
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800

CORE Metadata, citation and similar papers at core.ac.uk

Provided by IntechOpen

https://core.ac.uk/display/322438513?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Chapter

Positive Effect of Climate Change
on Water Resources Enhancement
in Africa: Case of Gambia River
Basin (Senegal)
Cheikh Faye

Abstract

With climate change and the return of wet years over the last few years, West
African rivers have begun to record excess flows and rising levels. These new
changes have resulted in a slight increase in water resources. The objective of this
study is therefore to assess the climate change impacts on water resources in the
Gambia River. The methodology is based on the calculation of normalized indices
(rainfall and flow) and the application of the Maillet model. The results show that
just as rainfall increased on both sides of 1994 at the Kédougou (16.1%) and
Tambacounda (13.3%) stations, flows in the Gambia basin rose which can some-
times exceed 50% at certain stations (34.7% in Simenti and so on). In addition, the
depletion coefficients, on both sides of 1994, vary between 0.051 and 0.044 at the
Mako station (a decrease of �15.1%) and between 0.057 and 0.045 at Simenti
(a decrease of �21.3%). These coefficients highlight an increase in the duration of
drying up and an increase in the volumes of water mobilized by the aquifers that go
from 3035 to 6531 m3 in Mako (an increase of 115%) and from 3017 to 4581 m3 in
Simenti (an increase of 17%).

Keywords: climate change, water resources, standardized indices, statistical tests,
Gambia River basin

1. Introduction

Climate change indicates the trend of global and multi-year increases in mean
sea-temperature and atmospheric temperature, the decrease in rainfall and quantity
of rainfall in some regions, and increased natural disasters and extreme events
(drought, floods, etc.) [1] Global warming combined with the increased variability
of rainfall is leading to an upsurge in extreme events, including floods and low
flows, which will increase in frequency and in intensity across the African conti-
nent Various studies highlight the evolution of flows in rivers and the impacts on
the natural and human systems of the territories, during the recent period The
extent and reality of this evolution depend on the regions and hydro-climatic
conditions [2].

Africa is at the forefront of the regions concerned by the impact of climate
fluctuations on water resources [3]. Several studies carried out in West and Central
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Africa have shown, from the 1970s, a decrease in surface and groundwater flow as a
result of the decrease in rainfall [4–10], and from the 1990s an increase in flow
[11–17], foreshadowing an improvement of the hydrological regime in this space.

Over the whole of the Gambia watershed, prolonged conditions of rainfall and
hydrometric deficits since the 1970s have been highlighted [4, 7]. The objective of
this study is to assess the impacts of climate change on surface and groundwater
resources in the Gambia watershed. This study aims to provide decision-makers
with the necessary elements for the implementation of water resource management
policies adapted to the climatic context and sustainable development of the water-
shed of the Gambia watershed. This study is based on the assumption that the high
climatic variability observed during these last decades would have led to a decrease
and a slight increase of the water resources in succession to the years 1970 and 1990.
The methodology was based on the indices and the Maillet model and consisted of
analyzing rainfall and runoff series variations on both sides of 1994, which is the
year of rupture of rainfall and hydrological data from the Gambia watershed [7].

2. Study area

The Gambia Basin covers an area of nearly 77,100 km, shared between three
states [18]: Guinea (where it originates from 1125 m of attitude around Labé);
Senegal (from which it drains almost the entire Tambacounda region and part of
Upper Casamance and South Sine-Saloum); Gambia (of which he is the backbone).
It extends, in latitude, from 11° 22 North (in the Fouta-Djalon) to 14° 40 North
(in the Far-Eastern Ferlo) and, in longitude, from 11° 13 West (Fouta-Djalon) to
the 16 ″42 West (Banjul, mouth), which covers the territories of Guinea, Senegal
and The Gambia, and is divided into two distinct zones: the continental basin and
the estuary basin, respectively to the east and south. West of Gouloumbo, the last
station where the flow of freshwater inputs is measured [4, 7]. The 1180 km long
river Gambia has its source at about 1150 m altitude in the Fouta Djalon, near Labé

Figure 1.
The Gambia River basin situation.

