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Abstract: The Kara River watershed (KRW), northern Togo, is facing climate-change impacts that
have never been clearly characterized. Six decades of rainfall data (1961–2020) from six measuring
stations ideally distributed across the watershed were used in this study. The flow records from two
stations situated in contrasting locations on the KRW were also used. Statistical tests were conducted
to assess the spatial and temporal variability of the rainfall and to detect tendencies within these
meteorological series. The water balance method and calculation of the dry-off coefficient and of the
groundwater volume drained by rivers allowed evaluating the impact of climatic evolution on surface
flow and on groundwater volumes during the six decades studied. The results showed contrasting
spatiotemporal variability of rainfall (and of aquifer recharge) over the watershed with a decreasing
tendency upstream and an increasing one downstream. At the same time, the water volume drained
by the aquifer to sustain the river’s base flow decreased from −22% to −36% depending on the
measuring station. These results constitute a decision-making tool for Togolese water resource
managers and are of primary importance for characterizing the fate of water resources worldwide in
regions subject to severe droughts.

Keywords: climate change; climatic break; aquifer recharge; drought; western Africa

1. Introduction

Groundwater is an important water supply source and contributes to surface freshwa-
ter base flows [1]. Therefore, it is worth understanding the impact of climate change on
these water resources. Climate change can impact a watershed’s hydrological processes
and lead to water supply difficulties for the populations that rely on the resource [2]. In
combination with certain factors such as insufficient access to drinking water and sanita-
tion, droughts enhance the vulnerability of many African populations [3]. According to
Döll et al. [4], the most vulnerable areas are mainly located in Africa and in South America.

Indeed, between the end of the 1960s and the beginning of the 1970s, the Sahe-
lian regions of western Africa suffered a drought that marked a change in the climate
regime [5]. This drought had long-term effects, particularly on regions located in the Gulf
of Guinea [6–8]. Thus, rainfall and hydrometric deficits were confirmed with a modification
of the rainfall–flow relationship in this geographic zone [9,10]. All of these authors used
tests from the ICCARE program (Identification and Consequences of Climate Variability in
Non-Sahelian Western Africa) to understand the changes that have come about in these
climatic regimes. These tests include the Pettitt test [11], Lee and Heghinian test [12] and
Hubert’s segmentation [13]. The analysis of rainfall tendencies is an essential element
for characterizing the consequences of climate change on water resources. The concept
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of tendency within a hydrometeorological series corresponds to the evolution of its pa-
rameters throughout time, independent of seasonal fluctuations [14]. Break tests coupled
with tendency tests have often been reported in the literature for the characterization of
tendencies within chronological series of climatic data [15–19]. Analyzing past tendencies
became an efficient tool for planning, conception and management of water resources,
providing valuable information for predictive approaches to evaluate future changes in
hydroclimatic parameters [20,21].

During the last years, numerous research studies have used parametric and non-
parametric tests to define tendencies within chronological series [22–31] The most com-
monly used are the Mann–Kendall [32,33] and Sen [34] tests. More recently, Sen [35]
developed a new methodological approach, the innovative trend analysis (ITA), to detect
tendencies in chronological data series. In contrast to the other methods mentioned above,
the advantages of this method are: (1) the dataset does not require any hypothesis to
be verified and (2) it is based only on the comparison of the two halves of the original
temporal series [36]. This method has been used, for example, in Turkey [37], Nepal [38]
and Ethiopia [28]. For instance, Girma et al. [39] applied the ITA method to the upper basin
of the Huai River in China to show that the basin’s precipitation is characterized by a high
variation coefficient during the summer season, and that the annual rainfall had a statisti-
cally significant increasing tendency at the Fuyang station during the period 1960–2016.
Additionally, by applying this same method to 16 measuring stations in northeast Algeria,
Besma et al. [40] predicted that, in the future, some stations will measure drought periods
while others will be confronted with significant flooding risks.

The evolution of climate variability and its impact on water resources have been
approached by several authors from western Africa [41–44]. Because of limited storage
volume and short residence time, bedrock aquifers are particularly dependent on annual
rainfall that ensures their recharge. According to Döll et al. [4], the recharge volume could
fall by 10% in the most vulnerable zones by 2050. In Togo, Badjana et al. [45] have shown
evidence of decreasing precipitation in the extreme northern part of the country during
the period 1960 to 2010. More recently, studies conducted in northern Togo [46] have
pointed out variability in precipitation and temperature series with significant impacts
on cereal production. On the contrary, the examination of precipitation and temperature
at the watershed of the Mono River, which is located both in Benin and Togo, revealed a
tendency of increasing rainfall and temperature by 2050 [17]. This illustrates the spatial
variability of rainfall indices [19]. Thus, the watershed’s scale seems the one most adapted
to comprehend the hydroclimatic function and tendency within chronological rainfall
series. It is in this framework that this study was initiated, to assess the rainfall tendency
in the Kara River watershed (KRW) and to highlight its impact on water resources. This
research study aims at (i) analyzing statistically the chronological rainfall series and flow
data series of the Kara River, (ii) determining rainfall tendencies and analyzing their spatial
variability, (iii) analyzing temporal variability of aquifer recharge and, finally, (iv) analyzing
the temporal variation of the water volume mobilized by the basin’s aquifers to sustain
base flow.

