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Abstract. In the Sahelian semi-arid region, water resources,
especially small waterbodies such as ponds, small lakes, and
reservoirs in rural areas are of vital importance. However,
because of their high number and the scarce in situ monitor-
ing networks, these resources and their spatiotemporal vari-
ability are not well known at the regional scale. This study
investigates the hydrological regime of 37 small waterbod-
ies, located in Mali, Niger, and Burkina Faso in central Sa-
hel. We propose a method based on remote sensing data only,
which consists of combining water height data from Sentinel-
3 Synthetic Aperture Radar Altimeter (SRAL) with water
area data obtained with the Sentinel-2 MultiSpectral Instru-
ment (MS]) to create a dense water height time series. Wa-
ter height variations are then compared to the evaporation
estimated by the Penman—Monteith method, using ERAS re-
analysis by the European Centre for Medium-Range Weather
Forecasts (ECMWF) to infer water regimes during the dry
season. Three main regimes stand out, namely a net wa-
ter loss, mainly resulting from anthropogenic withdrawals,
a net water supply occurring after the end of the rainy season
through river network or water table exchange, and a bal-
anced behaviour, where water losses during the dry season
closely correspond to evaporation rates. Spatial patterns have
been identified; in central Burkina Faso, most of the reser-
voirs show a net dry season water loss, which is explained
by frequent irrigation, while reservoirs in northern Burkina
Faso, generally show little water loss, indicating that water
withdrawal is not significant in this area. Lakes located in the
Inner Niger Delta in Mali and connected to the Niger River
network generally show an important water supply, particu-
larly at the beginning of the dry season. Lakes in Niger tend

to show a weak signal toward water inflow that could be ex-
plained by exchange processes with the groundwater. These
results show that satellite data are effective at estimating hy-
drological regimes and the anthropogenic impact on water re-
sources at the large scale, including resources found in small
waterbodies.

1 Introduction

In the Sahel and more generally in West Africa, small wa-
terbodies are critical resources for the inhabitants, who use
them on a daily basis to meet vital needs, such as drink-
ing water, livestock watering, irrigation, fishing, and bathing,
among others (Cecchi et al., 2009; Frenken, 2005). These
waterbodies are widespread all over the region and include
numerous small reservoirs, for which dams have been built,
small natural lakes and ponds, and intermediate situations,
where existing lakes are more or less developed. Burkina
Faso, for example, built many reservoirs, whose number in-
creased from about 200 in 1974 to about 1650 in 2008 (Cec-
chi et al., 2009). The aim of such actions was to address
food security issues (Douxchamps et al., 2014) after severe
droughts (Sally et al., 2011). The central Sahelian region also
hosts a large number of small temporary waterbodies (Haas
et al., 2009; Gardelle et al., 2010; Papa et al., 2023), whose
number is still not well known. There is a clear need to better
survey the surface water resources in this region. Monitor-
ing and understanding lake hydrological regimes is therefore
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an important step toward better management of these water
resources.