2

Hydrology - The Science of Water



Three main areas of relief can be distinguished: the maritime part, the central part
and the high-basin with very marked relief The Gambia river network upstream of
Gouloumbou is very dense, with many tributaries that contribute to the flow The
Gambia Basin is subject to tropical climate with a long dry season e (November to
May) and a short rainy season (June to October), it is mostly located in the Sudano -
Guinean zone. The Gambia Basin is located in the band of isohyets 1700–700 mm.
The maritime part is under the isohyet 1000 mm. North of this isohyet, contribu-
tions to the river are very low and almost negligible in the water balance (Figure 1).

3. Data and methods

3.1 Data

For this study, rainfall and minimum and maximum temperature data from the
Tambacounda and Kedougou stations from 1950 to 2012 are used for characterization
of climate change in the Gambia Basin (Table 1). For the impacts of climate change on
surface water resources in the Gambia Basin, the hydrological stations of Gouloumbou,
Mako, Simenti, Wassadou Amont andWassadou Aval from 1953 to 2014 are used.

Finally, to characterize the impacts of climate change on groundwater resources
in the Gambia Basin, the Mako station from 1970 to 2014 was used. The selected
stations obey, according to the evaluated parameter, criteria of continuity, duration
of the available information and data quality.

3.2 Methods

3.2.1 Calculating the standardized precipitation index (ISP) or flow rates (ISD)

The standardized precipitation index [19, 20] was developed to quantify the
rainfall deficit for multiple time scales. Adopted in 2009 by the World Meteorolog-
ical Organization (WMO) as a global instrument for measuring meteorological
droughts, according to the “Lincoln Declaration on Drought Indices” [21], it is
expressed mathematically as follows:

SPI SFIð Þ ¼
Xi � Xmð Þ

S

Categories Stations Latitude (° decimals) Longitude (° decimals) Altitude

(m)

Périod

Climatology Tambacounda 13.77 �13.68 49 1963–2012

Kédougou 12.57 �12.22 178 1963–2012

Hydrology Gouloumbou 13.46 �13.71 1963–2012

Mako 12.84 �12.35 1963–2012

Simenti 13.03 �13.3 1963–2012

Wassadou
upstream

13.34 �13.36 1963–2012

Wassadou
Downstream

13.34 �13.37 1963–2012

Table 1.
Rainfall stations in Senegal selected for the study and their characteristics.
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With Xi: the rain (or the flow) of the year i; Xm: the mean (or mean) rainfall of
the series over the time scale considered; S: the standard deviation of the series on
the time scale considered.

In hydrology, the standardized flow rate index (SFI) is similar to it and has been
developed to quantify the water deficit for multiple time scales that will reflect the
impact of drought on the availability of different types of water resources for a
given period [22]. The classification of dryness sequences of moisture is given in
Table 2.

3.2.2 Calculation of the depletion coefficient and the volume of water mobilized by
aquifers

The main depletion, by the volumes that it implies and its representativity of all
the aquifers of the basin, constitutes an important characteristic of the tropical
hydrological regime [23]. The calculation of the depletion coefficient is based on the
Maillet model [7, 9, 24]. These authors have shown the relevance of this model in
the study of drying up. Maillet’s model admits that in the uninfluenced regime, that
is to say in the absence of any precipitation, the depletion corresponds to the
exponential decay of the flow as a function of time. This is the period during which
the emptying of groundwater is the only contribution to the flow of watercourses of
a basin. The expression of the model of Mallet is the following:

Q t ¼ Q0 e�α t�t0ð Þ

With Q0 the initial flow at time t0, (t � t0), the time expressed in days between
the observation of the flow rate Q0 and that of the flow rate Qt (flow at the end of
the dry period) and α the dry-out coefficient.

