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A B S T R A C T

In recent years, West Africa has witnessed an increasing number of damaging floods that raise the question of a
possible intensification of the hydrological hazards in the region. In this study, the evolution of extreme floods is
analyzed over the period 1950–2015 for seven tributaries in the Sudano-Guinean part of the Senegal River basin and
four data sets in the Sahelian part of the Niger River basin. Non-stationary Generalized Extreme Value (NS-GEV)
distributions including twelve models with time-dependent parameters plus a stationary GEV are applied to annual
maxima of daily discharge (AMAX) series. An original methodology is proposed for comparing GEV models and
selecting the best for use. The stationary GEV is rejected for all stations, demonstrating the significant non-statio-
narity of extreme discharge values in West Africa over the past six decades. The model of best fit most commonly
selected is a double-linear model for the central tendency parameter (µ), with the dispersion parameter ( ) modeled
as either stationary, linear, or a double-linear. Change points in double-linear models are relatively consistent for the
Senegal basin, with stations switching from a decreasing streamflow trend to an increasing streamflow trend in the
early 1980s. In the Niger basin the trend in µ is generally positive since the 1970s with an increase in slope after the
change point, but the change point location is less consistent. The recent increasing trends in extreme discharges are
reflected in an especially marked increase in return level magnitudes since the 1980s in the studied Sahelian rivers.
The rate of the increase indicated by the study results raises urgent considerations for stakeholders and engineers
who are in charge of river basin management and hydraulic works sizing.

1. Introduction

River floods are one of the deadliest natural hazards in the world.
They produce major damages on infrastructure, lead to economic
losses, and favor water-borne diseases. In order to better understand
such floods, hydrologists have long focused on assessing the rare (large
in magnitude) river discharge values, represented by the tails of un-
derlying statistical distributions (Gumbel, 1957). The primary aim,
besides theoretical understanding, is to provide practical tools for flood
risk management and civil engineering structure design. The main
challenge for practical applications is estimating return levels for high
return periods (typically 10, 50, or 100 years). The more the return
period is larger than the length of the series, the greater the challenge of
estimating the tail of the distribution.

Extreme Value Distributions (EVDs) are statistical tools designed for
the study of such rare values (see e.g. Coles et al., 2001; Katz et al.,
2002). For several decades, the main challenge when applying EVDs

was to have a proper estimation of the tail (heavy, light, or bounded).
The focus was then on developing robust estimation procedures (Re-
gional Frequency Analysis – Hosking and Wallis, 1997; GRADEX and
adaptation – Guillot, 1993; Paquet et al., 2013; Bayesian inference –
Coles and Tawn, 1996 among many other developments) and then
applying them to the longest hydrological series available
(Koutsoyiannis, 2004). The stationarity assumption reigned during this
“old hydrological world” (Milly et al., 2008).

However, both increases and decreases of extreme discharges have
been reported via the evaluation of historical series around the world
(e.g. Kundzewicz et al., 2005; Bower, 2010; Condon et al., 2015). A
main challenge of hydrological extremes thus concerns the validity of
the stationarity assumption and the implications of its rejection. On-
going global changes are expected to increase flood hazard mainly
through the intensification of the hydrological cycle due to global
warming (Hirabayashi et al., 2013; Arnell and Gosling, 2016) and the
degradation of land surfaces due to anthropic pressure (Brath et al.,

https://doi.org/10.1016/j.jhydrol.2018.07.063
Received 5 March 2018; Received in revised form 22 June 2018; Accepted 25 July 2018

⁎ Corresponding author.

Journal of Hydrology 566 (2018) 531–545

Available online 05 September 2018
0022-1694/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2018.07.063
https://doi.org/10.1016/j.jhydrol.2018.07.063
https://doi.org/10.1016/j.jhydrol.2018.07.063
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2018.07.063&domain=pdf


2006; Elmer et al., 2012). Other factors also tend to reduce flood ha-
zards, including negative precipitation trends found in drying regions
and flood protection structures such as dams. While some regions wit-
ness resulting changes in flood frequency, in other regions, no changes
have been detected (Villarini et al., 2009). This could be a result of
either the absence of substantial changes in drivers that could trigger/
influence flood trends or competing phenomena that act in opposite
ways. It could also be due to the use of non-robust methodology to
detect concrete changes in the EVD of discharge. The last case ne-
cessitates improved methods able to detect trends in series character-
ized by low signal to noise ratio.

While numerous studies on flood hazard evolution have been un-
dertaken for developed countries, less has been done in the developing
world. This is the case in particular over the tropics (Kundzewicz et al.,
2005) which contain two thirds of the developing countries, including
the poorest. Populations living in the tropics are notoriously vulnerable
to climate hazards, including droughts and floods that can occur within
the same year at a given place. Global changes are expected to strongly
impact flood risks in the tropics with studies already reporting significant
increases in the frequency of rainfall extremes (Allan et al., 2010;
O’Gorman, 2012; Asadieh and Krakauer, 2015), land use/cover changes
(Lambin et al., 2003; Erb et al., 2016), rapid rates of urbanization (Di
Baldassarre et al., 2010), and increasing vulnerability of populations due
to very high demographic growth; the population of the least developed
countries is expected to double from now to 2050 (Population-Reference-
Bureau, 2016). The strong internal variability of tropical climates, the
lack of long-term hydrological observations, and the large uncertainty of
climate projections in the tropics challenge the scientific community to
provide reliable and relevant information to stakeholders so they can
define suitable flood risk management strategies.

West Africa is one of the most critical tropical regions for examining
hydrological non-stationarities as it is a region in which the issues de-
scribed above are exacerbated. West Africa is known for having strong
precipitation variability, especially at the decadal level (Nicholson,
2013). It underwent a devastating and long-lasting drought that
abruptly started in the late 1960s and persisted through the 1970s and
1980s (Lamb, 1983; Barbé et al., 1997; Nicholson, 2000; Camberlin
et al., 2002; Barbé et al., 2002; L’hote et al., 2002; Dai et al., 2004;
Panthou et al., 2014; Bodian et al., 2011; Bodian et al., 2016). At the
regional scale, this led to a decline in the flow of large rivers that was
proportionally greater than the decrease in rainfall (Lebel et al., 2003;
Andersen and Golitzen, 2005; Mahé and Paturel, 2009).

At the subregional scale however, two diametrically opposed hy-
drological behaviors were observed (Descroix et al., 2018). In the Su-
dano-Guinean subregion of West Africa (south of 12°N), a decrease in
river flow was observed for small to regional scale catchments (Mahé
et al., 2005; Descroix et al., 2009) until the 1970s and 1980s (Diop
et al., 2017). The decrease in flow was attributed to a gradual drying up
of the groundwater and thus a gradual decrease in the base flow of the
rivers (Mahé et al., 2000; Mahé and Paturel, 2009). In the Sahelian
region (belt between roughly 12°N and 16°N), runoff coefficients and
runoff volumes increased despite the drought. This phenomenon – the
so-called “Sahelian paradox” – was understood to have been caused by
a change in surface conditions (Albergel, 1987; Descroix et al., 2009;
Aich et al., 2015; Cassé et al., 2016). Droughts played a role in in-
creasing surface crust and decreasing vegetation (Gal et al., 2017),
which consequently increased runoff coefficients and counterbalanced
the effects of drought (Boulain et al., 2009). Anthropogenic changes
(including land use change) appear to be a major factor in some basins
(Seguis et al., 2004; Li et al., 2007; Leblanc et al., 2008; Gal et al.,
2017). Other factors such as an increase in the density of the drainage
network may have played a role in the increase of flow (e.g. Favreau
et al., 2009; Gal et al., 2017).