Since ground-based monitoring of waterbodies in this area
is usually restricted to some large lakes (mainly those supply-
ing water to capital cities or used for electricity production),
remote sensing data such as those provided by the Coperni-
cus Sentinel missions give an interesting tool to derive use-
ful information. Radar altimetry monitors water heights (Bir-
kett, 1994; Morris and Gill, 1994) by calculating the return
time of a radar pulse emitted by the sensor on board and re-
flected by the water surface. The Sentinel-3A and Sentinel-
3B satellites launched in 2016 and 2018, respectively, carry a
Synthetic Aperture Radar Altimeter (SRAL) on board. Their
performance in measuring inland water levels has already
been assessed, as in the Inner Niger Delta, resulting in an
average root mean square error (RMSE) of 0.67m (Nor-
mandin et al., 2018, Table S5). The technology offered by
Sentinel-3 provides a significant step forward, with a much
better-resolved footprint than previous altimeters, allowing
for the observation of smaller waterbodies (Shu et al., 2020).
Time series can be obtained from databases such as DAHITI
(Schwatke et al., 2015), Global Reservoirs and Lakes Mon-
itor (G-REALM; Birkett et al., 2010, 2017), and Hydroweb
(Crétaux et al., 2011). Laser altimetry data from ICESat-2
have been used to derive water level changes (Cooley et al.,
2021). Optical imagery is a powerful tool to detect surface
water areas in cloud-free conditions, and recently, several
algorithms have been developed to map waterbodies at the
global scale (Pekel et al., 2016; Messager et al., 2016; De-
Vries et al., 2017; Cordeiro et al., 2021). However, the con-
ditions required by these algorithms are not always met in
central Sahel. This is due to the variability in the water opti-
cal reflectances of these waterbodies in time and space (e.g.
Abdourhamane Touré, 2016) that is caused by the common
presence of aquatic vegetation (Gardelle et al., 2010), differ-
ent levels of water turbidity, including extremely turbid and
bright lakes (Robert et al., 2017), and by the seasonal vari-
ability in the waterbody characteristics. The modified nor-
malized difference water index (MNDWI) is frequently used
to differentiate water from soil (Xu, 2006), usually with auto-
matic or supervised thresholding methods. Using this index,
Reis et al. (2021) found that optimal thresholds still varied
over time and space in the Sahel, whereas Ji et al. (2009)
showed that a fairly stable MNDWTI threshold over time gives
good results, even in the presence of mixed water and vege-
tation pixels.

Studies combining surface water areas and heights esti-
mated by remote sensing and/or a combination of remote
sensing and field measurements have been increasingly pub-
lished during the last 5 to 10 years. Several works have been
focused on large lakes. For example, Pham-Duc et al. (2020)
developed a method based on remote sensing data to measure
the surface water extent and water volume variations in Lake
Chad, the fourth-largest lake in Africa. Sun et al. (2021) used
remote and gauged data to estimate the water balance and
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water fluxes of Lake Poyang, China, over 20 years. Fewer
studies focused on smaller waterbodies in Europe and Amer-
ica (Baup et al., 2014; Schwatke et al., 2020; Gourgouletis
et al., 2022). In central Sahel, Gal et al. (2016) estimated
the lake water inflow of Agoufou lake based on remote sens-
ing data and evaporation modelling and validated the method
with in situ measurements. Also in central Sahel, Fowe et
al. (2015) studied the water balance of a small reservoir in
southern Burkina Faso, highlighting the variations caused
by anthropogenic water withdrawal. Other studies assessed
lake topography through bathymetry (Arsen et al., 2013) or
a digital elevation model (DEM; Avisse et al., 2017) to re-
trieve lake storage. The variability in the reservoirs at the
global scale has been addressed by some recent works. For
example, Cooley et al. (2021) showed the great seasonal vari-
ability in the reservoirs worldwide, drawing attention to the
anthropogenic impacts on water resources, and Hou et al.
(2022) highlighted the important role of precipitation in the
observed variabilities. However, these global studies do not
include a precise quantification of water fluxes over small
waterbodies in the Sahel, and several questions remain unan-
swered. What is the hydrological regime of these small wa-
terbodies? What are the dominant water exchanges in this
region? How can their contribution be quantified? Is there a
major anthropogenic impact on these water resources? This
work develops a methodology based on remote sensing data
to quantify the hydrological regime of small waterbodies in
central Sahel and derives information about their seasonal
and interannual variability. It allows us to better understand
the major processes at play in this region and identify the
human impact on these water resources.