The volumes of water mobilized by the aquifers are indicated calculated by the
following formula:

Vmobilized ¼
Q 0

k

The Maillet model made it possible to determine the temporal evolution of
drying coefficients and water volumes mobilized by aquifers in the Gambia water-
shed, and to assess the duration of drying up of rivers under the effect of climate
change. Thus, methods based on trend detection and break in series are applied.

3.2.3 Pettitt and Mann-Kendall tests

The Pettitt test [25] examines the existence of a break at an unknown instant in
the series from a formulation derived from that of the Mann-Whitney test. This test
is based on the signs of the differences in values that make up the sample.

SPI values Drought sequences SPI values Wet sequences

0.00 < SPI < �0.99 Slightly dry 0.00 < SPI <0.99 Slightly wet

�1.00 < SPI < �1.49 Moderately dry 1.00 < SPI <1.49 Moderately wet

�1.50 < SPI < �1.99 Severely dry 1.50 < SPI <1.99 Severely wet

SPI < �2.00 Extremely dry 2.00 < SPI Extremely wet

Table 2.
Classification of dryness sequences of moisture.
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A resulting time series is developed. The value p of the statistic makes it possible to
know if this break is statistically significant at the threshold.

The Mann-Kendall test detects the presence of a linear trend (up or down)
within a time series. This tendency test was first studied byMann [26] then taken up
by Kendall [27] and improved by Hirsch and Slack [28]. The robustness of the test
has been validated by several comparison tests carried out by Yue and Wang [29].

4. Results

4.1 Temperature and precipitation trend

To characterize climate change in the Gambia Basin, trend shifts or breakage are
sought in annual temperature and precipitation series. Table 3 shows the results of
the Pettitt and Mann-Kendall tests on these series at the Ziguinchor station over the
period 1970–2012. On the minimum, maximum and average temperatures, both
tests (Pettitt and Mann-Kendall) indicate the presence of a break and/or trend. This
break is noted in 1987 in Kédougou and 1990 in Tambacounda for TX and TN.
These breaks are confirmed by the Mann-Kendall test which shows positive and
significant Kendall τ with 0.511°C for TX and 0.332°C for TN at Tambacounda. At
the Kedougou station, the Kendall τ, although not significant, are positive: 0.017°C
for TX and 0.726°C for TN.

To quantify the variation of the temperatures through the rupture date, we cut
the time series in two subperiods on both sides of the rupture dates. The comparison
of the two sub-periods shows that the one after rupture records, with respect to that
before rupture, a surplus of 2.61% for TX and 1.35% for TN at Tambacounda. The
non-stationarity of the temperature series from 1990 onwards is shown in Figure 2 of
the annual temperatures, which shows the average warming during the second period.

Descriptors Temperature Annual precipitation

TX TN TM

Mann-
Kendall test

Tambacounda p-value <0.0001 0.958 0.002 0.492

τ of Kendall 0.511* �0.006 0.332* 0.074

Slope of Sen 0.035 0 0.014 2.158

Kedougou p-value 0.017 0.141 0.726 0.359

τ of Kendall 0.259 �0.167 0.041 0.098

Slope of Sen 0.015 �0.019 0.002 2.257

Descriptors Temperature Annual precipitation

TX TN TM

Pettitt test Tambacounda Date of rupture 1990 1979 1990 1994

% surplus or deficit 2.61 �0.65 1.35 13.3

Kedougou Date of rupture 1987 1987 1987 2003

% surplus or deficit �2.61 �4.27 �0.76 21.0

(�): negative trend; (+): positive trend; (*): significant trend; TX = maximum temperatures; TN = minimum
temperatures; TM = average temperatures.

