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ABSTRACT

The Chari-Logone basin (BCL), which is the focus of this work, is the hydrologically active part of the Lake
Chad Basin. It covers an area of 613 000 km?, and its banks are surrounded by a series of mountain ranges:
Guera, Ouaddai, Central African Massif and Adamaoua. The climate of the Chari-Logone basin is contrasted,
from the tropical climate to the Sahelian climate.

We synthesized, analyzed and exploited all rainfall data available on the Chari-Logone basin during the period
1950-2015 in order to characterize spatial contrasts, temporal variations and sensitivities to climatic variations.
These data come from Chad's national services and literature. We used the method of Kriging interpolation with
the software R for the spatialization of these data. The interpolation is made on eighty-nine rainfall stations, and
the mesh chosen is a regular grid with a pitch of 0.1°. Data analysis showed that the distribution of interannual
mean rainfall is mainly along a typical south - north gradient of the Sudano - Sahelian region. The highest
values are always recorded at the southwestern extremities corresponding to the direction of entry of the
monsoon flow in the basin, with probably a slight orographic effect. Thus, Sudan's wetter regions of the south-
west (1600 to 800 mm) are progressively transferred to the Sahelian regions, which are sparsely watered in the
north-east (between 800 and 200 mm).

KEYWORDS: Chari-Logone, Lake Chad, rainfall, kriging, spatialization.

1. INTRODUCTION

The Lake Chad Basin, due to its geographical location in arid and semi-arid zones, suffers from repeated
droughts linked to rainfall deficits and resulting in the reduction of surface water bodies and groundwater
resources. Recent decades have seen a dramatic increase in the concentration of greenhouse gases in the global
atmosphere and substantial changes in African land cover (L. D. Meyer, 1981). These aspects of recent
environmental change are suspected of forcing changes in global (Houghton, 1992) and regional (S. E.
Nicholson, 2001) climates. Drought control practices need accurate estimates of rainfall in space and time
(Joyce & Arkin, 1997, Verdin et al., 2016). The spatio-temporal estimation of precipitation is important for
efficient management of natural resources and for mitigating natural risks (Leroux, 1986, Funk et al., 2015).
This concept is true in developing regions and regions that are exposed to extreme events (Chevallier &
Pouyaud, 1996). Rainfall data are used as an alternative to support early warning of hydro-meteorological
systems (Verdin et al., 2016). They are more reliable to the extent that they are directly measured in the field.
However, rain gauge observations are often limited in African regions, clustered in cities or populated areas.
Data from few gauge stations can provide little information on the spatial extent and intensity of a given
precipitation event (Rozante et al., 2010).

In these situations, the data provided by the very few rainfall stations of the General Directorate of National
Meteorology of Chad (DGMN) that are functional and available today do not allow us to advance our
knowledge of the spatio-temporal structure of rain and hardly allowed to develop models. Satellite-derived
precipitation data is an interesting alternative (Huffman et al., 1995), but this data may tend to underestimate the
magnitude of wet events because of their dependence on satellite algorithms. recovery and the indirect
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relationship between infrared observations by satellite and precipitation intensities (Xie & Arkin, 1997).
However, there are annual and monthly rainfall series in the Lake Chad Basin from the 1940s to the 1960s
compiled by ORSTOM researchers. Such precipitation data are not representative of the last decades, especially
the new period from 1980 to 2010. It is important to set up specific methods to update and support the study of
spatio-temporal of the Lake Chad Basin. This will serve as an input parameter to the hydrological model so that
precipitation is still considered a key element of watershed studies. So, the method used in this study is kriging
interpolation. It should be noted that this method had already taken place in other parts of the world, notably in
the United States, Europe and Asia (Woodley et al., 1979, Dingman et al., 1988, Goovaerts, 2000, Subyani,
2004, Baillargeon, 2005).