2 Materials
2.1 Study site and lake selection

The study area is located in central Sahel and includes water-
bodies in Mali, Burkina Faso, and Niger. It covers arid, semi-
arid (Sahelian), and sub-humid (Soudanian) areas, according
to the classification in Andam-Akorful et al. (2017), with
well-defined rainy and dry seasons enforced by a tropical
monsoon system. The rainy season starts in June and ends in
October, with variations due to latitude (Frappart et al., 2009;
Panthou et al., 2018). The north’s rainy season is shorter,
and annual rainfall ranges from around 200 to 900 mm yr~!
from the north to south area. Four regions of interest can be
defined based on different geomorphology and development
policies, namely the Inner Niger Delta, the centre of Burk-
ina Faso around the capital Ouagadougou, which is densely
populated and has a large number of reservoirs, the western
area of Niger, and Burkina Faso’s northern borders with Mali
and Niger. Numerous waterbodies are located in the study
area, but the Sentinel-3 satellite orbits constrain the selec-
tion of waterbodies. The intertrack distance of 104 km for
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Figure 1. Study site and lakes in central Sahel (Mali, Burkina Faso, and Niger).

one satellite and 52 km for a combination of the two (Fig. 1),
with a footprint of 300 m below the track, reduces the ob-
servable surface. Due to a potential track shifting of £1km
at maximum (Crétaux et al., 2018), the lakes located be-
tween 0 and 0.3 km from the nominated altimeter track have
been included in the potential lakes to be studied. Using the
maximum water extent of the Global Surface Water dataset
(Pekel et al., 2016), 150 lakes were detected below the tracks.
Among them, 42 had suitable altimeter data to provide a
long and consistent time series for analysis. This amounts
to 26.2 % of the lakes initially detected (Fig. 1 and Table 1),
and 21 are located in Burkina Faso, including 19 reservoirs,
12 in Mali, and 9 in Niger, including 1 reservoir.

2.2 Data

Water areas and water albedos are derived from the freely
available Sentinel-2 (S2) MultiSpectral instrument (MSI) im-
ages using the top-of-atmosphere reflectance products from
the dataset Sentinel-2 MSI: MultiSpectral Instrument, Level-
1C, provided by Google Earth Engine (Gorelick et al., 2017).
Measurements are made in 13 optical bands from VNIR (vis-
ible near infrared) to SWIR (shortwave infrared) at a resolu-
tion of 10, 20, or 60 m, depending on the band. In this study,
we used the blue band (B2) at 0.490 um, the green band (B3)
at 0.560 pm, the red band (B4) at 0.665 um, all at 10 m res-
olution, and two SWIR bands (B11 and B12) at 1.610 and
2.190 ym with a 20 m resolution. Images are acquired from
2015 to the present, with a revisit frequency of 10d before
the launch of Sentinel-2B in 2017 and 5 d afterwards, which
allows good temporal monitoring, except when it is cloudy.
Water heights are obtained from Sentinel-3 SRAL (Ku band
at 20Hz) data (S3), provided by the Centre de Topographie
des Océans et de I’'Hydrosphere or Centre of Topography
of the Oceans and the Hydrosphere (CTOH; Frappart et al.,
2021) and referenced with an EGM2008 geoid model. The
temporal frequency of measurements is 27 d, with a spatial
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resolution of 300m (along-track) x 1.64km (across-track)
from 2016 to the present. Precipitation is estimated by the
Integrated Multi-satEllite Retrievals algorithm of the inter-
national satellite mission Global Precipitation Measurement
(IMERG-GPM; Huffman et al., 2019). The data are pro-
vided by Google Earth Engine, through the Global Precip-
itation Measurement (GPM) v6 collection, with a spatial res-
olution of 0.1° x 0.1° and a temporal resolution of 30 min.
Other meteorological data are provided by the database of
ERAS reanalysis hourly data on single levels from 1959 to
the present (Hersbach et al., 2018), which has been pro-
duced by the European Centre for Medium-Range Weather
Forecasts (ECMWF) within the Copernicus Climate Change
Service (C3S). The data are provided at the resolution of
0.25° x 0.25°. Evaporation rate data, provided by the global
lake evaporation volume (GLEV) dataset (Zhao et al., 2022)
and Colorado pan evaporation data over a small reservoir
(Boura) from Fowe et al. (2015), are used for validation over
the April 2012—April 2014 period.