Table 3.
Results of the annual temperature and precipitation tests (1970–2012).
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For precipitation, although both the Pettitt and Mann-Kendall tests showed no
significant break-up and trend, with the p’s for both tests being greater than the
significance level of 0.01, the trend is slightly the rise from 1994 (Figure 2) and the
rupture noted in 1994 and 2003 respectively in Tambacounda and Kedougou. Thus,
the indices are generally negative from 1970 to 1994 and positive between 1994 and
2012, as illustrated by the positive Kendall τ with �0.074 mm at Tambacounda and
0.098 mm at Kédougou. This suggests that, beyond the drought of the 1970s,
characterized by various works [7–10], another important change in rainfall pat-
terns is still produced at the turn of the century as indicated by some works [13–17]
who suggest the end of the Sahelian drought during the 1990s. Thus, on both sides
of the year of rupture, rainfall increased by 13.3% in Tambacounda and 21% in
Kédougou.

4.2 Impacts of climate change on surface waters in the basin

The impacts of climate change on surface water in the Gambia Basin have been
analyzed using standardized flow indices. The application of the index method to
the different stations allows a better comparison of the data of stations draining
basins of sizes. These indices submitted to the Mann-Kendall and Pettitt tests
revealed significant fluctuations with multiple consequences on the environment,
hence the interest of studying them. The analysis of the tests shows the presence on
the five selected stations of an upward trend and a break in 1994 (Table 4). How-
ever, the trend and the break were not significant at the 1% level. Thus, on both
sides of 1994, two periods are established. The first one is from 1970 to 1994 and
shows a trend of negative outflow relative to the drought of the 1970s [10] unlike
the second (from 1994 to 2008) on which this trend, although not significant, is on
the rise and corresponds to the improvement in rainfall conditions since the 1990s
[14]. This upward trend in runoff in the Gambia Basin is in line with the work of Ali
and Lebel [13] on the Sahelian zone, Ouoba [16] on Burkina Faso, Ozer et al. [14] on
Niger, Niang [12] on Mauritania and Bodian [17] on Senegal.

Figure 3 shows the interannual variability of the standardized flow rates of
stations in the Gambia Basin. It shows that this variability is almost synchronous

Figure 2.
Evolution of temperature and precipitation trend changes (1970–2012).
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with the presence of two hydroclimatic periods: a dry period between 1970 and
1994 and a dry period between 1994 and 2008. Thus, beyond the hydrological
drought of the 1970s, a new hydrological change occurred again at the turn of the
century (1990s), with river flows rising. On an annual scale, the evolution at the
level of the stations is quite similar with the date of rupture which is noted in 1994.
However, the surpluses are less important (23.6%) in Gouloumbou than on the
other stations of the non where they exceed 50% (64.7% in Simenti, 51.5% in
Wassadou Amont, 48.8% in Mako).

Mann-Kendall test Pettitt rest

Gouloumbou p-value 0.611 p-value 0.651

τ of Kendall �0.062 Date of rupture 1981

Slope of Sen �0.010 % Surplus or deficit 23.6

Mako p-value 0.479 p-value 0.025

τ of Kendall 0.094 Date of rupture 1994

Slope of Sen 0.020 % Surplus or deficit 48.8

Simenti p-value 0.241 p-value 0.011

τ of Kendall 0.154 Date of rupture 1994

Slope of Sen 0.030 % Surplus or deficit 64.7

Wassadou upstream p-value 0.710 p-value 0.564

τ of Kendall �0.052 Date of rupture 1979

Slope of Sen �0.008 % Surplus or deficit 51.5

Wassadou downstream p-value 0.065 p-value 0.002

τ of Kendall 0.227 Date of rupture 1994

Slope of Sen 0.026 % Surplus or deficit 44.6

(�): negative trend; (+): positive trend; (*): significant trend.

Table 4.
Results of Pettitt and Mann-Kendall runoff tests analyzed in the Gambia Basin (1953–2010).