Since the early 1990s, both total rainfall and streamflow amounts
have increased compared to the drought decades of the 1970s and
1980s, though they remain lower than in previous pre-drought decades

(Lebel and Ali, 2009; Mahé and Paturel, 2009; Panthou et al., 2014;
Tarhule et al., 2015; Diop et al., 2017). In the Sahel, the increase was
accompanied by higher interannual variability (Ali and Lebel, 2009;
Panthou et al., 2014) and overall persistence of drought conditions
under certain indices (L’hote et al., 2002; Ozer et al., 2009). Of note is
the increase in the intensity of rainfall during recent years (Ly et al.,
2013; Panthou et al., 2014; Sanogo et al., 2015; Taylor et al., 2017).
During the same period, an increase in the number and magnitude of
extensive floods has been reported (Tarhule, 2005; Tschakert et al.,
2010; Samimi et al., 2012; Sighomnou et al., 2013; Cassé and Gosset,
2015), causing extensive fatalities, damages, and population displace-
ment. From the mean hydrographs of the Niger River at Niamey plotted
for six decades from 1951 to 2010, Descroix et al. (2012) and
Sighomnou et al. (2013) illustrated a strong increase in the intensity of
the summer flood peak of the Sahelian tributaries during the 2000s,
while the flood peaks coming from the remote Guinean tributaries and
arriving at Niamey later in the year at Niamey were as low as in the
1970s. They also noted successive discharge records produced by Sa-
helian floods in 2010 and 2012, exceeding the Guinean flood.

The strong current and projected demographic growth in West
Africa (Population-Reference-Bureau, 2016) is likely to increase the
exposure of populations to floods, both from intensive and unplanned
human settlements in flood-prone areas (Di Baldassarre et al., 2010),
and from human-induced changes in land cover which affect runoff.
Changes in hydrological extremes consequentially are particularly
pressing for decision makers in West Africa, as the statistical tools used
for infrastructure design have not been updated since the 1970s (Amani
and Paturel, 2017). An improved quantitative understanding of how
extreme flows are changing over time in the region has generated an
urgent demand to design and manage structures such as dams and dikes
and, as a result, aid in risk mitigation, as well as the development of
hydroelectric energy and irrigation systems.

However there is still very little literature on quantifying extreme
flow changes in West Africa. For Sudano-Guinean regions, Nka et al.
(2015) found an overall decreasing trend that closely followed rainfall
indices (although decreasing at a higher rate); this was the case for the
Falémé branch of the Senegal River at Fadougou. When only a more
recent time period is considered (since 1970), no significant trends
were found in the Sudano-Guinean catchments, including the Falémé.
Bodian et al. (2013) explored trends in annual maximum daily dis-
charge (AMAX) values on the Bafing tributary of the Senegal River
(Bafing Makana and Daka Saidou stations). They found that high points
in the series occurred during the pre-drought period (1967 and 1955),
whereas the minima of the AMAX occurred in 1984. Diop et al. (2017)
found that extreme highs in the Bafing Makana series decreased by 18%
over the series and especially since 1971, while extreme lows stayed
stable. Aich et al. (2016) analyzed time series of AMAX values at several
stations along the Niger River. They found that changes in AMAX series
followed the decadal variability of mean annual precipitation over
Guinean and Benue-area catchments (a wet period during 1950s and
1960s, followed by a dry period during 1970s and 1980s, and values
close to the long-term mean after), while the floods produced by Sa-
helian tributaries have recorded a monotonic increase since the be-
ginning of the 1970s. Nka et al. (2015) found positive trends in the
extreme values of three Sahelian catchments studied (Dargol River at
Kakassi, the Gorouol River at Koriziena, and the Goudebo River at
Falagontou). They also found significant (Mann–Kendall test) increases
in extreme values in both AMAX series and peak-over-threshold (POT)
series for the Dargol River at Kakassi. Breaks in AMAX were detected in
1987, and for POT in 1993. Mean extreme values were found to be
greater (twice as high) during the later subperiods.

The aim of this paper is to detect and quantify trends in extreme
hydrological values in West Africa. Discharge series are analyzed in
tributaries of the Niger and the Senegal rivers, two catchments that
reflect two differing hydrological and climatic processes of the Sahelian
and the Sudano-Guinean West Africa. The temporal evolution of the
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AMAX series is assessed by exploring different Generalized Extreme
Value (GEV) models that range from a stationary GEV (S-GEV) to more
complex non-stationary GEV (NS-GEV) models. The following study
proposes an original methodology for identifying the most significant
model to represent the evolution of extremes for a particular data
series. Notably, the retained model is accompanied by significance le-
vels and estimates of uncertainty. The retained model is used to com-
pute time-varying frequencies of extreme flows. These changes are re-
presented by the evolution of flow return levels over the last fifty to
sixty years. Our results thus have implications for operational appli-
cations, as the design and operation of hydraulic structures depend on
the magnitude of a flood event at a given return period.

2. Region of study and data

2.1. West African hydro-climatic features

The climate of West Africa is controlled by the West African
Monsoon. The rainfall belt roughly follows the seasonal migration of
the position of the Intertropical Convergence Zone (ITCZ). During the
boreal winter (December-February), the rainfall belt is located over the
Gulf of Guinea at around 4°N. It moves northward during the spring and
reaches its northernmost position during boreal summer (June-
September). At the regional scale, it implies that the hydro-eco-climatic
features vary along a roughly north/south gradient. The mean annual
rainfall amount decreases from south to north, ranging from over
1500mm near the southern Guinean coast (≈5°N) to less than 250mm
over the lower Saharan desert limit (> 18°N).

The Sudano-Guinean and Sahelian regions are distinguished by their
mean annual rainfall: the Sudano-Guinean region extends between the
1300mm and 750mm isohyetal lines and the Sahel between 750mm
and 250mm. The regions have different seasonal rainfall cycles during
the monsoon period (bimodal for the Sudano-Guinean region and un-
imodal signal for the Sahel), but are both characterized by a main
rainfall peak in boreal summer and a dry season in boreal winter. The
two regions are also differentiated by their respective vegetation: dense
vegetation featuring tree savannah, woodland, and tropical forest for
the Sudano-Guinean region (Bodian et al., 2016); dry savannah and
sparse bush in the Sahel.

These contrasts influence the dominant hydrological processes
characterizing the two regions. The Sahelian hydrology is distinguished
by the prevalence of Hortonian overland flow (Horton, 1933). In the
event of precipitation, water infiltrates until the infiltration capacity of
the soil is reached. As a consequence, runoff production is driven by the
hydro-dynamic properties of soils at the surface. The excess rainfall
then runs off into the drainage network. Groundwater flow plays a
minor role in the contribution to streamflow, if any. Due to this, river
basins located in the Sahelian region are more sensitive to changes in

fine-scale rainfall intensity (Vischel and Lebel, 2007). To the south, on
the other hand, the Sudano-Guinean catchments have primarily Hew-
lettian hydrological processes (Cappus, 1960; Hewlett, 1961; Hewlett
and Hibbert, 1967). Both surface and subsurface flow contribute to
streamflow due to the elevated hydraulic conductivity of soils (Descroix
et al., 2009). Under the same climatic evolution, river basins in the
Sudano-Guinean zone may be less responsive to changes in rainfall
intensity than in Sahelian river basins (Gascon et al., 2015).