2. Study Area

The KRW is a subwatershed of the Oti watershed representing 9.5% of its surface. It is
located in the Kara region, one of the five regions of Togo (Figure 1). It extends within the
9◦25′ and 10◦10′ parallels of northern latitude and the 0◦15′ and 1◦30′ meridians of eastern
longitude. It partially covers the prefectures of Kozah, Binah, Assoli, Guérin-Kouka, Bassar,
Doufelgou, Kéran and a very small part of the Oti prefecture (savannah region). It expands
to Benin where the Kara River has its source. In this study, only the Togolese part, which
has a surface area of approximately 5000 km2, was taken into account. It is essentially
drained by the Kara River and its tributaries and has a dendritic network.
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Figure 1. Geographical location, relief of the study zone and location of the different measuring 
stations. 

The climate of the Kara River watershed is characterized by two distinct seasons: a 
dry season lasting from November until March and a wet season lasting from April until 
October. The average annual rainfall recorded for the last six decades is 1310 mm ± 96.9 
mm. The rainiest months are July, August and September (Figure 2). 

 

Figure 1. Geographical location, relief of the study zone and location of the different measuring
stations.

The climate of the Kara River watershed is characterized by two distinct seasons: a dry
season lasting from November until March and a wet season lasting from April until Octo-
ber. The average annual rainfall recorded for the last six decades is 1310 mm ± 96.9 mm.
The rainiest months are July, August and September (Figure 2).
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Figure 2. Average level of monthly rainfall at the studied stations between 1961 and 2020 (the loca-
tion of the stations is presented in Figure 1). 

From a geological point of view (Figure 3), the following structural entities occur 
from east to west [47,48]: (i) the granulites of the suture zone; (ii) the structural unit of 
Kara–Niamtougou, essentially composed of orthogneiss; (iii) the structural unit of 
Atacora, essentially composed of quartzites and sericite schists; (vi) the structural unit of 
Buem, composed of sandstone quartzites in the form of veins; (v) greenish sandstones 
associated with shales belonging to the great group of Pendjari of the Volta watershed, 
crossed by hematitic and alluvial formations. 

On the hydrogeological level, two main aquifer reservoirs can be identified from sur-
face to depth: an alterite reservoir and a fractured/fissured reservoir. The whole frac-
tured/alterite level acts similar to a unique aquifer system of bilayer type [49]. The wells 
tapping the water of the alterite reservoir within the first fifty meters of depth are tradi-
tional sinks that become dry during the low-water period. The water of the reservoir with 
a fractured base is exploited by boreholes extending from 40 to 100 m in depth; these sinks 
provide water year-round (Figure 4). 

Figure 2. Average level of monthly rainfall at the studied stations between 1961 and 2020 (the location
of the stations is presented in Figure 1).

From a geological point of view (Figure 3), the following structural entities occur
from east to west [47,48]: (i) the granulites of the suture zone; (ii) the structural unit of
Kara–Niamtougou, essentially composed of orthogneiss; (iii) the structural unit of Atacora,
essentially composed of quartzites and sericite schists; (vi) the structural unit of Buem,
composed of sandstone quartzites in the form of veins; (v) greenish sandstones associated
with shales belonging to the great group of Pendjari of the Volta watershed, crossed by
hematitic and alluvial formations.

On the hydrogeological level, two main aquifer reservoirs can be identified from
surface to depth: an alterite reservoir and a fractured/fissured reservoir. The whole
fractured/alterite level acts similar to a unique aquifer system of bilayer type [49]. The
wells tapping the water of the alterite reservoir within the first fifty meters of depth are
traditional sinks that become dry during the low-water period. The water of the reservoir
with a fractured base is exploited by boreholes extending from 40 to 100 m in depth; these
sinks provide water year-round (Figure 4).
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of Mines and Geology, 1986). 

 

 
Figure 4. Traditional sinks exploiting the water of the alterite reservoir at Niamtougou (northwest of 
the study zone) (a) and borehole equipped with a human-operated pump, exploiting the water of 
the fractured reservoir at Bébéda (center of the study zone) (b). 
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Figure 4. Traditional sinks exploiting the water of the alterite reservoir at Niamtougou (northwest of
the study zone) (a) and borehole equipped with a human-operated pump, exploiting the water of the
fractured reservoir at Bébéda (center of the study zone) (b).
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3. Material and Methods
3.1. Data Used

Hydroclimatic (precipitation and temperature) and hydrometric (flow) data were
used for this study (Table 1 and Figure 1). The hydroclimatic data were provided by
the National Directorate of Meteorology of Togo. Hydrometric data were provided by
the Directorate of Water Resources of Togo and concerns only the Kpéssidè and Kara
stations (which are located southeast of the city of Kara, on a tributary of the Kara River;
Figure 1). Unfortunately, this hydrometric measurement network is no longer active since
the early 1990s.