Figure 3.
Evolution of flow trend changes in the Gambia Basin (1970–2008).
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The causes of the tendencies and ruptures noted on the flow in the basin of the
Gambia are sought on the various upheavals that this basin knew, the climate
change in particular. One of its impacts was the severe drought of the 1970s
[6, 7, 10, 14] which led to the decline in During the 1990s, the more or less favor-
able rainfall conditions were strictly responsible for this increase in runoff noted
on the various stations of the study.

4.3 Impacts of climate change on groundwater in the basin

If the weakening of the low water levels during the 1970s resulted in a dwindling
of the underground reserves of the river basins resulting from the accumulated
rainfall deficits [23], the increase of the flow in the basin of the Gambia has at the
same time caused an increase in the volumes drained by groundwater. The natural
regime of low water on the Sudano-Sahelian rivers is very seriously affected by
changes in climatic conditions. The drying up, by the volumes that it implies and its
representativity of all the aquifers of the basin, constitutes an important character-
istic of the hydrological regime of The Gambia. Drying data are given in Tables 5
and 6. Drying variables in the Gambia Basin at Mako and Simenti stations are highly
variable.

The study of the drying coefficients shows that before 1994, year of rupture
according to the Pettitt test (Table 6), a relative regularity of the values. Drying
coefficients are generally low and range from 0.024 (in 2011–2012) to 0.076 (in
1977–1978) in Mako. For Simenti, they vary between 0.024 (in 2011–2012) and
0.074 (in 2004–2005). At the Mako station, the coefficients from 1970 to 1994, with
an average value of 0.051, correspond to the lowest groundwater support volumes,
the average volume of groundwater support being 3035 m3/year over this period.
On the other hand, over the period 1994–2014, the coefficients, with an average of
0.044, correspond to the support volumes of the highest water tables. Over this
period, the average support volume for aquifers is 6531 m3/year for a maximum of
16,454 m3/year (in 2012–2013) in Mako. In the case of the Simenti station, the
support volume of the aquifers ranges from 721 to 17,849 m3, the average being
4138 m3.

The analysis of Tables 5 and 6 shows that, starting from the 1994 rupture, the
rise in flows leads to a veritable drop in the values of the depletion coefficient, as
evidenced by the negative character of Kendall’s τ of the order of �0.11 in Mako
and �0.06 in Simenti. This decrease in coefficients is responsible for an improve-
ment in the volume of groundwater support in the general flow of the Gambia
Basin, which resulted in a Kendall τ of the positive support volume (0.50 in Mako

Station of Mako Station of Simenti

Descriptors Q0 Qt t α V m3/year Q0 Qt t α V m3/year

Mean 210 0.12 187 0.048 4612 203 0.30 171 0.05 4138

Standard deviation 109 0.33 15.0 0.01 2815 161 0.89 20 0.013 3427

Coefficient of variation 0.52 2.74 0.08 0.22 0.61 0.79 2.96 0.12 0.251 0.83

Minimum of the series 68 0.00 143 0.024 929 48.93 0.00 102 0.022 721

Maximum of the series 576 2.08 212 0.073 16,454 865 3.81 201 0.074 17,849

Q0: flow at the beginning of the dry period; and Qt: flow at the end of the dry period; t: the number of days;
α: the drying coefficient; V m3/year: the support volume of the slicks.

Table 5.
Drying statistics in the Gambia Basin at Mako and Simenti (1970–2014).
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Mann-Kendall test Pettitt test

Mako p-value τ of Kendall Significance threshold Sensitivity of trend p-value Date of rupture Significance threshold % Deficit or surplus

10% 5% 1% 10% 5% 1%

Q0 <0.0001 0.44 Presence of trend Rise 0.0001 1986 Presence of rupture 102

Qt 0.07 0.19 Presence of trend Rise 0.0105 1994 Presence of rupture 285

t 0.06 0.20 Presence of trend Rise 0.004 1985 Presence of rupture 9.1

K 0.29 �0.11 Presence of trend Decline 0.10 1994 Presence of rupture �15

V m3/an <0.0001 0.50 Presence of trend Rise <0.0001 1993 Presence of rupture 115

Simenti Mann-Kendall test Pettitt test

p-value τ of Kendall Significance threshold Sensitivity of trend p-value Date of rupture Significance threshold % Deficit or surplus