2.2. Study catchments and datasets

Our analysis of changes in extreme flows is based on data available
on two contrasted hydro-systems in West Africa: the upper reaches of
the Senegal River located within the Sudano-Guinean region, and the
middle reaches of the Niger River located within the Sahelian region.
Table 1 overviews the data selection for the study, and Fig. 1 displays a
map of their locations.

2.2.1. Sudanian tributaries of the Senegal River
The second largest river in West Africa is the Senegal River. The

Senegal River drains a basin of approximately 300,000 km2 (Rochette,
1974), found within the borders of four countries which are (from up-
stream to downstream): Guinea, Mali, Senegal, and Mauritania. It is
formed by the confluence of three affluents that take their sources from
the Fouta Djallon highlands in Guinea: the Bafing, the Bakoye, and the
Falémé. Due to the delayed contribution of groundwater, the annual flood
peak occurs a few weeks later than in Sahelian Niger (Fig. 2), whose
seasonal hydrological signal follows that of precipitation more closely.

Seven stations whose major contributions come from within the
Sudano-Guinean region are analyzed for the Senegal River (including
the Bafing, Falémé, and Bakoye affluents), covering a total drainage
area of 218,000 km2. Globally from upstream to downstream, the sta-
tions are as follows: The Bafing at Daka Saidou (1954–2015,
15,700 km2) and Bafing Makana (1961–2015, 21,290 km2); the Falémé
at Gourbassi (1954–2015, 17,100 km2) and Kidira (1951–2015,
28,900 km2); the Bakoye at Oualia (1955–2015, 84,700 km2), and the
Senegal at Kayes (1951–2015, 157,400 km2) and Bakel (1950–2015,
218,000 km2). The last two (Kayes and Bakel) are located downstream
of the Manantali dam whose construction was completed in 1988. The
Bakel station’s catchment area includes those of all other stations stu-
died, and represents the quantity of water that flows into the down-
stream valley.

2.2.2. Sahelian tributaries of the Niger River
With a drainage area of 2,170,500 km2, the Niger is the largest river

in West Africa, although only around 1,400,000 km2 of its surface is
estimated to effectively contribute runoff to the Niger River (Tarhule
et al., 2015). It originates in the Fouta Djallon highlands in Guinea

Table 1
Annual maxima (AMAX) data used in the study.

Subbasin Station Area (km2) Years Gaps Missing years

Senegal River
Bafing Bafing Makana 21290 1961–2015 0.00% None
Bafing Daka Saidou 15700 1954–2015 4.84% 1956, 1958, 2009
Bakoye Oualia 84700 1955–2015 1.64% 1982
Falémé Gourbassi 17100 1954–2015 1.61% 2013
Falémé Kidira 28900 1951–2015 23.10% 1960, 1963, 1965–68, 1970, 1972–73, 1978, 1980–82, 1986, 2010
Senegal Kayes 157400 1951–2015 3.08% 2011, 2013
Senegal Bakel 218000 1950–2015 1.52% 2009

Niger River
Niger Sahelian Niger River 125000 1953–2012 0.00% None
Dargol Kakassi 6940 1957–2015 16.90% 1961, 1989, 1994, 1996–97, 1999, 2000, 2002, 2004–05
Sirba Garbe Kourou 38750 1956–2015 10.00% 1959, 1960–61, 2000, 2004–05
Gorouol Alcongui 44850 1957–2015 16.90% 1960, 1990, 1993, 1996–99, 2001, 2004–05
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(Andersen and Golitzen, 2005). After spreading to form an inland delta
in Mali, it reconverges and continues its course through the Sahelian
region in Niger, crossing Benin and Nigeria before arriving at its outlet
in the Gulf of Guinea. For the present study, analysis within the Niger
basin focuses on the drainage area responsible for the Sahelian floods of
the Niger River (Descroix et al., 2012; Cassé et al., 2016) that dis-
charges its flows downstream of Ansongo and upstream of Niamey
(Fig. 1), an effective drainage area of 125,000 km2. An aggregated data
set extracted from the difference between the Niger River streamflow
series at Niamey and Ansongo during the local Sahelian rainy season
(1953–2012 – see Cassé et al., 2016, for more details) represents this

area for the subsequent analysis. This data series is hereafter referred to
as the Sahelian Niger River (SNR) series. Fig. 2 shows the average
seasonal signal of the SNR series.

The left bank of the Niger River within this catchment is largely
endorheic. It only contributes to the Niger River during heavy rain
events which generate small rivers that sporadically reach the main
Niger River bed, although some evidence suggests that endorheic rup-
ture is increasing in recent years (Mamadou et al., 2015).

The right bank of the Niamey-Ansongo reach consists of three major
catchments: the Gorouol, the Sirba, and the Dargol, which together cover
a total area of 90,540 km2. Three data series are studied for these
catchments: the Gorouol at Alcongui (1957–2015, 44,850 km2), the Sirba
at Garbe Kourou (1956–2015, 38,750 km2), and the Dargol at Kakassi
(1957–2015, 6,940 km2). All three rivers are intermittent and only flow
during the rainy season, following the general pattern seen in Fig. 2.

3. Theoretical framework and methodology

Extreme value distributions (EVDs) applied in a non-stationary
context comprise some of the recent robust methods proposed for the
detection of non-stationarity (Olsen et al., 1998; Cunderlik and Burn,
2003; Re and Barros, 2009; Marty and Blanchet, 2012; Park et al., 2011;
Beguería et al., 2011; Panthou et al., 2013; Blanchet et al., 2016). Be-
sides performing detection, EVDs also permit the quantification of
trends and the evaluation of uncertainty. The principle of these
methods is based on fitting EVDs both in stationary mode (stationary
parameters) and in non-stationary mode (time-dependent parameters).
The performance of the fitted models is then compared based on the
capacity to accurately describe the data sample (goodness of fit) and the
complexity of the model (parsimony). By searching for the most sui-
table temporal functions of parameter evolution, one can obtain an
indication of the shape of the non-stationarity. The retained non-sta-
tionary model features vectors of parameters that best describe the data
series in a statistically significant manner.

Fig. 1. Map of stations used in the study with their respective drainage basins (Boyer et al., 2006; Kahle and Wickham, 2013).

Fig. 2. Average seasonal signal for the Bafing Makana station in the Senegal
River basin (blue) and the Sahelian Niger River (red). Period of record:
1961–2012. The flood peak has a smoother descent and occurs a few weeks
later in the Senegal River basin due to the contribution of groundwater. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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3.1. Selection of extreme discharge values

Extreme values can be defined as probabilistically rare occurrences, or
values that are exceptionally large (or small) in magnitude. Extreme values
can be extracted from a time series by two main approaches: by taking the
maximum value within a given period, or by considering all values above
a determined threshold. In this study – as in many climate and hydro-
logical studies (see previous paragraph for examples) – extremes are de-
fined as the maximum value of each year. A year is considered a long
enough period for the extraction of maximum values for use in the sub-
sequent analysis (Coles et al., 2001). At each station, the analyzed data
series is formed by the annual maxima of daily discharge (AMAX).