Table 1. Characteristics of the hydrometric and hydrological stations. (Meteo. = meteorological;
Hydro. = hydrometric; Long. = longitude; Lat. = latitude; Obs. = observation; Var. Coef. = variation
coefficient).

Station
Type Localities

Geographical
Coordinates Measured

Data
Obs.

Period
Time Step

Used

Average
Rainfall/Flow
(mm)/(m3/h)

Var. Coef.
(%)

Long. E Lat. N

Meteo.

Kara 1.203 9.628 Temperature +
Precipitation 1961–2020 Monthly 1303 ± 202 16

Niamtougou 1.083 9.773 Temperature +
Precipitation 1961–2020 Monthly 1386 ± 211 15

Pagouda 1.323 9.741 Temperature +
Precipitation 1961–2020 Monthly 1308 ± 243 19

Alédjo-Kpéwa 1.233 9.287 Temperature +
Precipitation 1961–2020 Monthly 1445 ± 255 18

Guérin-Kouka 0.611 9.608 Temperature +
Precipitation 1961–2020 Monthly 1238 ± 184 15

Takpamba 0.5746 9.969 Temperature +
Precipitation 1961–2020 Monthly 1177 ± 234 20

Hydro.
Kpéssidè 0.9555 9.617 Flow 1962–1992 Daily 29 ± 10.9 38

Kara 1.2833 9.533 Flow 1954–1990 Daily 20 ± 9.4 47

The precipitation records of the meteorological station of Guérin-Kouka showed
significant gaps for certain months and/or even years. Unfortunately, this station is the
only one located in the southwest part of the studied watershed. The missing data were
completed to facilitate the analysis and ease the interpretation of the results. According
to [50], missing or erroneous data of a station can be estimated based on the values of
nearby stations if they are subject to the same weather conditions and located in the
same geographic zone. To highlight the geographical heterogeneities of precipitation, the
monthly and annual precipitation data of this station were thereby completed by those of
Takpamba. These two stations are approximately 30 km apart, following a north–south
axis, and are located in a similar hydroclimatic context.

3.2. Spatiotemporal Variability of Rainfall
3.2.1. Standardized Precipitation Index (SPI)

The standardized precipitation index (SPI) or Nicholson index [51] enables the de-
tection of precipitation variations within a long series of observations. It allows for the
calculation of the drought level or the exceeding amount of rainfall in a given region [14,52].
It is defined by Equation (1):

SPI =
(Xi− Xm)

σ
(1)
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where Xi is the precipitation for the year, Xm is the average precipitation of the study
period and σ is the standard deviation of the annual rainfall that occurred during the study
period. Negative values indicate a rainfall deficit during the period and positive values
define excessive rainfall amounts.

3.2.2. Hanning’s Low-Pass Filter

Hanning’s low-pass filter of order 2, also called the weighted–reduced–centered
moving average, enables the elimination of seasonal variations in a chronological series.
This method, applied to long precipitation series, is explained elsewhere [8,53,54].

Reduced–centered indices of rainfall amount obtained with this method are useful
for distinguishing periods with a deficit of rainfall from periods with an excess of rainfall.
Thus, it is possible to identify normal, wet and dry periods within a chronological series. A
period is said to be normal when a fluctuation between positive and negative values of the
computed index is observed. A period is indicated to be wet when the annual rainfall is
superior to the average rainfall (positive index). A period is dry when the annual rainfall is
inferior to the average rainfall (negative index).

3.2.3. Geographical Precipitation Analysis

To assess the geographical repartition of rainfall over the watershed, an interpolation
based on the kriging method was performed using Surfer software (Version 16). Hence,
decennial rainfall was mapped to characterize the evolution and the repartition of rainfall
during the six decades studied (1961–1970, 1971–1980, 1981–1990, 1991–2000, 2001–2010
and 2011–2020).

3.2.4. Break in Precipitation

According to Lubès-Niel et al. [55], a break is defined by a change in the probability law
of the random variables, of which successive realizations define the studied chronological
series. To highlight climatic breaks, several methods were previously used: the Pettitt
test [11], the Bayesian method of Lee and Heghinian [12], and Hubert’s segmentation
method [13]. The use of these statistical methods is justified by their robustness. Based on
the literature [6,7,55], we choose to use these three methods to detect statistical breaks in
the precipitation levels during the period considered. These three statistical methods were
applied to our data by utilizing Khronostat software (Version 1.01). which was developed
by the mixed research unit for Hydrosciences of Montpellier [56].

3.2.5. Long-Term Trends of Rainfall

The Mann–Kendall non-parametric test [32,33] explores the tendencies within a data
series without specifying whether the tendency is linear or not [57]. The Mann–Kendall
tendency test is a simple and robust test that accepts missing data but hardly detects
annual trends [14]. This test was used in other studies to evaluate the importance of a
trend within chronological series of climatic data [20,22,24–27,58–60]. A positive value
for the Mann–Kendall slope expresses an upward trend and a negative value implies a
downward trend.