10% 5% 1% 10% 5% 1%

Q0 0.44 0.09 Presence of trend Rise 0.68 1994 Presence of rupture �1.83

Qt 0.50 0.08 Presence of trend Rise 0.11 1997 Presence of rupture 1887

t 0.25 �0.13 Presence of trend Decline 0.23 1979 Presence of rupture �4.28

K 0.59 �0.06 Presence of trend Decline 0.13 1997 Presence of rupture �21.3

V m3/an 0.28 0.12 Presence of trend Rise 0.23 1994 Presence of rupture 17.0

Table 6.
Results of the Pettitt and Mann-Kendall tests on drying variables in the Gambia Basin at Mako and Simenti stations (1970–2014).
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and 0.12 in Simenti). These results show that groundwater support volumes have
increased in recent years in the basin. If this increase is only 16% in Simenti, in
Mako, on the other hand, it is 115%.

This extremely important variation in the increase in water volumes mobilized
by aquifers (115% in Mako and only 17% in Simenti) is explained, and in a normal
way, by the difference in the study period. In fact, given available data, this study
period is longer in Mako (1970–1971 and 2013–2014) than in Simenti (1970–1971
and 2004–2005), while the most recent years (2005–2006 to 2013–2014) are largely
rainy and most likely to feed the water table of basin. Thus, on both sides of rupture
that occurred in 1993 in Mako, the average volume of groundwater support has
more than doubled, from 3035 m3 over period before rupture (1970–1971 and 1993–
1994) at 6531 m3 over period after rupture (1994–1995 and 2013–2014). On the
other hand, in Simenti, where the rupture occurred in 1994, it only went from
3916 m3 in period before rupture (1970–1971 and 1994–1995) to 4581 m3 in period
before rupture (1995–1996 and 2004–2005).

Figure 4 compares the evolution of the depletion coefficient and the support
volume of the aquifers in the basin. Both variables move in opposite directions. The
decrease in the dry-season coefficient in the current dry period essentially corre-
sponds to an increase in the extent and width of the water table in the basin. The
period 1994–2014, compared to that of 1970–1993, is in surplus for the duration of the
drying up and for the volumes of support, and deficit for the coefficient of dryness.

5. Discussion

The characterization of climate change and its impacts on water resources in the
Gambia watershed over the period 1970–2014, based on indices of rainfall, flow,
and drying coefficients, highlighted two more or less opposite periods: the first

Figure 4.
Evolution of drying up in the Gambia Basin at the Mako and Simenti stations (1954–2014).
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period generally going from 1970 to 1994 and the second period generally between
1994 and 2014.

In the climate domain, the analysis of the series of minimum, maximum and
average temperatures used indicated a warming trend from the 1990s. This rise in
temperatures (around 2.61% for TX and 1.35% for TN at Tambacounda) is in
concert with the results of numerous studies [30–32] that have highlighted a con-
text of global warming. For the rainfall analysis, the standardized rainfall indices
calculated at the Tambacounda and Kedougou stations are generally negative from
1970 to 1994 and positive between 1994 and 2012. Although the rainfall decline has
intensified in the Gambia Basin during in the 1970s and 1980s, it did not persist in
the 1990s and 2000s, as noted by some authors [33–35]. Thus, between the periods
1970–1994 and 1994–2012, rainfall in the basin increased by 13.3% in Tambacounda
and 21% in Kédougou. These results confirm the dryness of the 1970s and 1980s in
many studies [4–10] and the significant new change in rainfall patterns that
occurred in the 1990s as indicated by some works [13–17].