The selected AMAX values were controlled for data quality. All
eleven series span at least fifty years, which provides sufficient data
points for the calibration of a statistical distribution. Data quality
evaluation was focused on peak flow months. As demonstrated by West
Africa’s consistent seasonal signal (Fig. 2), the local rainfall-generated
flood peak occurs on average within the months of August and Sep-
tember in both the Sahelian and Sudano-Guinean zones. Missing values
before and after these months are unlikely to have an effect on the
quality of the extreme flow data. On the other hand, a missing value
during the peak streamflow months may have been the AMAX for that
year. Identifying an incorrect data point as an extreme value would
have an impact on the analysis.

With the potential impact of data quality in mind, the data series
were evaluated. For the stations in the Senegal River basin, the year was
removed from the series if any daily streamflow value was missing
during the months of August and September. For stations in the Niger
River basin, the hydrographs were viewed year by year. If values were
missing near the flood peak, the year was removed. Years were also
removed where recording errors that could affect flood peaks were
perceived (for example, for one year it seemed that 100m3/s were
added to all values).

Fig. 3 displays a sample of the AMAX data used, from the Bafing
Makana station for the Senegal River (Fig. 3a) and SNR series for the
Niger River (Fig. 3b). One can note that although there appears to be
some trend, there is also a high degree of variability. The AMAX values
at the Bafing Makana station started decreasing in magnitude in the
1960s and started increasing in approximately the 1980s. This visual
trend was also found for the other Senegal stations. In Sahelian Niger,
however, the increase appears to have begun earlier, during the
drought years of the 1970s.

3.2. Formulation of statistical models

3.2.1. GEV distribution
A suitable statistical function used to represent the distribution of a

random variable (Y) defined by block maxima is the GEV distribution
(Coles et al., 2001), written as:

= + + >F y µ y µ y µ( ; , , ) exp 1 for 1 0GEV

1

(1)

where µ is the location parameter (a measure of central tendency),
the scale parameter (a measure of dispersion), the shape parameter (a
measure of tail behavior), and y the value at which the GEV is to be
evaluated.

The GEV distribution is fitted on AMAX series (yi) with constant
parameters (S-GEV, Eq. (2)) and various forms of time (t in years)-
varying parameters (NS-GEV, Eq. (3)):

Y µGEV( , , ) (2)

Y µ t t tGEV{ ( ), ( ), ( )} (3)

3.2.2. Identifying appropriate temporal functions for GEV parameters
The implementation of one NS-GEV model requires choosing the

general form of the appropriate temporal function for each GEV para-
meters. As there is no theoretical model for the time-dependent func-
tion, it must be assigned a priori. In order to determine a range of
suitable functions, an initial exploration of trends is done by fitting S-
GEV distributions in moving windows over the study periods. A window
size of 15-years has been selected as a compromise between having
sufficient data to fit the GEV and highlighting potential parameter
evolution. Due to the difficulty in estimation, the parameter was first
calibrated using the entire data sample, then kept stationary while µ
and change with each window.

Fig. 4 displays an example of the moving window for µ (4a) and
(4b) for the Bafing Makana station. For this station, both parameters are
characterized by a v-shaped pattern which is more distinct for µ than .
Based on the moving window analysis for the 11 different stations, it
was identified that µ and can be qualitatively described by one single
or several connected linear segments. For all stations it was visually
observed that changes in µ were more clearly defined than changes in
. One can note here that the moving window method allows for
qualitatively assessing the overall trends in GEV parameters. However,
unlike NS-GEVs, the moving window does not allow for the quantifi-
cation of the trend, nor its significance.

3.2.3. Formulation of GEV parameter temporal functions
According to the qualitative analysis derived from the moving

window GEV, several temporal patterns with varying complexity were
identified to describe the GEV parameters. Linear, double-linear (with
one breakpoint), and triple-linear (with two breakpoints) temporal
functions were considered for µ, , or both. In the case of both para-
meters varying, µ and were permitted to vary independently. As with
the moving window, was kept constant. A non-linear (polynomial)
model was also considered initially, but showed no improvement over
the multilinear models.

Fig. 3. Sample AMAX data from the Bafing Makana station in the Senegal River basin (a) and the Sahelian Niger River series (b).
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To represent this non-stationarity mathematically, we introduce the
function t( ), where represents either µ or and t is a time-dependent
covariate. t( ) takes on different forms depending on the trend model:

Stationary parameter model:

=t( ) 0 (4)

This parameter model has only one degree of freedom, 0.
Single-linear trend:

= + ×t t( ) 0 1 (5)

In this case t( ) has two degrees of freedom: 0 and 1, and thus one
additional degrees of freedom in comparison with a stationary para-
meter.

Double-linear trend:

= + ×t t t t t( ) ( ) for0 1 1 1 (6)

= + × <t t t t t( ) ( ) for0 2 1 1 (7)

t1 represents the breakpoint in time (year index) where the two linear
segments join (i.e. where the slope of the linear model changes). In this
case t( ) has four degrees of freedom: , ,0 1 2 and t1, meaning three
additional degrees of freedom in comparison with a stationary para-
meter model.

Triple-linear trend:

= + ×t t t t t( ) ( ) for0 1 1 1 (8)

= + × <t t t t t t( ) ( ) for0 2 1 1 2 (9)

= + × + × <t t t t t t t( ) ( ) ( ) for0 2 2 1 3 2 2 (10)

In this case, t( ) has six degrees of freedom: t t, , , , ,0 1 2 3 1 2.
A total of 13 different GEV models are considered: one with all

parameters stationary (S-GEV) and 12 NS-GEV models that combine the
above parameter trend models in Eqs. (4), (5), (7), (10) for µ and .
They are reported in Fig. 5, classified according to their degrees of
freedom.

3.3. Model fitting

For S-GEV, the parameters are directly fitted using maximum like-
lihood estimation (MLE). In the NS-GEV scenario, for each temporal
function (linear, multi-linear), the following procedure is performed:

1. If the formulation includes one or two breakpoints, the year of each
breakpoint ti is defined before estimating the other parameters i:
• In order to limit border effects, the breakpoint(s) must be posi-
tioned not earlier than 10 years after the beginning of the series
and no later than ten year before the end. Likewise, two successive
breakpoints must be separated by at least 10 years.
• The breakpoints are defined independently for µ t( ) and t( ), and
can be at a different point in time (though not necessarily).

2. At each defined breakpoint, the parameters i are estimated ac-
cording to the formulations of t( ) in Eqs. (4), (5), (7), (10) using
MLE.

3. Repeat steps 1 and 2 until all possible breakpoint dates have been
tested.

4. Retain the model that gives the maximum likelihood among the
different breakpoint dates tested in steps 1 to 3.

3.4. Selection of the best GEV model

A more complex model may provide better fit, but not to a degree
that merits additional parameterization. The selection of the best model
is done by comparing the maximum likelihood obtained by the 13
different GEV models per station and evaluating their significance. The
selection process consists of two steps: First, an initial best model is
selected via the Akaike Information Criterion (AIC – Akaike, 1974).
Then, the model choice is validated via a Likelihood Ratio Test (LRT –
Coles et al., 2001). According to Kim et al. (2017), AIC and LRT are
both suitable for evaluating non-stationary representations of hydro-
logical data. AIC in particular is robust with small data sets.

