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Abstract: Analyzing trends of annual rainfall and assessing the impacts of these trends on the
hydrological regime are crucial in the context of climate change and increasing water use. This research
investigates the recent trend of hydroclimatic variables in the Senegal River basin based on 36 rain
gauge stations and three hydrometric stations not influenced by hydraulic structures. The Man
Kendall and Pettitt’s tests were applied for the annual rainfall time series from 1940 to 2013 to detect
the shift and the general trend of the annual rainfall. In addition, trends of average annual flow rate
(AAFR), maximum daily flow (MADF), and low flow rate (LFR) were evaluated before and after
annual rainfall shift. The results show that the first shift is situated on average at 1969 whereas the
second one is at 1994. While the first shift is very consistent between stations (between 1966 and 1972),
there is a significant dispersion of the second change-point between 1984 and 2002. After the second
shift (1994), an increase of annual rainfall is noticed compared to the previous period (1969-1994)
which indicates a not significant, partial rainfall recovery at the basin level. The relative changes of
hydrologic variables differ based on the variables and the sub-basin. Relative changes before and
after first change-point are significantly negative for all variables. The highest relative changes are
observed for the AAFR. Considering the periods before and second shifts, the relative changes are
mainly significantly positive except for the LFR.

Keywords: trends; Senegal River Basin; rainfall shift; hydroclimatic variables; streamflow; climate
change
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1. Introduction

Rainfall is a major factor that conditions food production, is mainly derived from rain-fed
agriculture, and plays a central role in the availability of surface and groundwater water resources [1].

Therefore, several studies have focused on how climate variability affects rainfall regime in
West Africa over the last century [2,3]. A common feature of these studies is the identification of a
succession of drought episodes [4]. Since the beginning of observations in 1854, three main dry periods
have been recognized [2]: 1911-1913, 1940-1943 and 1968 to recent decades. Due to its duration and
intensity, the latter has been recognized as the greatest drought of the last century [5]. The significant
decline in annual rainfall generally led to the depletion of water resources [6,7], the amplification of
water deficits [8] and the modification of natural ecosystems and socio-economic systems [4]. It had
particularly negative effects on human activities and environment. The drought and its hydrological
impacts have been well investigated until the 1990s [3,9-19]. However, the number of studies on
hydroclimatic evolution in West Africa over the last three decades has decreased significantly because
of the decline of in-situ observation networks and the difficulty for academic structures to access data
from national meteorological and/or hydrological services.

Recently, some authors [18,20,21] have questioned whether a few years of excess rainfall of the
1990s could be the sign of a gradual recovery of rainfall leading to more favorable hydroclimatic
conditions. Similarly, Diello [22] showed that the area affected by drought has shrunk since 1994 in the
Sahelian area. However, other studies have suggested that severe drought conditions were persisting
in the Sahel at the end of the 1990s [12,23]. Thus, the question of the persistence or end of drought
was discussed in the scientific community in early 2000.Vischel et al. [24] investigated the scientific
literature on recent rainfall trends in West Africa. They pointed out that after the severe drought in the
Sahel in the late 1960s, the last decade of the 20th century saw a partial recovery of rainfall, particularly
in the central part of the Sahel, but without returning to the wet conditions of the 1950s and 1960s.
In addition, recent studies have shown that the relative increase in rainfall accumulation was mainly
linked to an increase in the intensity of rainfall events, while the occurrence of rainfall events remains
at an average level close to that of periods of extreme drought [25,26]. Therefore, the terms “recovery”
or “return to wet conditions” often used to characterize rainfall over the past two decades has to be
considered with caution.

In this respect, Descroix et al. [27] argued that the end dates of the drought of the 1970s may also
vary region to another. Lebel and Ali [16] then Panthou et al. [25] have shown that there are contrasts
between the Western Sahel which seems to start a later recovery in annual precipitation than the central
Sahel. Nkrumah et al. [26] showed that contrast also exists between sub-regions with in the Southern
West Africa with a more marked increase in coastal than inland regions. It is also what Diop et al. [28]
have shown in a recent study in Senegal where rainfall recovery in recent decades is significant in
the coastal strip of Senegal. All these recent studies push for further analyze recent rainfall trends in
West Africa at the sub-regional scale. While climatic zones or country-based approaches dominate the
literature, there is a lack of analyses at the scale of regional basins in the West African region. The basin
scale is a key scale, not only for analyzing climatic regional contrasts, but also to understand their
impacts on water resources. In the context of climate and global changes and increasing water demand,
it is a major challenge to jointly analyze rainfall and hydrological changes to improve water resource
management [29].