3 Method

3.1 Lake water balance estimation

The water balance approach defines the different fluxes con-
trolling a waterbody regime (Winter, 1995). In this paper, we
adapt the equation developed by Fowe et al. (2015), who pro-
pose a water balance equation expressed as the variations
in the water volumes applied to a small reservoir in Burk-
ina Faso (Boura). All terms can be also expressed in water
height, which fits our data better. The water height varia-
tion between two dates 79 and #; can be written as the sum
of precipitation and evaporation over the same period minus
a residual term and is referred to as the residual water bal-
ance (R). This term is the net result of different hydrological
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Table 1. Information and key results on the study lakes. Lakes highlighted in bold are also shown in Sect. 4. Country abbreviations are
BF for Burkina Faso, M for Mali, and N for Niger. The “nan” values indicate that conditions for the 5-year average residual water balance
calculation have not been met.

Lake label® Country Coordinates MNDWI  Average Average Average 5-year-
threshold albedo water water averaged
area height residual
(km2) variation®  water
(m) balance
(mm d_l)
Arzuma BF 12.218, —1.298 -0.10 0.11 2.54 2.67 —3.11
Bl BF 12.171, —1.160 0.20 0.12 0.13 2.27 —10.11
Babou BF 12.882, —1.613 —-0.20 0.17 0.43 1.74 nan
Bakafé M 15.678, —3.771 —0.05 0.13 2.34 1.51 1.63
Bam BF 13.353, —1.504 —0.20 0.11 22.31 1.69 nan
Barkea BF 14.044, —0.191 0.00 0.15 10.89 2.18 —1.30
Bokoko M 15.891, —3.431 0.00 0.15 0.39 1.59 2.79
Boura BF 11.041, —2.486 —-0.25 0.10 1.44 2.95 —1.20
Dyaloub M 15.292, —7.137 —0.30 0.15 5.73 0.89 nan
Galigel M 15.194, 0.324 -0.10 0.13 2.25 2.38 0.16
Gidan Adan Dan N 13.813, 6.082 0.20 0.17 1.29 0.90 0.86
Gomde BF 14.351, —1.197 0.00 0.19 28.22 1.71 —1.54
Hagoundou M 15.716, —3.295 0.00 0.09 37.91 1.13 9.71
Iribakat N 15.091, 5.910 0.00 0.14 0.27 2.00 —1.10
Kaboukoga N 14.047, 1.678 0.10 0.22 0.24 1.21 —0.09
Koankin BF 11.733, —1.063 0.00 0.18 0.02 1.60 nan
Korarou M 15.280, —3.258 —0.30 0.13 36.27 1.33 2.46
Kormou M 15.689, —4.237 —0.20 0.13 3.65 2.80 —-2.29
Koumaira M 15.810, —3.874 -0.20 0.11 1.22 1.74 2.96
M3 M 15.383, 1.303 0.10 0.13 0.30 2.33 0.82
M42 M 15.323, 1.289 —0.10 0.17 0.56 2.12 0.58
Manga BF 11.663, —1.047 -0.15 0.11 0.48 1.96 —8.28
Mogtédo BF 12.332, —0.804 0.20 0.13 2.36 1.54 —6.49
N10 N 15.149, 5.924 0.00 0.11 0.55 2.63 0.19
N4 N 14.246, 1.165 0.00 0.20 4.98 1.74 0.00
Nabitenga BF 12.618, —1.213 —0.20 0.13 0.74 2.97 —11.87
Nazounga BF 12.675, —2.126 —0.20 0.16 0.15 1.89 —1.93
Northern Tanvi BF 12.230, —1.303 0.00 0.11 0.13 3.09 —12.45
Ouro Daka BF 13.955, 0.297 0.00 0.15 3.13 2.02 —1.48
Séguénéga BF 13.441, —1.952 —0.20 0.13 1.44 2.00 —2.18
Southern Tanvi BF 12.199, —1.302 0.20 0.18 0.22 1.98 —3.42
Tabalakh N 15.063, 5.651 —0.10 0.14 6.98 1.90 —0.39
Tambao BF 14.733,0.117 0.05 0.13 0.15 1.39 —2.50
Tamou N 13.848, 1.257 0.00 0.21 0.04 1.50 —3.06
Tibin BF 13.163, —1.391 0.10 0.14 15.99 1.93 —1.35
Timba M 15.832, —3.735 —0.20 0.12 2.62 3.23 —10.85
Toussiana BF 10.880, —4.612 0.00 0.10 1.26 2.85 —12.04
Yakouta BF 14.772, —0.242 —0.10 0.17 0.28 1.25 —1.60
Yaongo BF 12.619, —0.271 —0.10 0.17 0.95 1.97 —3.26
Yumban N 14.861, 0.246 0.00 0.18 19.28 2.15 —6.57
Zandéla M 13.162, —5.757 0.00 0.12 0.60 1.76 —1.81
Zoribi N 14.170, 1.021 —0.25 0.17 1.26 0.98 nan