The AIC balances model fit against model complexity in the fol-
lowing equation:

= k LAIC 2 2log( ) (11)

where k is the number of parameters in the model and L is the max-
imum likelihood value associated with the model. The model with the
lowest AIC value is selected.

The LRT is a test between two models that must be “nested”; the
simpler model is contained within the more complex models. While AIC
compares all models globally, LRT validates the addition or subtraction
of specific parameters. The likelihood ratio test (LRT) is performed by
comparing the following statistic to the 2 distribution:

= ×D L M L M2 {log[ ( )] log[ ( )]}1 0 (12)

where Llog[ ] is the maximum value of the log likelihood of modelM and
M0 is nested in M1. If D exceeds the -quantile of the 2 distribution
with n degrees of freedom, with n the difference in the number of

Fig. 4. Moving window estimates for the GEV distribution parameters µ (a) and (b) for the Bafing Makana station. The points represent the center of the fifteen-
year window over which the parameters were estimated.

Fig. 5. Covariate models tested for GEV distributions.
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parameters between the two models (additional degrees of freedom),
then the more complex model is accepted at level .

For this study, AIC is first used to find an initial model of best fit for
each station. The model selection via AIC is then validated using LRTs.
All models that are nested within the model selected via AIC are tested
in pairs with the selected model using the LRT with = 0.10. This
confirms that the added complexity is significant. More complex models
that have the AIC selection as a nested model are likewise tested in pairs
against the AIC selection using the LRT to validate the exclusion of
additional parameters.

Note that the inclusion of the stationary GEV model in the com-
parison allows for the evaluation of the presence of a non-zero trend,
accompanied by a significance level. If the selected model is an NS-GEV,
then the stationary hypothesis is rejected.

3.5. Return level evaluation

The use of a parametric distribution for representing the data allows
for the estimation of return levels rT corresponding to return period T.
The return level rT is exceeded with a probability p in a given year
where =p T1/ . The return levels can be calculated as follows:

=r µ p{1 [ log(1 )] }T (13)

For non-stationary models, the corresponding value of µ and for
the NS-GEV are inserted in Eq. (13) at each time step in order to obtain
the non-stationary return levels for a given p.

A comparison of the relative evolution of return levels was con-
ducted using normalized return level values for each station. The nor-
malization was conducted by dividing the values of the non-stationary
return levels by the value rT calculated under the stationary assumption
(S-GEV).

=r r NS GEV
r S GEV

( )
( )T normalized

T

T
, (14)

3.6. Uncertainty assessment

Confidence intervals for model parameters were determined via
nonparametric bootstrapping (Efron, 1979; Efron and Tibshirani, 1994;
Davison and Hinkley, 1997). While approximate confidence intervals
can be calculated via approximation to the normal distribution, the
approximation becomes less valid for the parameter and for values at
the tail of the distribution (high return periods). Thus, bootstrapping
was selected as providing a more accurate representation of the un-
certainty.

For each station, a data sample of equal length to the original series
was extracted via resampling. An NS-GEV of the same model type and
with the same breakpoint as the selected NS-GEV for the station was
calibrated on the sample. This was repeated 500 times for each station.
Samples were discarded if their NS-GEVs had a value greater than 1 or
less than −1, or if there were errors while estimating the NS-GEV and
associated uncertainties, likely due to particularly skewed samples
(same values selected many times, extreme values overselected, etc).
Confidence intervals for the percentiles of interest were then calculated
at each time step of the data series.

In the methodology used for this study, the breakpoints were fixed
before performing MLE to estimate the NS-GEV parameters. The un-
certainty evaluation methods detailed above assume that the un-
certainty in breakpoint estimation is negligible compared to the un-
certainty in the estimation of the other NS-GEV parameters (uncertainty
of the i). This assumption is explored further in subsection 5.3.3.

4. Results

4.1. Selected GEV model

Table 2 shows the model of best fit that was selected for each station
with a p-value ( ) of 0.10 used in the LRT. One can note that for all
stations, an NS-GEV model always fit the series of AMAX better than the
stationary GEV model.

Fig. 6 visualizes an example of these models, with moving window
parameter values (circles) and selected NS-GEV model µ values (line).
Confidence intervals for µ are shown with dashed lines. One can see
that the selected models follow the general trends seen in the moving
window parameter estimation of µ.

A double linear model was selected for µ for all stations, with the
exception of the Alcongui station in the Gorouol basin which was best
represented by a linear model for µ (although a double linear model
would have been accepted at = 0.15). The selection of a double linear
model indicates that the slope of the trend for µ differed significantly
between two subperiods of the time series.

In the Senegal River basin, significant breakpoints were consistently
found for µ between 1980 and 1984 for all stations. The slope of the
central tendency was negative (decreasing trend) during the period up
until the early-mid 1980s, then became positive through the modern
period. The changes in µ were less rapid in all stations during the latter
period. Kayes and Bakel (the two stations downstream of the Manantali
Dam) showed the least relative increase of all stations. Of the stations in
the Senegal River basin, the Daka Saidou, Kidira, and Oualia stations
demonstrated significant non-stationarity in the scale parameter ( ). All
non-stationarity models were double linear. Daka Saidou’s breakpoint
for was in 2000, while Kidira and Oualia both occurred in the 1990s
(1995 and 1994 respectively). This reflects the general decrease
throughout the majority of the time period under study then rapid in-
crease in variability seen in the moving window for during the 1990s
at these stations.

For the Sahelian stations in the Niger River, all stations showed an
increasing trend starting as early as the 1970s. However, the specific
model characteristics were less homogeneous between the different
stations than for the Senegal River stations. Although all models were
double linear for µ, breakpoints for µ were found in the 1990 for the
Dargol (at Kakassi) and 1997 for the Sirba (at Garbe Kourou). The slope
of the trend was positive for both subperiods for these two stations,
with a greater (more rapidly increasing) slope during the more recent
period. For the SNR data series, the slope was gradually decreasing
during the earlier period of record up until 1968, then increasing at a
higher absolute magnitude during the more recent period. The Gorouol
series (at Alcongui) was linearly increasing throughout the period for µ.
The SNR and Sirba, series showed significant trends in the parameter.
For the SNR series, the change in was determined to be linearly in-
creasing. For the Sirba, the model for was double linear with a
breakpoint in 1977. The models closely follow the moving window
estimates.

4.2. Extreme discharge tails behavior

Table 2 also shows the most likely values for each distribution. A
heavy-tailed GEV distribution ( > 0) indicates that larger values are
possible (and more probable than if = 0). < 0 means that the dis-
tribution is bounded; rare values will approach but not exceed a max-
imum threshold.

For the Senegal River, all values were either close to zero (Gumbel
distribution, unbounded but not heavy-tailed) or negative (Weibull
distribution). Almost all values for the Sahelian Niger basin stations
were positive (Frechet distribution), which means the distribution of
the values is heavy-tailed without an upper bound. The exception was
the Gorouol station at Alcongui, which had a slightly negative value
(Weibull distribution, bounded). However, the 95% confidence
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Fig. 6. NS-GEV model for the Bafing Makana station (a) and SNR data series (b) with raw AMAX values (triangles), moving window estimates (circles), µ evolution
for the NS-GEV model (solid line), and 95% confidence intervals for µ for the NS-GEV model (dashed lines).