The Sen test [34] is used when the trend is thought to be linear [57,61]. A positive value
for the Sen slope expresses an upward trend and a negative value implies a downward
trend [57].

Finally, the method of innovative trend analysis (ITA) was recently developed by
Şen [35,36]. It enables a visual inspection and an identification of categorical tendencies
within chronological data [37]. The most commonly used methodology is the Mann–
Kendall (MK) method, but it requires some basic assumptions, which may not be valid in
natural hydroclimatological series. The ITA method used in this paper does not require any
assumptions and is based on the comparison of the two ascending ordered halves from the
original time series. The steps of this method follow:
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• The temporal data series is subdivided into two parts (the first and the second half of
the record) and the rainfall levels are ranged in increasing or decreasing order.

• The arranged rainfall data are then placed in a dispersion diagram (rainfall levels of
one half of the series versus rainfall levels of the other half of the series) with equal
vertical and horizontal scales. The curves thus obtained are then compared with the
line curve: y = x.

There is no significant trend if the dispersion of the points occurs along the straight
line of slope value equal to 1. If the dispersion of the points is below or above the unitary
line curve, then a significant tendency either upward or downward exists. Based on
random variables, five types of trends can be discriminated: a trendless times series, a
monotonic positive trend, a monotonic negative trend, a non-monotonic positive trend and
a non-monotonic negative trend [37].

3.2.6. Water Balance

To estimate the aquifer’s recharge rates, the water balance method was adopted. Nu-
merous methods describe ways to evaluate the parameters for the water balance (e.g., the
Penman method [62], the Thornthwaite method [63] and the Turc method [64]). Consid-
ering the available data, the Thorntwaite method was selected because it only requires
rainfall, temperature and the station’s latitude data. As reported in the literature, this
method is regularly used to estimate water balance parameters (e.g., [65–67]). The pa-
rameters computed via this method are the potential evapotranspiration (PET), the actual
evapotranspiration (ETa) and the effective precipitation (EP). In this study, we used a value
for the useful water reserves (UWR) of 100 mm, in agreement with work to estimate the
recharge of the base aquifers in the plateau regions of Togo [68], carried out in a similar
environment.

Runoff was estimated based on the empirical formula from Tixéront and Berkaloff,
as reported in [69]. This method uses the evapotranspiration value computed with the
Thornthwaite method by using the following equation:

R =
P3

3× PET2 (2)

with R: runoff (mm), P: precipitation (mm) and PET: potential evapotranspiration (mm).

3.2.7. Recession Coefficient and Water Volume Mobilized by the Aquifers

The analysis of the rivers’ drying constitutes a fundamental aspect for comprehending
the watershed’s function during the low-water period. In absence of precipitation, the flow
of certain rivers is reduced to only groundwater contributions from the aquifer [70]. The
analysis of recession episodes thus enables determination of the contributions coming from
the aquifers and the drainage rhythm of the underground reservoirs.

Different mathematical methods are suggested for calculating the recession coefficient
and the water volume mobilized by the aquifers: [71–73]. All of these methods are inspired
by the Maillet model; in this study, we used dichotomous resolution, which is widely
mentioned in literature (e.g., [73–76]).

In this method, the expression of the dry-off coefficient is given by Equation (3):

e−kt

k
+

V
Q0

+
1
k
= 0 (3)

with Q0: initial flow (m3·s−1), k: recession coefficient (day−1) and t: time (s).
The water volume mobilized by all of the watershed’s aquifers is then given by the

expression:

Vmobilised =
∫ +∞

0
Q0 · e−ktdt =

Q0 × 86, 400
k

(4)
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4. Results and Discussion
4.1. Spatiotemporal Variation of Precipitation

The SPI values and Hanning’s low-pass filter of order 2 values applied to the chrono-
logical precipitation series of six stations of the KRW are presented in Table 2. Figure 5
shows an alternation of wet, normal and dry periods of which the amplitude varies ac-
cording to the station. The period from 1961 until the end of 1970 was humid for the
Kara, Niamtougou, Pagouda and Guérin-Kouka stations, and this continued until the
beginning of the 1980s for the Alédjo-Kpéwa station. Takpamba’s station stands out with
a precipitation deficit that persisted until the beginning of the 1990s. A return to normal
precipitation was observed after the 1990s and until 2011 at the Kara, Niamtougou and
Pagouda stations. During the last decade, a decrease in precipitation was significant at
most of the stations apart from Guérin-Kouka and Takpamba, which recorded an increase
in precipitation with positive SPI values reaching +2.5. The return of a rise in rainfall at
these stations was also noticed by some authors [52,77].
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Table 2. Alternation of different phases and breaks detected within the precipitation series recorded
at the measuring stations.