2. STUDY AREA

2.1 Lake Chad basin and Chari-Logone system

The Lake Chad Basin (BLT) is located in Central Africa, between 6° and 24° North latitude and 8° and 24° East
longitude. It occupies an area of approximately 2 500 000 km?, 8% of that of the African continent and is
divided between Algeria, Cameroon, Libya, Niger, Nigeria, the Central African Republic, Sudan and Chad. This
basin occupies a large basin bordered by Hoggar and Tibesti in the north, the mountain ranges of Ennedi and
Ouaddai in the east, the trays of Jos (Nigeria) and Air (Niger) to the west those of Oubangui (Central African
Massif) in the south as well as the Adamaoua massif in Cameroon (Fig. 1). This mountainous ensemble shows a
variety of reliefs. In the center of the basin, we find the low-contrast reliefs of Kanem and Borkou formed by an
alternation of dunes and depressions (Schuster et al., 2005).

The Lake Chad Basin consists mainly of two sub-basins (Maley & Maley, 1981, Ghienne et al., 2002, Schuster
et al., 2005, Lemoalle et al., 2012). The northern basin that forms the central lowlands of Chad, with the central
depression of Bodélé (Moussa, 2010). It is bounded to the north and east by mountainous areas, respectively
Tibesti and Ennedi, and to the southwest by the Late Pleistocene dune field of Kanem (Maley, 2000, Schuster et
al., 2005) To the south, the Chari-Logone basin (BCL), which is the focus of this work, is the hydrologically
active part of the Lake Chad basin. It covers an area of 613 000 kmz?, and its banks are surrounded by a series of
mountain ranges: Guera, Ouaddai, Central African Massif and Adamaoua (Fig. 1).
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Figure 1. Map of the study area: the continuous black line marks the Lake Chad basin, the discontinuous black line that
of the Chari-Logone basin and finally the brown line the Mega Lake Chad to the Holocene (Ghienne et al., 2002,
Schuster et al., 2005, Leblanc et al., 2006). Topo 30 Shuttle Radar Topography (SRTM) data, easily accessible and freely
downloadable from the https://earthexplorer.usgs.gov/ website

2.2 Description of the climate framework

The climatological data described here were provided by the General Directorate of National Meteorology of
Chad (DGMN). The climate of the Chari-Logone basin is contrasted, from the tropical climate to the Sahelian
climate. Climatic elements studied are temperature, rainfall, humidity and evaporation, monthly averages for the
1984-2014 period at the N'Djamena and Sarh stations (Fig.1). These stations may be representative of the
tropical zone (Sarh) and the Sahelian zone (N'Djamena).

2.21  Temperatures
The average monthly heat regime shows two maxima: a peak in April, which is the warm season before the first
rains, and a secondary peak in October, at the end of the rainy season (Fig. 2). The difference between the
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monthly averages of temperatures shows minima of 24°C for N'Djamena and 25°C for Sarh (January) and
maxima of 32°C for Sarh and 34°C for N'Djamena (April). Mean interannual temperatures are very variable.
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Figure 2: Average monthly temperature in N'Djamena and Sarh between 1984 and 2014

2.2.2  Precipitations

The analysis of the histogram of the monthly and interannual averages of the rainfall data of the two stations
located in the Chari-Logone basin indicates that rainfall is decreasing from south to north. The southern station
(Sarh) is the most watered, with an average annual rainfall of 972 mm, and that of N'Djamena is the least
watered with an average rainfall of 544 mm. In the southern part of the basin, the rainy season starts earlier than
in the North (April), and ends later (October); the difference being about a month. It is noted that the rains
increase gradually to reach a maximum in August, before decreasing suddenly. The monthly evolution reveals
an alternation of wet and dry periods. This change in rainfall during the year shows that the Chari-Logone basin
has a tropical rainfall pattern at two seasons (Fig. 3): a wet season (April to October) and a dry season
(November). to March). The duration of the rainy season is not the same everywhere. If it lasts four to six
months in the southern part, it lasts only two to three months in the northern part of the basin. The rainiest
months are those of July and August, which are at the heart of the rainy season.
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Figure 3 :Average monthly rainfall in N'Djamena and Sarh from 1984 to 2014