2. Materials and Methods

2.1. Study Area

The Senegal River basin extends from the Sahara in the North to the humid tropical region
of Guinea in the South [30]. It drains an area of 300,000 km? [31] with four riparian states, from
upstream to downstream, Guinea, Mali, Senegal and Mauritania (Figure 1). The Senegal River basin
has experienced climate change effects since the 1970s [31]. To remedy the effects of adverse climatic
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conditions, the Senegal River Basin Development Organization (in French, Organisation pour la Mise
en Valeur du Fleuve Sénégal, OMVS) built three dams (Figure 1) in 1986 (Diama), 1988 (Manantali)
and 2013 (Felou). The main functions of the Diama dam are to improve irrigation in the Senegal River
valley and delta and to facilitate water supply. Manantali is a multi-usage dam with a storage capacity
of 11 billion m® of water, an energy production of 800 GWh/year and an irrigation capacity of 255,000
ha. Felou is a run-of-river dam with a production capacity of 350 GWh/year. These various hydraulic
structures have artificialized the Senegal River regime in some places. From the climate stand point,
rainfall in the basin is related to the displacement of the Intertropical Convergence Zone (ITCZ) from
the south to north, inducing the penetration of the West African monsoon governed by the thermal
contrast between the sea and the continent [32]. Based on the latitudinal distribution of precipitation,
four climatic zones have been defined in the Senegal River basin by Dione [30]: Guinea (mean annual
precipitation, P > 1500 mm); Southern Sudan (1000 < P < 1500 mm); Northern Sudan (500 < P < 1000
mm); and the Sahel (P < 500 mm).
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Figure 1. Senegal River Basin, hydrographic network, river flow stations, rainfall gauges, and main
hydraulic infrastructures.

2.2. Data

In this study, in-situ annual rainfall and daily observed stream-flows data are used.

2.2.1. Annual Rainfall data, Selected Gauges and Periods of Study

The rainfall data used in this study come from the OMVS database that contains 80 rainfall stations
(Figure 1) covering the period 1940 to 2013. For each station, the percentage of gaps in the data series
has been calculated. Only stations with less than 50% of missing years were first selected, leading
to retain 48 stations. Then, two criteria were used to select the final stations for the study: (i) the
coefficient of determination (Figure 2a) between the observed annual rainfall and the calculated one by
the Regional Vector Method [33-35] and (ii) stations with no missing values (Figure 2b). Thus, for this
study, stations (36) with zero gaps or a coefficient of determination of 0.5, which is an acceptable value
in linear regression [36], were selected (Figure 2c). Figure 3 shows the available annual rainfall data
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over the period 1940-2013. For the stations with gaps, the regional vector method was used to fill the
gaps. The regional vector method has already been evaluated by Bodian [37] and has shown to be
robust enough to fill missing values in annual rainfall series.
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Figure 3. Available annual rainfall data over the period 1940-2013l. (a) missing values by station; (b)
number of available gauges data per year.
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2.2.2. Hydrological Data

For this study, three streamflow stations not influenced by hydraulic structures were chosen
(Figure 1). Table 1 provides the available hydrometric data from the OMVS database.

Table 1. Available discharge data.

Surface Start of Record  End of Record

River Basin Stations (km?) (dd/mm/yyyy)  (dd/mm/yyyy) %o Gaps
Bafing Dakka Saidou 15660 27/05/1952 21/04/2016 1.02
Faleme Gourbassi 16264 02/01/1954 24/03/2016 0.17
Bakoye Oualia 104479 01/06/1954 24/03/2016 1.90

2.3. Methods

2.3.1. Hydroclimatical Variables Trend Analysis

Two methods, namely the Mann-Kendall and Pettitt’s tests, were used to detect the annual rainfall
trends and shift over the entire Senegal River basin. The Mann-Kendall test [38,39] is a non-parametric
test often used to detect the presence of a monotonic trend in a chronological series. The Pettitt’s
test [40] was used to detect the change-point in the considered series. It is based on the Mann-Whitney
two-sample test and allows the detection of a single shift at an unknown time. By combining the Mann
Kendall and Pettitt tests, a several-steps approach was applied. First, the Man Kendall and Pettitt’s
tests were applied for the annual rainfall series from 1940 to 2013 to detect the shift and the general
trend of the annual rainfall. Once a change-point was detected, a new annual rainfall series was
considered starting after the change point. For this new series, we applied the same tests as previously.
Furthermore, trends of average annual flow rate (AAFR), maximum daily flow (MADF), and low flow
rate (LFR) were evaluated before and after annual rainfall shifts.