Table 2
Model selection, GEV analysis results, and associated confidence intervals (CI).

C. Wilcox et al. Journal of Hydrology 566 (2018) 531–545

538



intervals for for all stations in both river basins included both positive
values and negative values, with the exception of the Bafing Makana
station where the interval was entirely in the negative range (Weibull
distribution).

4.3. Return level estimates of selected models

The main practical advantage provided by the NS-GEV models is the
ability to estimate return levels from the fitted distribution. This is il-
lustrated in Fig. 7 where 2, 10, and 100-year return levels are plotted
with their 90% confidence intervals for the Bafing Makana and Dargol
stations. Return levels in the Senegal basin followed the general pattern
of Bafing Makana, first decreasing below the stationary level then in-
creasing again. Return levels for the stations studied in the Niger River
started increasing earlier than for the Senegal River.

Note the increase in the size of the confidence level with the longer
return periods. For shorter (2 and 5-year) return periods, the confidence
intervals for the non-stationary model were more likely to be distinctly
higher than those of the stationary model. Especially at 10-year and
longer return levels, the confidence intervals of the stationary and non-
stationary models increasingly overlap. Fig. 8 demonstrates this se-
paration and overlap between the confidence intervals of the stationary
model and the chosen NS-GEV model for each station over time. The
shades on the graph indicate up to which degree of confidence
(80%–99%) the NS-GEV model and S-GEV model return level con-
fidence intervals are disjoint, with the color indicating whether the NS-
GEV confidence interval was centered higher (red) or lower (blue) than
the confidence interval of the S-GEV model.

One can note from Fig. 8 that all of the Senegal stations were sig-
nificantly above the S-GEV at the beginning of the record. For the 2-
year return levels (8a), only Bafing Makana in Senegal was higher than
its corresponding S-GEV at the end of the data record. The uncertainty
increases with longer return periods, with none of the NS-GEVs sig-
nificantly higher than the S-GEV at the end of the record for 25-year
return levels or greater. NS-GEV return levels for the Oualia, Kidira,
Gourbassi, and Daka Saidou stations were at approximately the

stationary return level at the end of the study period or below the
stationary level for longer return periods. Overall, the return levels of
stations in the Senegal basin spend much of the period of record sig-
nificantly below the S-GEV. One can note that the difference persists
into the modern period for the Bakel data series, one of the stations
affected by the Manantali Dam.

For the stations in the Niger River, at the most modern data points,
the 90% confidence intervals surrounding the 2 and 5-year return levels
globally surpassed the confidence intervals of the stationary return
values. For the Sirba and Dargol, this separation existed also at the 99%
confidence level, and at the 95% confidence level for the Gorouol. The
exception was the SNR series whose lower non-stationary 90% con-
fidence bound was slightly within the upper confidence bound of the
stationary value for 5-year return levels.

Fig. 9 compares the 2 and 5-year return level changes between all
stations, with values normalized by each station’s stationary return
level (i.e. the return level estimated using the stationary GEV model,
Eq. (14)). The separation in terms of return level evolution between the
stations in the Senegal and Niger river basins is especially clear for the
two-year return levels. The two-year return levels of the Senegal River
stations (blue) start at around 1.5 times the stationary return level (y-
axis= 1), reduce to as low as 0.5 during the 1980s, then increase
throughout the modern period. Bakel and Kayes, the two Senegal sta-
tions affected by the Manantali Dam, have notably lower relative in-
creases in return level values. These two stations reached to near the
stationary return level value at the end of the study period, whereas the
other stations all exceeded it and reaches values between 1 and 1.5
times the stationary return level. This shows the influence of the dam
on trends in maximum values; one can hypothesize that without the
influence of the dam, the stations Bakel and Kayes would have more
closely followed the trend of the other stations that are located either
upstream of the dam or on other tributaries of the Senegal River.

For the Niger River stations (red), all stations started below the
stationary 2-year return level and ended well above it. For most of
stations the 2-year non-stationary return levels move from less than 0.7
to more than 1.5 times the stationary return level, meaning a doubling

Fig. 7. 2-year, 10-year, and 100-year return level values for the Dargol (a–c) and Bafing Makana (d–f) stations, with the NS-GEV values compared to the stationary
model. Note that the 95% confidence interval for the NS-GEV return level completely exceeds the confidence interval for the stationary model for the 2-year return
level, but for the 100-year return level the confidence intervals of the stationary model and the NS-GEV largely overlap.
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discharge for a two-year return period in roughly 50 years. The SNR
series in particular tripled its relative value over the study period.

As for the five-year return levels, the regional separation becomes
less clear due to the greater influence of the scale parameter at higher
return levels. However, the relative decreases and increases by region
remained similar. Bakel and Kayes remain relatively lower than the
other Senegal stations.

4.4. Scale effects of drainage area

The absolute magnitude of the increase in µ was directly correlated
with the size of the drainage area of a given station. However, no
correlation was found in the relation between the relative increase in µ
and the drainage area. For the Sahelian Niger, a moderate correlation
(Pearson’s = 0.6) was found between drainage area and return level

Fig. 8. Significance of the separation between NS-
GEV and S-GEV models over time by station for 2-
year (a), 10-year (b), and 100-year (c) return levels.
The separation is measured by the overlap between
the confidence intervals of the model. Red indicates
that the NS-GEV was significantly higher than the S-
GEV (lower bound of the NS-GEV confidence in-
terval greater than the upper bound of the S-GEV
confidence interval at a given level of confidence),
whereas blue indicates that the NS-GEV was sig-
nificantly lower than the S-GEV (upper bound of the
NS-GEV confidence interval less than the lower
bound of the S-GEV confidence interval at a given
level of confidence). The shade indicates the con-
fidence level at which the intervals are disjoint at
that point in time, ranging from 80% to 99%.

Fig. 9. Normalized two-year (a) and 5-year (b) return levels for all stations. The red lines represent Sahelian stations, and the blue lines represent Sudano-Guinean
stations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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for return periods of 25 years or longer. The trend was more evident in
the Senegal basin; when the stations Bakel and Kayes were removed,
the correlation was greater than 0.6 for return periods of 5 years and
longer. A similar correlation ( 0.6) was found between drainage area
and the parameter in both regions. The two-year return levels de-
monstrated little to no correlation with drainage area ( = 0.25). Given
the limited number of data points, it is difficult to draw conclusions
based on these results.

5. Discussion

5.1. Comparison of results with literature

The above results confirm the rising trend in extreme streamflow
values since the 1970s and 1980s, previously found in other studies
(Cassé and Gosset, 2015; Nka et al., 2015; Aich et al., 2016).

The trends found in the Guinean stations in the Senegal River basin
in this study followed the trends found in Aich et al. (2016) for the
Guinean stations in the Niger River basin. In both studies a decreasing
trend was found until approximately the mid-1980s, followed by an
increasing trend. Results are overall consistent with Nka et al. (2015)’s
findings that extreme discharge is reduced in recent years compared to
what it was several decades ago. The models in the present study also
detected a moderate increase in recent years, whereas in Nka et al.
(2015) there was no significant trend since the 1970s.