2.2.3  Humidity of the air

The relative humidity of the air follows a seasonal evolution identical to that of precipitations. The interannual
monthly maximum is in August (Fig. 4) and is around 80% in Sarh and 85% in N'Djamena. The minimum,
which is observed in February-March, varies from 23% for N'Djamena to 29% for Sarh. Air humidity varies
with the frequency of winds in the area.
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Figure 4: Average monthly relative humidity in N'Djamena and Sarh between 1984 and 2014

2.2.4  Evaporation

Measured with the Piche technique, evaporation varies almost in the same way as the air temperature and goes
in the opposite direction of rainfall (Fig. 5). The seasonal cycle is well marked. The average monthly maximum
evaporation is observed in March and reaches 281 and 416 mm in Sarh and N'Djamena respectively. The
minimum is obtained in August, with 53 mm for Sarh and 77 mm for N'Djamena.
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Figure 5 :Average monthly evaporation (Piche technique) in N'Djamena and Sarh between 1984 and 2014

2.3 Hydrography

The basin is drained by two main hydrographic networks, the Logone and the Chari rivers. The Logone river,
with a length of 1000 km, originates in the Adamawa plateau in Cameroon, with an altitude ranging from 305 to
835 m (Cabot, 1965, Gac, 1980). The Chari Basin covers an area of approximately 523 10° km?. The
convergence of the Chari and the Logone rivers is located in N'Djamena, 110 km upstream of Lake Chad, (Fig.
1). The total area of the Logone catchment is 90 10% km? at the confluence with the Chari. The Chari starts in the
Central African Republic at an altitude between 500 and 600 m. It flows nearly 1200 km from the Central
African Republic to the Lake Chad. The Chari-Logone receives water input from groundwaters of the
Precambrian basement upper basin while in the lower part the Chari-Logone water flows from the river towards
the Quaternary Aquifer (Bouchez et al., 2019). The Chari-Logone baseflow discharge is supported by only 12%
of the catchment (Bouchez et al. 2019).

3. RAINFALL DATA AVAILABLE

3.1 Rainfall data of national networks

The Chari-Logone basin is shared by four countries: Cameroon, Central Africa, Sudan and Chad. The
acquisition and management of rainfall data on each national territory are managed by the competent services of
each country.

In Chad, the General Directorate of National Meteorology (DGMN) of the Ministry of Civil Aviation and
Meteorology has several meteorological stations in all the main cities or chief towns of the country's regions.
Most of these stations were installed by researchers from the Office of Scientific and Technical Research
Overseas (ORSTOM) and the Agency for the Safety of Air Navigation in Africa and Madagascar (ASECNA),
during the colonial period. They are still most often functional despite a few interruptions linked in particular to
the civil war experienced by Chad and the subregion in the late 1980s.

DGMN data is the only "real" data or measured directly in the field. The climate division of the DGMN
provided us with the monthly data from 1960 to 2015 of 11 meteorological (rainfall) stations within and around
the Chari-Logone basin (Fig. 6).

A systematic control of the quality of these data was performed on the raw data to ensure the reliability of the
series. We have corrected and removed from the database the easily identifiable doubtful values due to typos or
seizure of statements. This check only removed the obviously false values; but does not guarantee the
accuracy/accuracy of the data stored.
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We were unable to obtain data from the national networks of the Cameroonian, Central African and Sudanese
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Figure 6. Location of the eleven Chadian rainfall stations for which data are available at the monthly time step between
1960 and 2015 in the Chari-Logone basin (Source: DGMN). The black dashed line is the outline of the Chari-Logone
basin.

The station names, geographic coordinates, and interannual averages of the rainfall data obtained are shown in
Table 1.
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Table 1: Characteristics of the eleven rainfall stations for which data are available at the monthly time step between 1960
and 2015 in the Chari-Logone basin (Source: DGMN).