2.3.2. Standardized Precipitation Index (SPI)

The SPI[9,41] is a widely used index to characterize meteorological drought. It reflects a rainfall
surplus or deficit for the year compared to a whole period under investigation. A positive value of SPI
indicates rainfall surplus whereas a negative value shows rainfall deficit.

3. Results

3.1. Temporal Variability of Annual Rainfall

Figure 4 presents the temporal variability of the annual rainfall in the Senegal River basin.
The results show that the stations exhibited different shifts. However, two regime shifts statistically
significant at the 5% level are exhibited. The first change-point is situated on average at 1969 whereas
the second one is at 1994 (Figure 4). While the first shift is very consistent between stations (comprised
between 1966 and 1972), there is a significant dispersion of the second rupture between 1984 and 2002.
The two identified shifts lead to distinguish three different periods as depicted by the SPI (Figure 5).
From 1940 to 1968, the mean SPI is positive and reveals annual rainfall well above the interannual
mean characterizing a very wet period. By contrast, the inter-shift period displays very negative values
of SPI showing that the Senegal River basin clearly witnessed the well-documented Sahelian great
drought. The dispersion of the break date shows that the identification of an end date for the drought
period is much less consistent with some stations remaining very dry while others seem to be starting
to recover more quickly.
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Figure 5. Variation of SPI over the period 1940-2013.

3.2. Annual Rainfall Trend

The trend in annual rainfall is investigated from 1940 to 2013 for both the whole annual rainfall
series and the periods after the first shift to 2013. For the whole period (1940-2013), Figure 6a shows
that the spatial pattern is dominated by a downward trend except Bakel which exhibits an upward
trend but not significant at a 5% significance level. The case of Bakel was mentioned by previous
studies [28,37]. However, the period after the first shift to 2013 (Figure 6b) shows a significant positive
linear trend (0.05) at the majority of the stations in the Senegal River basin. There are few stations
mainly at the upper part of the river basin which exhibit a non-significant positive trend. These results
indicate that the Sahelian part of the river basin exhibits a significant upward trend of annual rainfall,
whereas the Soudanian one shows an upward trend but is not significant.
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Figure 6. Spatial distribution of the statistics Z of the Mann—Kendall test for the annual rainfall (a)

period 1940-2013; (b) period after shift 1 to 2013.

3.3. Evolution of Hydrological Variables

An analysis was performed in order to evaluate the variability of the hydrologic variables across
the three sub-basins of the area: Gourbassi, Oualia and Dakka Saidou for the period from 1940 to 2013
(Table 2 and Figure 7). Both rainfall and hydrologic variables: AAFR, MADE, LFR seem to have similar
trends. For all basins, the period before the first break was the wettest with average rainfall varying
from 877 mm (Oualia) up to 1239 mm (Gourbassi). Table 2 presents the relative change computed
before and after breaks for all variables and for each sub-basin. The table shows that the relative
changes differ based on the variables and the sub-basin. Relative changes before (1940-1969) and after
first break (1970-2013) are significantly negative (0.05) for all variables. The highest relative changes
are observed for the AAFR reaching —54% in Gourbassi sub-basin. When considering the periods
before 1970-1994 and second shifts (1995-2013), the relative changes are mainly significantly positive
(0.05) except for the LER. These results are further supported by the tabulated SPI presented above.

Table 2. Mean, standard deviation and changes in hydroclimatic variables.

Long Term Period Period 1 Period 2 Period 3 Change
Basin Parameters 1940-2013 1940-1969 1970-1994 1995-2013 Break1  Break2
)_( o )_( o )_( o )_( o Al A2
Rainfall 1125 171 1239 97 990 89 1111 86 —0.15* 0.12
Gourbassi AAFR 101 52 168 38 67 33 92 29 —0.54 % 037+
ourbasst MADF 922 429 1359 356 682 358 899 318 —043* 0.32*
LFR 26 11 31 8 20 9 31 13 —0.18* 058
Rainfall 822 117 887 147 715 127 855 120 —0.12* 0.20*
Ouali AAFR 117 67 202 39 69 40 99 4 —0.58 * 044*
ualia MADF 1041 605 1578 408 666 429 1066 614 —046* 0.60 *
LFR 39 18 62 12 31 10 29 1 —051% ~0.04
Rainfall 1472 198 1629 164 1282 125 1461 123 —0.16* 0.14*
DakKa AAFR 228 64 309 53 180 34 223 26 —035* 024*
Saidou MADF 1328 472 1796 540 1053 228 1311 376 —035* 024*
LFR 40 11 48 18 38 6 36 5 —0.23* —0.05*

LFR, low flow rate (m3/s); MADE, maximum daily flow (m3/s) ; AAFR, average annual flow rate (m3/s) ; A1, relative
change between period before and after shift 1 (%); A2, relative change between period before and after shift 2 (%). *

Significant changes at the 5% threshold.
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Figure 7. Relationship between SPIs and hydrological variables.