4 Labels can be defined by the nomenclature in Cecchi (2014), nearby villages, or a letter representing the country associated with a number.
b Calculated from seasonal variations.
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Figure 2. Time series of water areas (left y axis; in blue) and water heights (right y axis; in orange) with their associated median absolute
deviation (orange bars) for the Tibin reservoir (see Table 1), which is located in centre of the north of the Burkina Faso.

fluxes, including water inflow from the watershed into the
lake, groundwater inflow, water losses due to overflow, in-
filtration losses, and withdrawals due to anthropogenic uses,
and can be expressed in millimetres per day.

1 d
R=—r [AHm,ﬁ —Y (P —Ei)}, ()

=ty

where P; (mm) and E; (mm), respectively, indicate the daily
precipitation over the lake and the daily evaporation from the
lake. During the dry season, precipitation (P;) is null. Evap-
oration (E;) is estimated using the available meteorological
data. Water height variation (A Hy, ) is estimated using al-
timetric data. As the altimeter offers data with a temporal
resolution of 27 d, the time series are completed by other wa-
ter height estimations derived from water areas through an
area—height relationship, called the A-H curve.

3.2 Lake water height estimation

Water height time series are extracted through the Altimet-
ric Time Series Software (AITiS, version 2.0; Frappart et
al., 2021), which is an open-source software developed by
CTOH. The process of extracting the time series is par-
tially manual and has to be done for each lake. Among
the Geophysical Data Record (GDR) variables proposed, the
backscatter coefficient, having a very high value for surface
water, is appropriate to distinguish water from soil (Taburet
et al., 2020). The backscatter coefficient is extracted for data
within the lake polygon. Samples that do not correspond to
water are removed by thresholding. Following an empirical
analysis, a threshold of 40 dB is retained. This is in line with
Kittel et al. (2021) and Taburet et al. (2020), who propose
thresholds of 30 and 45 dB, respectively. Kittel et al. (2021)
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also state that changes in data processed from 2020 onwards
result in a drop in the backscatter coefficient of 18 dB; the
threshold has therefore been set to 22 dB for acquisition dates
after 2020. To reduce the influence of the remaining outliers
on the resulting time series, the median values are extracted
(Fig. 2), as suggested by Frappart et al. (2021), and a thresh-
old of 0.25m is applied on the associated median absolute
deviations (MADs). Water-like echoes created by wet sand
that may appear when the waterbody is empty may also lead
to outliers. To best prevent the use of such erroneous height

values, data corresponding to periods when the water area is
zero are removed.

3.3 Surface water area estimation

Sentinel-2 water optical reflectance (p) is firstly prepro-
cessed to mask clouds using the Sentinel-2 QA (quality) band
at 60m (QA60) and an additional blue band threshold so
that only values with pgy < 0.2 are retained. Water detec-
tion (Fig. 2) is performed by applying a thresholding on the
modified normalized difference water index (MNDWI; Xu,
2006):

MNDWI — PSWIR1 — Pgreen .
PSWIR] + Pgreen

2

The MNDWI threshold (Table 1) is chosen ad hoc for each
lake and kept constant over the study period. This method
ensures that water pixels are not detected when waterbodies

dry up. Highly negative thresholds are mostly used for lakes
with vegetation.