Coordinates (projection: WGS 84)
stations i i _ Inter-annual STDEV
Latitude | Longitude | Altitude (m) average (mm)

Abeché 13,82 20,83 545 351 109
Amtiman 11,05 20,28 436 773 135
Bongor 10,28 15,37 328 786 172
Bousso 10,5 16,73 336 813 193
Kélo 9,32 16,8 378 1006 202
Lai 9,38 16,3 375 1004 173
Léré 9,65 14,22 265 875 144
Moundou 8,57 16,08 410 1078 154
N'Djamena 12,13 15,02 295 540 119
Pala 9,37 13,97 464 975 185
Sarh 9,15 18,38 365 990 159

3.2 Data from the literature
We have completed this database with rainfall data (monthly interannual averages) from two monographs
carried out on the Chari and the Logone by ORSTOM:
e A monograph of Billon et al. (1968) on Chari using data from 74 stations distributed over the
watershed, covering durations of 6 to 34 years over a selected period from 1940 to 1967;
e A monograph of Cabot (1965) on the Logone using data from 27 stations on the Logone, lasting from 4
to 27 years over a period from 1934 to 1956.

Altogether, the average data of 89 rainfall stations referenced are available in these two monographs (74 Chari
monograph stations and 15 Logone monograph stations, these monographs having 12 common stations).

3.3 Data of CRU (Climate Research Unit)

The Climate Research Unit (CRU), University of East Anglia, Norwich, UK and the UK Department of
Environment, Transport and Regions are providing a set of re-analyzes of global climate data. These are
calculated from a model and actual data, including monthly precipitation since 1900, at a resolution of 0.5°
latitude and longitude. The method of treating precipitation in grids is described in the work of (Hulme et al.,
1995, Jones & Hulme, 1996). We used data from the CRU TS 4.02 version
(https://crudata.uea.ac.uk/cru/data/hrg/) described by Harris et al. (2014). The monthly precipitation of the CRU
has already been used in several studies in the Chari-Logone basin (Ardoin-Bardin et al., 2009, Lemoalle et al.,
2012, Zhu et al., 2019). These spatialized rainfall data were used as one of the input parameters of the rainfall-
flow models.

4 METHODOLOGY
We present the process of spatialization of precipitation, then the method used to estimate the average
precipitation for each of the sub-basins during the defined periods.

4.1 Estimate of precipitation by sub basins for 1960-2015

Data from the Billon et al. (1968) and Cabot (1965) monographs covering the period 1940-1960 were used to
determine the spatial distribution of mean annual rainfall. There is no longer a data set covering a more recent
period with sufficient spatial coverage to perform a satisfactory spatial interpolation. The average precipitation
per sub-basin is determined from the interpolated map (cf result). It is then assumed that the spatial distribution
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is stable over time, and mean precipitation per sub-basin is considered to vary jointly. The time series of the
available stations are then used to characterize the precipitation variations.

4.2 Spatialization of precipitation
We describe in the lines that follow the method of obtaining spatialized rainfall over the Chari-Logone basin.
An interpolation by kriging is carried out from annual average rainfall.

4.2.1 Data used for the spatialization of precipitation
Monographs on Chari (Billon et al., 1968) and Logone (Cabot, 1965) have pluviometry data distributed over the
four countries that cover the Chari-Logone basin with good spatial coverage (Fig. 7).

Figure 7 :Location (black dots) of rainfall stations from the two monographs of Chari (Billon et al., 1974) and Logone
(Cabot, 1965). The red line is the outline of the Chari-Logone basin.

4.2.2  Kriging interpolation method

Kriging is a process by which a quantity, here precipitation, is interpolated from a randomly distributed set of
data (X, y, z). It is based on the average of a local estimate in which each estimate is a weighted average of the
values observed in the neighborhood. The result of the interpolation provides a structured data called "grid".

