of the monthly observed and CRU temperand precipitation for the period of 1984-20@3he Lake Chad basin.
Precipitation (mm) Mean temperature (°C)
Moundou  N'Djamena Sarh Moundou  N'Djamena  Sarh
R 0:96 6-94 6-9% 0-96 -9+ 6-96
RMSE 44.3 26.0 42.9 0.65 0.81 0.97
Observed STD 103.6 73.1 102.4 231 3.36 2.18
CRU STD 106.1 65.1 91.3 2.26 3.25 2.14
Observed mean 86.0 47.3 80.8 27.47 29.05 28.20
CRU mean 87.3 42.5 77.2 26.86 28.68 27.92

STD standard deviation, CRU climate research unit, RMSEroot mean square error
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Table 3. Mann-Kendall test statistic (Z), Sen’s slope (@jat change (®, and significance level (SL) of trends in the Gtagone, the
Komadugu-Yobe, the YENG, and the Lake Fitri basib&ined from precipitation, temperature and inflonake Chad.

Basin and sub-basins Temperature Precipitation

z SL  Q(°CyrY) Qr(°C65yrY z SL Q(mmyr) Qr (% change 65yt
Chari-Logone River basin
Logone basin, west 45 =% 0.01 0.70 -2 * -1.626 -9
Chari above Sarh, East-south 6.06 0,017 1.10 972 o -1.891 -11
Bahr Salamat basin, east-north ~ 7.39 *** - 0.029 1.90 -2.76 ** o -1.894 -18
Ouham Basin, south 253 * 0.006 0.40 -1.85 + -1.442 7
Chari below Sarh, north-west 6.3 *x0.018 120 48, * -1.878 -16
Average 6.02 ¥k 0.017 1.10 -2.73 o -1.621 -10
Komadugu-Yobe River basin
Northern part 6.5 *x0.021 1.40 -2.73 **-1.819 -24
Southern part 6.38 *x o 0.022 1.40 -1.38 -0.962 -6
Eastern part 6.45 ** - 0.024 1.60 -2.58 * -2.101 -22
Western part 6.17 ¥ 0.022 1.40 -2.58 * -1.901 -17
Average 6.45 *x - 0.023 1.50 -2.53 * -1.922 -17
YENG River basin
Northern part 6.46 ¥ 0.024 1.50 -1.24 -0.831 -12
Southern part 6.31 ** - 0.019 1.30 -2.46 * -1.549 3-1
Eastern part 6.46 *x - 0.022 1.40 -2.35 * -1.432 -15
Western part 6.54 o 0.024 1.60 -2.45 * -2.265 -22
Average 6.3 ko 0.021 1.40 -2.13 * -1.644 -17
Lake Fitri basin
Eastern part 6.66 **0.034 2.20 -1.35 -0.964 -12
Western part 6.48 ¥ 0.028 1.40 -3.14 **-1.868 8-1
Middle part 5.89 x o 0.021 1.80 -2.52 * -1.682 -18
Average 6.41 k- 0.028 1.80 -2.81 ¥ -1.651 -18
Average Changesof all basns  6.30 0.022 145 -255 -1.710 -16

Inflow to Lake Chad

z SL Q(nfst QT (% change 63yt
Chari-Logone River -6.83 *x o .11.23 -57
El-Beid River -5.03 o -1.36 -74
Komadugu-Yobe River -4.92 o .0.32 -69
Average Changes -5.59 -4.30 -67

+ very weak signabf trend ¢=0.1), * weak signabf trend(=0.05), ** strong signabf trend (=0.01), *** very strong signal of trend
(¢=0.001)
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Table 4.Change points detected in hydro-climatic time seinethe Chari-Logone River basia £ 0.05).
WLRT test SNHT test
Time series Change paint Test Statislics Change Pcint Test Statistics
Precipitation 1971 5.04 1971 22.436
2005 8.813
Discharge 1971 12.252 1971 80.774
1964 9.898
Max Temperature 2003 6.546 2003 34.427
Min temperature 1996 9.308 1996 57.652
Mean Temperature 1993 6.796 1993 36.505
2004 7.715

SNHT Standard Normal Homogeneity Test, WLRT Worsley Likelihood Ration Test
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Table 5.Performance indicators for calibration and validatat N'Djamena gauge on Chari-Logone River.

Calibration Validation

1956-1965 1966-1971 1951-1955
Nash Efficiency (E ) 0.87 0.84 0.88
Coefficient of Determination (R?) 0.87 0.85 0.88
Percent difference (D) % 3.85 7.34 -0.88
RMSE (n¥/s) 381.33 385.26 394.30

29



Hydrol. Eartt Syst Sci. Discuss https://doi.rg/10.5194/he«-201€-13¢ Hydrology and
Manuscript under review for journal Hydrol. Eartpsg Sci. Earth System
Discussion started: 3 April 2018 Sciences
@ Author(s) 2018. CC BY 4.0 License.

Discussions

Table 6.Changes in temperatur8Q) and precipitation (%), and changes in flow (%) tuelimate variability, human activities, and bétfimate
and human activities) with respect to 1951-197théChari-Logone River basin.

Decade ATX (°C)  ATN(°C) ATM (°C) AP @)  AQr (%) AQc (%)  AQu (%)  Pc (%) Py (%)
1972-1981  -0.29 -0.01 -0.19 9 34 11 23 31 69
1982-1991  0.02 0.35 0.14 -18 -45 27 -18 59 e
1992-2001  0.15 0.56 031 -8 -36 -14 22 39 61
2002-2011  0.74 1.16 0.9 -9 -45 7 -38 16 84
19722013 0.17 0.55 0.31 -10 -40 -14 -26 34 66

ATX changes in maximum temperature, ATN changes in minimum temperature, ATM changes in mean temperature, AP changes
in precipitation, AQr total changes in streamflow due to climate variability and human activities AQc total changes in streamflow
due to climate variability, AQy total changesin streamflow due to human activities Pc = 100 x AQc/ AQr), Py= 100 x AQu/ AQy)
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Figure 5. %nnual precipitation (mm) along with trend linese(8s slope estimates (SE)) in the (a) sub-basirtheoChari basin, (b) sub-basins of

the Komadugu-Yobe basin, (c) sub-basil YEDGin and, and (d) sub-basin of the Lake Fitritvasi - - - 1 Comment [mm36]: If there is a

change point somewhere, is it
significant to draw a straight line for
the whole period ? There is an obvious
change point around 1988 ( not 1971)
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Secondly, either there would be a change point of 1988 in precipitation, according the hydrological approach, the hydro-climatic data is divided into two parts based on the change point in streamflow time series
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Figure 7. Change point year in streamflow atINjamena gauge located on the Chari-Logone Riveectiedt by Worsley Likelihood Ratio Test
(red line) and Standard Normal Homogeneity Tesadblline).
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