Stations
Periodic Trend within the Series Breaks

Wet
Period

Normal
Period

Dry
Period Pettitt Lee and

Heghinian Hubert

Kara 1961–1980 1989–2012
1981–1988

- 1963 -
2013–2020

Niamtougou 1961–1973 1993–2020 1974–1992 - 1972 1972

Pagouda
1961–1976

2012–2020 1977–1993 - 1965 1965
1994–2011

Alédjo-Kpéwa 1961–1982 1983–1999 2000–2020 2003 2003 1977; 1981;
2003

Guérin-Kouka 1998–2020 1961–1972 1973–1997 1997 1997 1997

Takpamba 1993–2020 - 1961–1992 1992 1992 1992

Two tendencies emerged when analyzing the SPI values. The stations located at higher
altitudes, upstream from the KRW (Kara, Niamtougou, Pagouda and Alédjo-Kpéwa) are
subject to a tendency of decreasing precipitation while those located at lower altitudes in the
downstream portion (Guérin-Kouka and Takpamba) experience a tendency of increasing
precipitation, even if the average annual rainfall is lower. The decrease in precipitation
at the stations located upstream was also noted by [77,78]. Despite the long drought
that marked the precipitation regime of the savannah region in extreme northern Togo
(Mango and Dapaong station) since the 1970s, [79] showed that the region has been affected
by increasingly more frequent exceptional rainfall events since the 1990s. Analysis of
extreme climatic events in the Oti watershed in northern Togo suggest rising rates of total
precipitation of between 1% and 16% with a rise of the rainfall level of about 13.89 mm [80].
The proximity of stations in the savannah region (Guérin-Kouka and Takpamba) is in
agreement with the previous results. The periods 1998–2020 and 1993–2020, respectively,
correspond to the wet periods at the Guérin-Kouka and Takpamba stations, as defined
by [79] in the savannah region. This climate variability which induced a decrease in
precipitation is due to the disorganization of seasons, which is potentially useful for
agriculture [79]. Noting a significant effect on the yields of grain cultures, ref. [46] suggested
measures to adapt to the change, such as the use of seeds that are tolerant to drought, low-
cost irrigation practices, diversification of cultures and the application of agroecological
practices for sustainable agricultural production in northern Togo.

The results produced by the spatial interpolation of precipitation over the watershed
are presented in Figure 6. The repartition of isohyet curves for the six decades show
contrasting precipitation temporal variability.

The period 1961–1970 (Figure 6a) was humid with maximum values at the Niamtougou
and Alédjo-Kpéwa stations and the emergence of 1500 mm isohyets. Minimum values are
observed in the downstream part of the watershed with 1200 and 1100 mm isohyets. This
contrast can be explained by the influence of the watershed’s geomorphology. According
to Badjana et al. [45], the Dahomeyides mountain range, extending through the water-
shed, interrupts the trade winds coming from the southwest and promotes the formation
of clouds.

The decade 1971–1980 (Figure 6b) experienced a decrease in precipitation at the
Takpamba, Niamtougou (disappearance of the 1500 mm isohyet), Kara and Pagouda
stations, but the Alédjo-Kpéwa station, located in the southern part of the watershed,
recorded rainfall up to 1600 mm.
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A general decrease in precipitation was observed during the decade 1981–1990
(Figure 6c) at all stations. We notice the appearance of the 1100 mm isohyet and the
migration of the 1200 and 1300 mm isohyets to the northeast and southwest in the upstream
part of the watershed.

The return to normal precipitation was observed during the decade 1991–2000
(Figure 6d). The consequence of this is the migration of the 1300 mm isohyet to the north-
west, where the Guérin-Kouka and Takpamba stations are located, and the reappearance of
the 1400 mm isohyet.

A slight decrease in precipitation was observed during the decade 2001–2010
(Figure 6e) at the Alédjo-Kpéwa, Kara, Niamtougou and Pagouda stations. This slight
decrease was not observed at the Takpamba and Guérin-Kouka stations.

During the decade 2011–2020 (Figure 6f), a general decrease in precipitation in the
watershed occurred but remained moderate in the north while it was accentuated in the
south and center of the basin.

The spatial distribution in precipitation over the watershed thereby confirms the results
obtained by studying the temporal variations, with the disappearance of the 1500 and
1400 mm isohyets at the watershed’s scale during the two last decades. This spatiotemporal
variation of precipitation was due to the drought that occurred in 1970 in the Sahelian
countries, which continues in the southern countries [6]. The appearance of the 1300 mm
isohyet in the upstream portion of the basin is the consequence of a return to normal
precipitation during the decade 1991–2000 (Figure 6d). During the last two decades, [81]
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observed a slight phase of increased rainfall in northern Ghana, the magnitude of which is
inferior to the phase of strong precipitation during the 1950s and 1960s. This situation can
be described as an improvement even if the rainfall levels are not comparable to those of
the 1950s and 1960s.