Widely used (Woodley et al., 1979, Chong et al., 1987), the kriging interpolation method makes it possible to
characterize the distribution and variability of rain fields and to quantify the estimation error of the surface
averages. Its advantage is to provide both the best estimate of rainfall at all points and the uncertainty associated
with the estimate. This method is based on the Regionalized Variables Theory. This theory comes from the
Theory of Random Functions (Matheron, 1966), used to solve data estimation problems by taking into account
the spatial structure of the variables to be treated.
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The semi-variogram is commonly used to analyze the inter-distance dependence of spatial observations (Ruelle
et al., 1986). It makes it possible to determine whether the distribution of the parameter (s) studied is
regionalized, random or periodic. A variogram is characterized by the following parameters: nugget, span and
bearing (Fig. 8). It is necessary to draw and study the variogram because its appearance makes it possible to
highlight three main characteristics (Smith et al., 1993):

Semi-variance

Nugget effect: Very short-lived variation, location errors, analysis errors and analytical precision. It can
be induced either by measurement errors assumed to be random and not regionalised, or by the
existence of a spatial variability defined over a smaller distance than the smallest distance class taken
into account in the variogram.

Scope: Distance where two observations are no longer alike at all on average and are no longer linked
(linear covariance) linearly. At this distance, the value of the variogram corresponds to the variance of
the random variable. Scope is used to set the optimal sampling interval since samples taken at a
distance less than the range are spatially dependent (Ruelle et al., 1986). We see that when the range is
reached, there is no more covariance between the random variables.

Bearing: The bearing is characterized by reaching a plateau where the semi-variance of the data
becomes constant with the evolution of inter-sample distance. To relocate under the conditions of the
intrinsic hypothesis, it is then necessary to filter the relation between the random function and the x-
coordinates computed by linear or quadratic regressions. The analysis of the structure can be taken
from the drift residues thus calculated (Goovaerts, 2000, Snepvangers et al., 2003).

A
Bearing

9 e —® o

1 Ngget effect

0
< >

Scope
Figure 8. Theoretical semi-variogram (spherical model)

The kriging interpolation of the rainfall data from the rainfall measuring stations is performed using the "R"
software. The libraries (packages) used are : gstat, sp, rcpp, plyr, reshape, automap, circular, MASS, geoR,
Metrics, rgdal, lattice, maptools, raster et latticeExtra.

4.2.3

Average Spatial Precipitation of the Chari-Logone Basin

The steps used for long-term spatio-temporal precipitation reconstruction are:

the mean spatial rainfall of the basin i (Pi, monog) is determined for the period 1940-1960 from the
krigated map;
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o then, assuming that this spatial distribution is always the same, the temporal variations are determined
from the 11 precipitation stations which, included in the stations used for kriging, also cover the period
1960-2015 (DGMN). The average precipitation of a year "a" is compared to the period 1940-1960 from
a coefficient ka defined as follows:

P

ka =
Pyonoc

Where Pa is the average of the 11 annual precipitation values for year a, and Pmonoc is the average of
the 11 inter-annual precipitation values for the 1940-1960 period from the Chari and Logone
monographs.
e Spatial rainfall for each sub-basin i and for each year a is then calculated as follows:
P, = ka * Pi,monog

Thus we reconstructed the annual average rainfall of Chari Logone from 1960 to 2015.
5 RESULTS AND DISCUSSIONS
5.1 Interpolation by precipitation kriging

5.1.1 Semivariogram

Semi variograms constructed with raw data have no level of variance (Fig. 9). When no level is identifiable, it is
recommended to work on the residuals (Goovaerts, 2000, Snepvangers et al., 2003), which represent the
difference between the variable and a surface, for example a plan determined by the adjustment of the data
considered by the least squares method(Séraphin, 2016). Thus, this method makes it possible to subtract the
linear trends from the rainfall data resulting from the latitudinal or continental effects, to interpret only the local
variations of the pluviometry.