The relatively lower trends at the Kayes and Bakel stations can be
explained by the construction of the Manantali Dam upstream in 1988,
which would have controlled many of the larger flows. This is in
agreement with the results in Faye (2015), which showed that monthly
flow coefficients at Bakel were lower for peak season months in the
period after dam construction than they were before dam construction.
At the stations of Bafing Makana, Oualia, and Kidira, flow coefficients
were higher for peak months when comparing the same time periods.

The breakpoint found at 1990 in the NS-GEV for the Dargol at
Kakassi falls in between the breakpoints found by Nka et al. (2015) at
1987 (for AMAX) and 1993 (for peak over threshold values). For Sa-
helian stations, Aich et al. (2016) found a decreasing trend until the
1970s followed by an increasing trend. The initial decrease was found
only in the SNR and Gorouol series, but all Sahelian stations tested
show an increase since the 1970s. A breakpoint was found in the mid
1970s for the Sirba and early 1970s for the Gorouol, which is roughly
consistent with the results in the present study.

The shifts in trends found in the SNR series (1968) and Gorouol
series (1972) falls at the same point in time as the general climate shift
in the late 1960s, as well as the mean discharge breakpoint identified in
Tarhule et al. (2015). However, whereas the climate and mean
streamflow shifts decreased after the break, the SNR series (and like-
wise all series for the Sahelian Niger) went from a low or negative slope
to a positive slope. This is reflective of the well-documented Sahelian
paradox (Albergel, 1987; Descroix et al., 2018) where locally-generated
streamflow in the Sahel began increasing during the drought period, in
spite of an overall reduction in rainfall.

5.2. Evaluation of the parameter

In addition to the difference in timing and magnitude of trends
between the Sudano-Guinean and Sahelian regions, differences in the
shape parameter were also found. The fact that the NS-GEVs for
Sudano-Guinean stations were generally Weibull or Gumbel ( 0) and
Sahelian stations were generally Frechet ( > 0) could be due to the
differences in hydrological functioning. In the Sudano-Guinean region,
the flow type is Hewlettian and groundwater plays a greater role. A
larger portion of the precipitation first infiltrates and contributes to
river discharge at a later time, smoothing out the high spatio-temporal
variability of fine-scale rainfall intensities. Flood generation is thus
sensitive to both the initial conditions of the basin (groundwater

storage, subsurface water, etc) and the amount of rainfall accumulated
over the basin. In the Sahel, streamflow is driven by Hortonian pro-
cesses (local precipitation-generated runoff) and therefore is sensitive
to the intensity of rainfall at small scales. The role of initial conditions
seems to be smaller in comparison to factors such as the area affected by
high intensities over a short time period. These differences in the spatio-
temporal scale of the processes primarily responsible for flood gen-
eration in the two regions could explain in part the differences in the
tail behavior of extreme discharges between the two regions. Indeed, it
is observed that rainfall at fine spatio-temporal scales (Sahelian flood
generation) has heavy tail behavior (Koutsoyiannis, 2004; Panthou
et al., 2012), while rainfall averaged over larger spatio-temporal scales
(Sudano-Guinean flood generation) is expected to have bounded tail
behavior.

This said, great care must be taken in drawing conclusions from
results for as the confidence intervals are large (Table 2) and include
both positive (Frechet) and negative (Weibull) values for almost all
stations. The confidence intervals themselves seem to indicate a dif-
ference in tail behavior between the two regions; the lower bounds of
the 95% confidence intervals for in the Senegal catchments are much
lower than the lower bounds in the Sahelian Niger catchments (with the
exception of the Gorouol), and the upper bounds are generally lower in
the Senegal basin as well (though less universally). However, due to the
great overlap between the confidence intervals, it is difficult to draw
conclusions with a high level of certitude.

5.3. Sensitivity analyses: robustness of the results

5.3.1. Sensitivity of the model selection process to the different tests and the
p-value threshold chosen for the LRT

For three out of the eleven data series, the additional application of
the LRT test modified the model selection. In all three cases, the model
became simpler: the scale parameter ( ) for Bakel became stationary,
the location parameter of Kayes became double linear instead of triple
linear, and the Gorouol model became simple linear for µ instead of
double linear.

For ten out of the eleven data series, the model selection did not
change with an increase in LRT test stringency, with the p-value
equaling 0.05. The only change with the stricter requirement were that
became stationary for the SNR series.
With less strict criteria ( = 0.15), the results more closely ap-

proximated the initial AIC selection results. was modeled as linear
non-stationary for the Bakel station, instead of the stationary model for
selected at the = 0.10 significance level. The Gorouol station be-

came double linear for µ and stationary for . The Kayes station NS-
GEV at the p-value of 0.15 was a double linear model for µ and a simple
linear model for . The general trends (strongly positive over the past
few decades for µ and return levels) did not change with the choice of
the model.

Of note at the = 0.15 significance level is the triple-linear model
selected for µ for Kayes. The Kayes station’s flow has clearly been
regulated by the installation of the Manantali dam in 1988, which may
have resulted in three distinct phases over the study period rather than
two.

5.3.2. Sensitivity of the model parameters to optimization methodology
The choice of MLE parameter optimization method did not have a

significant impact on model parameter results, nor on model selection
results. Optimization methods tested were Nelder-Mead (Nelder and
Mead, 1965), BFGS (Shanno, 1970), conjugate gradients (Fletcher and
Reeves, 1964), L-BFGS-B (Byrd et al., 1995), and simulated annealing
(Bélisle, 1992). However, the boundary limit between breakpoints and
the edge of the data series did have an impact on the selection of the
breakpoint. This could be of interest as the main breakpoint in the
early-mid 1980s in Senegal was less than ten years before the con-
struction of the Manantali dam. As a triple-linear model with a distance
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between breakpoints of one decade was almost selected (initial AIC
model selection) for the Kayes station which is downstream of the dam,
the limitation could have had an impact on model selection.

5.3.3. Additional sources of uncertainty
One source of uncertainty lies in the accuracy of the rating curves

for each of the stations in this study (Jalbert et al., 2011; Morlot et al.,
2014). Rating curves in regions subject to sedimentation such as the
Sahelian Niger River basin risk being nonstationary in time. Rating
curves may also be less accurate for extreme values if measurements of
flow of comparable magnitude were not used in the rating curve cali-
bration. Although some stations (notably Kidira, Bakel, Daka Saidou,
and Niamey) included such large values, this was not the case for all
stations.

However, rating curve uncertainties, while possibly influencing the
specific magnitudes of results, are highly unlikely to be the cause of the
consistent trends detected and thus do not alter the conclusions of the
present study. Trend detection was conducted using a regional ap-
proach with two large river basins within the region and several sta-
tions within each river basin. The regional approach makes the methods
robust and smooths the effect of uncertainty related to rating curves.

One can also question the influence of the choice of breakpoint on
the uncertainty of the results. Sensitivity testing was performed with
the Bafing Makana and SNR series over a breakpoint range of five years
before and after the breakpoint of the selected model. The spread of the
95% confidence interval of the selected model (one fixed breakpoint)
was compared with the spread of the global confidence interval ob-
tained from the range of breakpoints. The area within the global con-
fidence interval but outside the selected model’s confidence interval is
due to breakpoint uncertainty. Based on this, the contribution of
breakpoint estimation uncertainty to the overall uncertainty is on
average 13% for Bafing Makana and 15% for SNR for a breakpoint
range of plus and minus five years from the selected breakpoint. It was
thus verified that the primary source of uncertainty comes from the
GEV calibration process performed in step 2 of subsection 3.3 (un-
certainty of the i) and not from uncertainty about the position of the
breakpoint.