To characterize the impacts of climate change on surface water resources in the
Gambia Basin, standardized flow indices are analyzed. The results show a break in
1994 and an upward trend in the flow in the basin, unlike in the 1970s and 1980s,
where discharges in the basin declined significantly. This resulted in no less signif-
icant surpluses (23.6% in Gouloumbou 50%, 64.7% in Simenti, 51.5% in Wassadou
Amont, 48.8% in Mako). This upward trend noted in the Gambia Basin is consistent
with the work of Ali and Lebel [13] on the Sahelian zone, Ouoba [16] on Burkina
Faso, Ozer et al. [14] on Niger, Niang [12] on Mauritania and Bodian [17] on
Senegal. Numerous studies carried out in West and Central Africa have highlighted
this decrease in surface and groundwater flow as a result of the drop in rainfall [4–6]
and this increase in runoff from the 1990s [14–16], foreshadowing an improvement
in the hydrological regime in this area.

These hydrological effects of climate change on surface and groundwater in
Gambia River Basin can be extrapolated to other basins. Thus, a relationship is
established between increase in discharges and volumes of groundwater support in
the Gambia River Basin over recent period with that noted in other basins on
national territory, such as Senegal River Basin [10] of the subregion, such as the
Sahelian basins [36, 37] and the world, such as the basins of the South American
rivers [38], China [39], Finland [40], from 48 contiguous US states [41], on which
flow has increased.

To characterize the impacts of climate change on the groundwater resources of
the Gambia Basin, the drying coefficients at the Mako and Simenti stations are
analyzed. The results, as well as the increase in rainfall and run-off in the basin, a
downward trend of the drying-out coefficients (�15% in Mako, �23% in Simenti)
and the increase in support volumes of groundwater (115% in Mako, 17% in
Simenti) is noted in the Gambia Basin from 1994. These results confirm the increase
in water volumes mobilized by aquifers linked to the increase in rainfall observed
over the years 1990. Although during the period 1970–1994 there was a consider-
able reduction in the underground reserves that normally supply dry-season
streams [42–45], from 1994, the improvement of the rainfall conditions led to an
increase in the volume of water mobilized by the aquifers, suggesting a progression
of the underground reserves and an increase of the flows.

6. Conclusion

The purpose of this article was to evaluate surface water resources by calculating
normalized indices of rainfall and flow, and groundwater from the Maillet model in
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a climate change context. The results show that the rain, the water slide and the
volumes mobilized by the aquifers in the Gambia Basin increase from 1994. For the
rain, this increase is 16.1% Kédougou and 13.3% to Tambacounda. For flows flowing
into the Gambia Basin, the same increase is costatée, an increase that can sometimes
exceed 50% at certain stations (48.7% in Gouloumbou, 64.6% in Mako, 34.7% in
Simenti 85.3 at Wassadou Amont). As for the drying coefficients, they vary
between 0.051 and 0.044 at the Mako station (a decrease of �15.1%) and between
0.057 and 0.045 at the Simenti station (a decrease of �21.3%). This resulted in
longer drying times and increased water volumes mobilized by aquifers in the order
of 115% in Mako and 17% in Simenti. These results highlight an increase in volumes
of water drained and mobilized by aquifers after 1994, and suggest an increase in
surface and groundwater resources under the influence of climate change.

This increase in rainfall and recorded flows in the basin augurs the improvement
of rainfall patterns in the area compared to the drought period of previous decades,
although the persistence and sustainability of the current increase is still to be
proven, knowing that the climatological scale, par excellence is the thirties. The
study of the hydrological variability of the Gambia River Basin is therefore per-
ceived as a major element to be taken into account for a better understanding of the
hydrological response of major watersheds to climate change. To better determine
the impacts of climate change on water resources in the basin, trend analysis needs
to be combined with other approaches, such as surface condition analysis. It would
therefore be important to know the dynamics of land use, in a context of climate
change, and its impact on the flow in the basin, which is now possible with remote
sensing techniques based on satellite imagery.
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