For the analysis of the anisotropy of the rainfall distribution, we established the directional variograms (Fig. 9)
in four directions (0°, 45°, 90° and 135°).

90 ‘ 135 ] T ; 135

cn

senwvanance

semevanan

5 = . . - > . - + -— - . T - T
distance istance

Figure 9: Semi variograms of the raw data (figure on the left) and the residuals (figure its lines) in the four directions (0,
45, 90 and 135 °) made with a spherical model

Examination of the variographic surface of the residues obtained from the rainfall data shows a plateau (Fig. 9)
thus making it possible to adjust conventional variographic models. The models and parameters used are shown
in Table 2.
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Table 2: Calibration Parameters and Semi Variogram Models

Parameter Caracteristics

Model Spherical

Seuil 7800

scope 3

Nugget effect 3500

Variance 10550.15

5.1.2  Average rainfall over the Chari-Logone basin

The interpolation is made on eighty-nine rainfall stations, and the mesh chosen is a regular grid with a pitch of
0.1°. The analysis in Figure 10 shows that the distribution of mean interannual rainfall is mainly along a south-
north gradient typical of the Sudano-Sahelian region. The highest values are always recorded at the
southwestern extremities corresponding to the direction of entry of the monsoon flow in the basin, with probably
a slight orographic effect. Thus, Sudan's wetter regions of the south-west (1600 to 800 mm) are progressively
transferred to the Sahelian regions, which are sparsely watered in the north-east (between 800 and 200 mm).
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Figure 10: Spatial distribution of average rainfall for the period 1940-1960 in the Chari-Logone basin and location of the
89 rainfall stations used (Data taken from the Chari monographs (Cabot, 1965) and Logone Billon et al (1968))

5.2 Comparison with CRU data

The spatio-temporal precipitation obtained for this work and that of the CRU are relatively comparable (Fig.
11), except from the 1950s for which precipitation data are rarer. This scarcity after 1980 leads to significant
uncertainties in the estimation of spatialized rainfall, both with CRU data and from the method applied in this
work.
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Figure 11. Comparison of spatialized rainfall over the Chari-Logone basin obtained by the CRU and this study

6 SUMMARY AND CONCLUSIONS

The Chari-Logone basin is tributary to the Atlantic Ocean, which is subject to a climate induced by the seasonal
movement of two air masses separated by a front (Olivry, 2002). The front or the Intertropical Convergence
Zone (ITCZ) is the site of a confluence between two air masses: on the one hand, the monsoon, humid, of
oceanic origin, of southwest sector; and Harmattan, dry, northeastern and continental in origin (S. E. Nicholson,
2015). This movement of the ITCZ leads to the seasonal variability of the rainfall regime in the Chari-Logone
basin. The latter recorded two well-marked seasons in the year: a short rainy season centered on the summer
(June-September) and a long dry season centered on the winter.

During the dry season, from November to March, the ITCZ is found around 5° -7° N (Lienou, 2007) where there
is a predominance of Harmattan (Leroux, 1986). From April, a slight rise in the ITCZ gives rise to rainfall in the
southern part of the Chari-Logone basin. Then the ITCZ goes back to the northernmost part in July-August, the
wettest months of the year. As of September October, the ITCZ is rapidly moving southward (S. Nicholson,
2000). The dry season sets in at the beginning of October in the northern part of the country while in the south,
rains can be recorded until November.

In addition, factors controlling the temporal variability of precipitation must be large-scale aspects of the general
atmospheric circulation, such as Walker or Hadley circulation or monsoon intensities, or oceanic influences,
such as surface temperatures. from the sea (Nicholson, 2000). The contrast between dry and wet years is
associated with a weakening and contraction of the tropical rain belt (S. E. Nicholson, 2008, 2009). Sea surface
temperatures play a key role in the location of the ITCZ (Giannini et al., 2003)
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