6. Conclusions and implications

The preceding analysis proposed a selection of NS-GEV models for
hydrological annual maxima in West Africa. In all cases, the NS-GEV
model was significantly more representative of the data series than the
stationary GEV model. The trend is positive since the 1970s for the
Sahelian stations and the mid-1980s in the Sudano-Guinean stations,
with both regions demonstrating an intensification of the hydrological
signal. Certain parameters and return levels, notably the µ parameter
and the 2 and 5-year return levels, surpass the values expected with a
stationary model with a high level of confidence at certain stations.

The results improve over other studies by providing the underlying
statistical distributions for the non- stationary data series, confidence
intervals on parameter values, return level estimates, and a model se-
lection process with robust criteria. It also compares two subregions,
and notably includes an extracted data series for the cumulative
Sahelian red flood inputs to the Niger River. Although West Africa is
used as a test region, these analyses can be applied to hydrological time
series elsewhere in the world.

The methods used in this paper have some limitations. First, only
parametric models that were preselected as potential best models are
evaluated, thus eliminating a large range of other potential models.
Second, the study only consider breakpoints that are transitions from
one linear slope magnitude to another, not abrupt shifts. Furthermore,
uncertainty is high (which reflects the current reality). The methods
also require a certain level of expertise for use and interpretation.
Additionally, the estimated uncertainties do not take into account the
uncertainty in the estimation of streamflow via rating curves, which

could have a significant impact on the accuracy of extreme values
(Jalbert et al., 2011; Morlot et al., 2014).

However, the methods proposed in the present study are advanta-
geous for several reasons. It is possible to use other trend and break-
point detection methods, but many of these tests assume that the data is
normally distributed (which is not the case with extremes) and thus will
not be robust with data sets consisting of extreme values. Classic
breakpoint detection tests (such as the Pettitt test) may work but do not
provide an estimate of the magnitude of the trend. They also do not
permit the estimation of return levels, which is a significant advantage
of the methods based on fitting probability distributions proposed in
this paper. The power of classical trend and breakpoint tests to reject
the null hypothesis when applied to extreme value series is also known
to be lower than when applying tests specific to GEVs. Moreover, even
if some expertise is required to use them, the R packages used in this
study are freely available (Heffernan et al., 2016).

The results for the return level estimates indicate that if the sta-
tionary model were to be used, it would underestimate the current
return levels in the Sahelian reaches of the Niger River. For example,
the non-stationary ten-year return level for the SNR series in 2012 is
600m3 s−1 larger than the value estimated from a stationary model.
For all four data series in the Sahelian Niger, at the end of the data
record (2012–2015), the non-stationary 2-year return level exceeds the
5-year stationary return level, indicating an increase in frequency of
events of greater magnitude.

The nonstationarity of the return levels has direct implications for
hydraulic works construction and river basin management. In both
Sahelian and Sudanian areas, the identified increase of 2–10-year re-
turn levels is important for small structures and might have contributed
to the increasing number of damaged and destroyed bridges and roads
reported over the last decades (Amani and Paturel, 2017). In the Se-
negal basin, an accurate estimation of higher return level values (for
return periods greater than 25 years) is needed not only for the man-
agement of existing dams such as the ones at Manantali, Diama and
Félou, but also for the construction of additional structures such as
spillways and the hydroelectric dams planned by the Organization for
the Valorization of the Senegal River (in French, OMVS, see Bonneau,
2001). As the region surrounding Niamey in the Niger Basin continues
to be threatened by severe flooding, accurate return level estimates are
required in order to ensure that flood protection systems can protect
against a given flood. In all of the above cases, if a stationary model is
used, it risks overestimating or underestimating the magnitude of river
discharge.

Uncertainty remains high for longer return periods. This is largely
tied to the size and variability of the data set; estimating a 100-year
return level based on only 60 years of data forcibly has a high level of
uncertainty. As more data is collected, uncertainty will decrease and the
ability to more precisely estimate return levels for longer return periods
will likely improve, provided that the data is represented by a model
that best suits its trends.

Uncertainty may also be reduced with a greater understanding of
flood drivers. Much speculation and study has occurred in attempt to
determine the causes of the changes in flood peaks in the West Africa
(Seguis et al., 2004; Leblanc et al., 2008; d’Orgeval et al., 2008;
Descroix et al., 2009; Descroix et al., 2012; Descroix et al., 2018; Aich
et al., 2015; Cassé and Gosset, 2015; Cassé et al., 2016). In addition to
climate changes, West Africa has undergone extensive land cover
changes (Loireau, 1998; Anyamba and Tucker, 2005; Descroix et al.,
2009) including a considerable increase in the percentage of cultivated
area from the 1950s-2000s (Cappelaere et al., 2009).

Whereas much of the “Sahelian Paradox” during the drought can be
attributed to land use/land cover changes, in recent years changes in
river discharge seems to correlate more with changes in precipitation.
Case in point, the regional trends found in this study follow those found
for mean non-zero rainfall in Senegal and the central Sahel in Blanchet
et al. (2018). The issue is complex; for example, in the present study the
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Sirba basin streamflow did not increase as much as that of the Dargol
and Gorouol, yet it both receives more rainfall (500mm as opposed to
400mm annually) and had increased runoff coefficients, most likely
due to the impacts of agriculture (Descroix et al., 2012). Land use and
climate also have impacts at different scales (Blöschl et al., 2007).

An improved understanding of the attributed causes of trends in
extremes would give guidelines for the projection of pertinent results
into the future. Such an approach would require coupling NS-GEV
models with projected climate and land use changes. Factors to be
taken take into account are both climate projections at the scale of
hydrological processes and socio-economic scenarios that allow for the
estimation of the anthropic pressure on the soil and the resulting
changes in hydrodynamic parameters. Projection of model results into
the future, however, must be done with caution due to the potential of
future shifts in trends and decadal variability not accounted for in the
climate and land use trends.

We recommend that those dimensioning hydraulic works seriously
consider the possibility that hydrological extremes are increasing, as
this is the current evidence available. This is especially pertinent for the
coming decade over which evidence supports an increasing frequency
of extreme rainfall and ongoing hydrological intensification (Taylor
et al., 2017; Panthou et al., 2018). With this in mind, we recommend
that stakeholders design structures with a shorter design life span
(10–20 years) with the assumption that extremes will most probably
increase. Such structures include flumes, small urban hydraulic struc-
tures, pumps, levees, and smaller dams. For longer-life structures such
as large dams and spillways, they should continue to consider all fac-
tors, including the possibility that the trend may change and decrease
again. Despite the potential impacts of projected land use changes and
the ongoing warming of the Sahara that triggers intense rainfall events,
the decadal variability of climate in the region is also likely to continue.

In spite of the uncertainties, the present study concludes within a
strict level of confidence that hydrological extremes are currently in-
creasing, and although uncertainty about the magnitude of this increase
is high, it is more concrete and certain than speculation about an un-
known future. The trends are consistent for all stations within each
watershed despite flow uncertainties. We advise that stakeholders place
importance on the possibility of greater and more frequent flood
magnitudes, especially while designing smaller structures but also for
larger structures. We further recommend that they take causal factors
into account, although more studies are needed in order to understand
the mechanisms of flood drivers.
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