4. Discussion

The results of this paper show two main shifts on annual rainfall in 1969 and 1994 which
corroborates the results of Nicholson et al. [19] who showed that a major change in the rainfall regime
occurred in both the Sahel and Guinea Coast around 1968/1969. The annual rainfall exhibited a
decreasing trend if we considered the whole series. This decreasing trend of the annual rainfall has
the same consequence on the hydroclimatic variables: AAFR, MADE, LER. This is in accordance with
Olivry [42] who found a net relationship between annual rainfall and hydoclimatic variables in terms
of trend. In addition, Diop et al. [43] by investigating the annual streamflow in the upper Senegal River
basin found a significant decreasing trend from 1961 to 2014.

The first shift (1969) marks the starting point of the drought as indicated by the values of the SPI.
Our results suggest an onset of the drought similar to that found by Nichloson et al. [19]. After the
second shift (1994), there is an increase of annual rainfall compared to the previous period (1969-1994)
which indicated a partial rainfall recovery not significant at a basin level.

Hence, the paper confirms the findings suggesting a return of wet period [18,28,44,45]. This leads
to an improvement in water availability. The relative changes between period before and after second
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shift range from 0.24 (Dakka Saidou) to 0.60 (Oualia) for MADFs, from 0.24 (Dakka Saidou) to 0.44
(Oualia) for AAFRs and from 0.58 (Gourbassi) to —0.04 (Oualia and Dakka Saidou). With the exception
of the low water flows of Oualia and Dakka Saidou, the various hydrological variables analysed
show an uptrend. Flows were sustained for a few years at the beginning of the drought by emptying
natural reservoirs; it now takes a few years to restore them. However, the relative change of 0.58 for
the Gourbassi low water flow does not seem realistic and may be implied by associated uncertainty
with the calculation of low water flows. Indeed, the calculation of low water flows requires the
separation of flows. This separation of flows was carried out based on the decrease in the annual
hydrograph, which corresponds to a regular decrease in flows or drying phase. After rapid flows
transfer, the part of the curve with the steep slope corresponds to the recession and the part that shows
a gentle slope to drying up [46] that begins in late November or early December in our study area.
This method permits to calculate the annual drying coefficients and corresponding low water flows.
However, flow separation is hardly possible for a large river [47] and this can affect the calculated
low water flows and lead to discrepancies in the results between stations. In addition, the calibration
curves of the different stations used in the study back to the 1950s (1950 for Gourbassi, 1952 for
Dakka Saidou and 1954 for Oualia). The existence of probable unearthing can persist at the level
of the various hydrometric stations with a greater influence on low water flows than on the other
hydrological variables. The reasons for this failure to update the calibration curves are various. Indeed,
in recent decades, countries which share the Senegal River basin (Guinea-Conakry, Mali, Senegal
and Mauritania) have difficulties in providing hydrological monitoring of the river and its tributaries
correctly because of a lack of human and financial resources [48]. Over the last few years, African
hydrological services have difficulty to ensure water resource monitoring, resulting in significant gaps
in streamflow series. The reasons for the discontinuity of data are part of budgetary austerity measures
imposed by international financial institutions.

5. Conclusions

Analyzing trends of annual rainfall and assessing the impacts of these trends on the hydrological
regime are crucial in a context of climate and global change and increasing water use. This paper
investigates the recent trend of hydroclimatic variables in the Senegal River basin based on 36 rain
gauge stations and 3 hydrometric stations not influenced by hydraulic structures. Results show two
main shifts on annual rainfall in 1969 and 1994. The first shift (1969) marks the starting point of the
drought as indicated by the values of the SPI. After the second shift (1994), there is an increase of
annual rainfall compared to the previous period (1969-1994) which indicated a partial rainfall recovery
not significant at a basin level.

Overall, these findings demonstrate that there is a recovery of annual rainfall in the Senegal
River basin which is leading to the improvement of surface water availability. However, we cannot
affirm with precision if this recovery is significant and persistent unless we have a longer data series.
Therefore, it is crucial and necessary to have access to recent hydroclimatic data in order to further
investigate the so-called recovery period.
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