4.2. Detection of Climatic Breaks

Several statistical break tests were applied to the different chronological precipita-
tion series of each of the stations (Table 2). The Pettitt test shows no break at the Kara,
Niamtougou and Pagouda stations but indicates a break for 2003, 1997 and 1992 at the
Alédjo-Kpéwa, Guérin-Kouka and Takpamba stations, respectively. The Bayesian method
of Lee and Heghinian shows breaks for 1963, 1965, 1972, 1997, 1992 and 2003 at the Kara,
Niamtougou, Pagouda, Alédjo-Kpéwa, Guérin-Kouka and Takpamba stations, respectively.
The Hubert segmentation shows no break at the Kara, Guérin-Kouka and Takpamba sta-
tions. Using this method, only the Alédjo-Kpéwa station recorded three breaks, in 1977,
1981 and 2003. The Kara and Pagouda stations recorded early breaks in 1963 and 1965 in
opposition to Alédjo-Kpéwa station, which recorded a late break in 2003.

The various breaks that were calculated with the different tests are due to the statistical
characteristics of the series which, according to [55], are normality, stationarity and non-
autocorrelation:

• The more normal the series, the less probable the break; the non-observation of a break
means normal behavior of the series and good autocorrelation.

• The methods for computing breaks do not produce the same response elements when
considering the stationary nature of the series [55]. The Pettitt test is only valid for
abrupt breaks and is invalid for continuous breaks [14].

As a general rule, the existence of a break in a series of hydrometeorological data
indicates a sudden modification of the average in the series. Consequently, it is equivalent
to a sudden temporal variability, hence the need to use various methods of break detection
to characterize this modification within series and better discern climate variability at the
considered stations.

The breaks occurred during 1963 to 2003. These break dates agree with values de-
termined in the west African subregion [6,82–85]. The rainfall rates after these breaks
varied from one station to another. At the Kara, Niamtougou, Pagouda and Alédjo-Kpéwa
stations, the observed rates of precipitation decrease are about−12.5%,−13.2%,−23%, and
−13.8%, respectively. At the Guérin-Kouka and Takpamba stations, precipitation increase
of 12% and 27.3% were calculated. These results confirm the tendencies observed with the
Nicholson method and Hanning’s low-pass filter of order 2 used earlier.

4.3. Long-Term Tendencies of Precipitation

The results of the Mann–Kendall and the Sen tests applied to the interannual pre-
cipitation records of the six stations considered are presented in Table 3. The tendency
is non-significant at the Kara, Niamtougou, Pagouda, and Guérin-Kouka stations as the
corresponding p-value is superior to the level of significance α = 0.05. These results sup-
port those of [47] who analyzed the temporal evolution of precipitation and temperature
and their impact on cereal products in northern Togo. Significant statistical tendencies
are observed at the Alédjo-Kpéwa and Takpamba stations (p-value < 0.05). The value of
the S parameter is less than zero for the Alédjo-Kpéwa station, indicating a monotonous
decreasing tendency within the series. On the contrary, the S parameter is more than zero
at the Takpamba station, thus indicating a monotonous increasing tendency at this station.
The amplitude of the reduction in the precipitation levels is −6.59 mm at the Alédjo-Kpéwa
station, located in the more elevated upstream portion of the watershed. The level is rising
by +6.83 mm at the Takpamba station, located in downstream portion of the watershed at a
low altitude.
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Table 3. Results of the Mann–Kendall and Sen tests.

Parameters Kara Niamtougou Pagouda Alédjo-
Kpéwa

Guérin-
Kouka Takpamba

Rate of
Kendall −0.052 −0.13 −0.022 −0.30 0.11 0.31

S −92 −222 −38 −536 266 556

p-value 0.56 0.16 0.81 0.6 × 10−3 0.092 0.2 × 10−3

Alpha 0.05 0.05 0.05 0.05 0.05 0.05

Tendency No No No Yes No Yes

Slope of Sen −1.04 −2.3 −0.30 −6.59 2.24 6.83

Figure 7 illustrates the tendencies of the series computed with the ITA method. For the
Kara station, we observe a non-monotonous positive tendency. A non-monotonous negative
tendency is noted at the Niamtougou and Pagouda stations. The Alédjo-Kpéwa station
records a monotonous negative tendency and, finally, the Guérin-Kouka and Takpamba
stations show a monotonous positive tendency. A good interpretation of the annual rainfall
requires their classification into three categories [35]: weak, average and strong. For
example, for the Pagouda station (Figure 7c), weak rainfall tended toward increase in the
second half of the series (1991–2003) as compared to the first half of the series (1961–1990),
average rainfall did not present any tendency and strong rainfall had a tendency to decrease
during the first half (1961–1990).
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The results of the ITA method and the Mann–Kendall method are partially comparable.
The tendencies found with the Mann–Kendall method have been confirmed by the ITA
method, in particular at the Alédjo-Kpéwa and Takpamba stations. Concomitantly, in
opposition to the Mann–Kendall method, the ITA method points out tendencies within the
Kara, Niamtougou and Pagouda station series. According to Şen [35], the segmentation
into three categories (weak, average and strong) provides detailed information about the
structure of the internal tendency of the series considered. Other authors, who used the ITA
method in other regions, confirmed that the method is more adapted to detect tendencies
within the series [28,37,38]. The results obtained with the ITA method are important because
they enable better comprehension of the hydroclimatic context and provide elements for
water resource management [28].

The increased rainfall at the Guérin-Kouka and Takpamba stations during the 1961
to 2020 period (Table 3) indicates a return to normal precipitation at the watershed’s scale.
This confirms the results found earlier. The same observations were made by [86], who
analyzed the climatic tendency in the Volta watershed during the period 1981–2010. These
authors indeed observed a positive tendency in the precipitation of the Sahelian zone of the
western part of Africa, which would indicate the establishment of a wet period. It could
persist in time. The different results show that the tendency of increasing rainfall in the
downstream part of the watershed of Kara is rather regionalized.

4.4. Consequences of the Climatic Variability on the Watershed’s Water Resources

The climatic context is the principal factor of the spatiotemporal variability of ground-
water recharge. Precipitation is the climatic factor that affects it the most [87]. Table 4
summarizes the evolution of the water balance parameters at the studied stations before
and after the breaks. The tendency observed regarding the spatiotemporal variability of
precipitation is also observed for aquifer recharge. Indeed, an increase in the recharge is
observed at the Guérin-Kouka (+2%) and Takpamba (+16%) stations, and a decrease at the
Kara (−15%), Niamtougou (−7%), Pagouda (−2%) and Alédjo-Kpéwa (−73%) stations.
These results are similar to those obtained in studies carried out in analogous conditions. In
the square degree of Grand Lahou in southwest Côte d’Ivoire, [88] observed a decrease in
aquifer recharge at the Gagnoa (−80.5%) and Sassandra (−66%) stations. Results reported
in [89] also showed the influence of precipitation changes on the recharge of aquifers in the
Bandama watershed (northern Côte d’Ivoire), where the authors noted a 42.63% decrease
at the Sirasso weather station and 72% at the Dikodougou weather station.

Table 4. Water balance parameters before and after the dates of break at the six KRW stations.

Water Balance
Parameters

Kara Niamtougou Pagouda Alédjo-
Kpéwa

Guérin-
Kouka Takpamba

Break = 1963 Break = 1972 Break = 1965 Break = 1977 Break = 1997 Break = 1992

before after before before before after before after before after before after

Rainfall (mm·y−1) 1480 1294 1553 1607 1607 1277 1607 1385 1191 1334 1049 1335
PET (mm·y−1) 1689 1862 1681 1764 1764 1751 1764 1563 1757 2007 2144 2532
ETa (mm·y−1) 944 952 973 975 975 909 975 972 904 1031 869 1100

Excedent (R-ETa)
(mm·y−1) 536 342 580 632 632 368 632 413 287 303 180 235

Runoff (mm·y−1) 379 208 442 445 445 226 445 363 182 196 84 124
Effective Infiltration

(mm·y−1) 157 134 138 187 187 142 187 50 105 107 96 111

To specify the impact of climatic fluctuations on the flow of the Kara River, two
chronological series of hydrometric data of the Kara River (Kara and Kpésside stations)
were subjected to statistical break detection tests. The break appeared in 1974 (Pettitt test)
at the Kara station (Figure 8a).
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The average flow of the Kara River dropped from 23.63 m3·s−1 before the break to
15.6 m3·s−1 after the break, meaning a 34% decrease in flow during the period 1954–1990. At
the Kpésside station (Figure 8b), only the Bayesian method of Lee and Heghinian detected
a break in 1972. The flow of the Kara River dropped from 43.20 m3·s−1 before the break to
28.11 m3·s−1 after the break, representing a rate of decrease of 35%. Another report [90] also
observed a deficit of 43% in the Mono-Couffo watershed, located between Togo and Benin,
during the period 1961 to 2000. According to these authors, this diminution was mainly due
to a precipitation deficit but also to strong evapotranspiration and anthropogenic effects.

The flow regime of the Kara River clearly indicates a deficit due to the decrease in
the precipitation regime observed in the 1970s over Africa’s western region and, more
particularly, the KRW. The dry-off coefficients computed for the Kara River and the water
volumes mobilized by the aquifers are compiled in Table 5.
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Table 5. Results of the calculation of the recession coefficients and the water volumes mobilized by
the aquifers before and after the break dates.

Stations Period
Recession
Coefficient

(day−1)

Rate of
Increase

(%)

Water Volume
Mobilized

(km3)

Rate of
Decrease

(%)

Recession
Duration

(day)

Kara 1954–1974 2.8 × 10−2

25
0.32

22
36

1975–1990 3.5 × 10−2 0.25 29

Kpéssidè 1962–1972 3.1 × 10−2

10
0.47

36
32

1973–1991 3.4 × 10−2 0.3 29

The evolution of the recession coefficients at the Kara hydrometric station during the
different periods (Figure 9a) shows that the recession coefficient varies between 2.0 × 10−2

and 3.6× 10−2 day−1 before the year of break with an average of 2.8× 10−2 day−1 (inverse
of 36 days). After the break, the values are between 2.1 × 10−2 and 4.8 × 10−2 day−1 with
an average of 3.5× 10−2 day−1 (inverse of 29 days). At the Kpéssidè station (Figure 9b), the
recession coefficient values are between 1.9 × 10−2 and 4.3 × 10−2 day−1 with an average
of 3.1 × 10−2 day−1 (inverse of 32 days) before the break and between 2.6 × 10−2 and
4.1 × 10−2 day−1 with an average of 3.4 × 10−2 day−1 (inverse of 29 days) after the break.
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At the Kara station (Figure 10a), the average annual water volumes mobilized by the
aquifers vary between 0.09 and 0.56 km3·yr−1 before the break with an annual average of
0.32 km3·yr−1. After the break, these values vary from 0.08 to 0.43 km3·yr−1 with an annual
average of 0.25 km3·yr−1. The water volume mobilized by the aquifers thus fell by 22%
after the climatic break. At the Kpéssidè station (Figure 10b), the water volume mobilized
fluctuates between 0.04 and 0.9 km3·yr−1 before the break with an annual average of
0.47 km3·yr−1. After the break, the volume varies between 0.03 and 0.52 km3·yr−1 with an
annual average of 0.3 km3·yr−1. The decline rate is thus about 36%.
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stations.

The results show a 25% and 10% increase in the recession coefficient after the break
dates at the Kara and Kpéssidè stations, respectively, and a shortening of the dry-off time
by 8 days at Kara and 3 days at Kpéssidè (Table 5). Inversely, a diminution of the water
volumes mobilized by the aquifers of the KRW was observed. The decreases are 22% and
36% at Kara and Kpéssidè, respectively. The recession coefficient is proportional to the
drainage rate of the aquifer and increases in times of drought [91]. In this study, the increase
in the recession coefficient indicates rapid drainage of the aquifers.

The values of the recession coefficient agree with those found in certain regions
of western Africa [65,74,75,90,91]. These authors observed an increase in the recession
coefficient with a decrease in the volume drained by the aquifers, which is partially due
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to the decrease in precipitation observed at the end of the 1960s and the beginning of the
1970s. The impoverishment of the base flow is due to a reduction in the water volume
within the aquifers which, in principle, supplies the rivers during the dry-off phase [75].
Using this methodological approach, other authors [73–75,89,91] also showed the same
decrease in water volumes mobilized by the aquifers at other localities.

5. Conclusions

Hydroclimatic functioning within the Kara River watershed in northern Togo was
studied, based on classical statistics described in the literature. A mixed spatiotemporal
variability of rainfall levels was highlighted with an alternation of wet, normal and dry
periods. The spatial analysis revealed a return to normal precipitation in the watershed
during the decade 1991–2000. Overall, the effect of the last drought during the 1970s was felt
longer for the stations located in the upstream portion of the watershed (Kara, Niamtougou,
Alédjo-Kpéwa and Pagouda) in contrast to the downstream stations (Guérin-Kouka and
Takpamba), where an increase in rainfall amount was observed sooner. This tendency
was confirmed by the Mann–Kendall test, the Sen test and the ITA test. The last method
was adapted more to the detection of changes in tendency within hydrometeorological
series than the other two. The recharge rate of the aquifers and the flow regime of the
surface waters mimicked the climatic tendency prevailing in the watershed. The recharge
decreased in the upstream part and increased in the downstream part of the watershed.
Then, during dry periods, the aquifer contribution to the Kara River base flow was smaller
and the recession coefficients had increased.

Given the climatic variability prevailing in the watershed of the Kara River, special
attention has to be drawn to the sustainable management of the water resource and related
activities such as agriculture and livestock production, which are performed by more than
half of the population living within the area studied. Measures and adaptation methods
could be considered for the agricultural sector, as a large part of the food consumed in sub-
Saharan Africa is produced by small farmers. These results demonstrate the importance,
in Togo and elsewhere worldwide, for developing and managing long-term climate and
hydrometric monitoring networks. Indeed, the hydrometric network used for this work is
no longer active, while the climatic conditions are likely to evolve in the coming years given
the context of climate change that we are facing. The spatially heterogeneous reactivity
of the hydrosystem studied shows that some sectors are more vulnerable than others to
drought episodes. For these areas, as a priority, it is necessary to anticipate possible future
climate crises.

Since precipitation is the only source for the supply of water to the aquifers, a study
based on isotope hydrology could provide more precision on the origin of the rainwater,
help to define the main recharge zones and enable a better understanding of the recharge
modes for aquifers in the KRW. While knowledge of aquifer recharge and the quantitative
approach proposed within this study are essential for management, a qualitative charac-
terization of the surface water and groundwater resources would complete this dataset.
Complementary work is thus ongoing—on one hand to ensure good water quality for
human consumption and, on the other hand, to specify the flowpaths within the aquifer.
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