Hydrol. Earth Syst. Sci., 27, 2189-2204, 2023
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Figure 3. Water area—height curve (A-H) for the Tibin reservoir.

3.4 Area-height curve estimation and water height
time series densification

To estimate the A-H curve (Fig. 3), water heights and water
areas are combined. We select quasi-simultaneous data in a
+3d interval, which follows the work of Gao et al. (2012)
with MODIS and altimetry data. Based on Crétaux et al.
(2016), a 2° polynomial curve is fitted to the data. Data out-
side the 95 % prediction interval (area within the dotted lines
in Fig. 3) are considered outliers and are removed to obtain
the final A-H curve, in line with Busker et al. (2019). The
root mean squared error (RMSE) and the R? values are cal-
culated to evaluate the accuracy of the regression.

Water heights are then estimated from water areas via
the A-H curve, within the limits of the polynomial regres-
sion, i.e. without extrapolating the A-H curve. A filter is
further applied to remove data with inconsistent variation
(significant and rapid variations in the dry season, for ex-
ample) caused mainly by the occasional mismatch between
areas and heights. We have carried out validations of our A-
H curves with in situ data (see the Supplement) over two
lakes (Séguénéga and Bam; Table 1). We obtained RMSEs
of 0.073 and 0.015m and biases of —0.070 and 0.006. The
final water height time series (Fig. 4) is composed of water
heights derived from Sentinel-3 and water heights estimated
from Sentinel-2 through the A-H curve. All altimetry-derived
water heights are considered, even those not used to build the
A-H curve.

3.5 Evaporation estimation

Gal et al. (2016) estimated the evaporation of a shallow lake
(Agoufou) in Mali with the Penman equation (Penman and
Keen, 1948). As the context of this study is similar in terms
of the climate, environment, and type of lakes, the same ap-
proach is used to estimate evaporation using the Penman—
Monteith equations and the methods by McMahon et al.
(2013, Sect. S11). It requires the following meteorological
data, which we extracted from the ERAS archive: downward
surface solar radiation (J m’2), downward surface thermal
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radiation (J m~?), daily air temperature (K), daily dew point
temperature (K), 10 m # component and 10 m v component
of wind (ms~!), and altitude of wind speed measurement
(m). It also requires the altitude (m) derived from the Shuttle
Radar Topography Mission (SRTM) DEM and the average
albedo of the lake surface («), which is derived following
Naegeli et al. (2017),

o =0.356preq + 0.130pN1R + 0.373 pswir1 +0.072pswir2,  (3)

from the Sentinel-2 water reflectance (p). To calculate evap-
oration over the dry season period only, we estimate the start
and end dates from the rainfall data. The end of the dry sea-
son is taken as the date of the first day with rainfall exceed-
ing 5 mm and followed by at least another rainfall exceeding
Smm in the following 30d. The start of the dry season is
taken as the first day with rainfall below 5 mm and followed
by 60 consecutive dry days.

4 Results

Over the whole study period, including the dry and the rainy
season, the average water areas of the 42 lakes vary from
0.02 km? (Koankin) to 37.91 km? (Hagoundou) and average
to 5.28 km?. We have found that 69 % of the lakes turned out
to be temporary lakes. Height seasonal variations vary from
4.86 m for the Boura reservoir in Burkina Faso in 2018 to
0.28 m for Lake Hagoundou in Mali in 2017 and average to
1.94 m. Evaporation losses in the dry season show some spa-
tial variability which follows a latitude gradient, with higher
values in the north (with 7.04 mm d~!) than in the south (with
4.12mmd~") and average to 5.66 mm d~! over the study pe-
riod. The average albedo observed is 0.14, with a minimum
value of 0.09 and a maximum value of 0.22.

4.1 The 5-year-averaged residuals water balance
during the dry season

Of the 42 lakes studied, 37 have complete time series be-
tween 2016 and 2021 for which a 5-year-averaged residual
water balance (Eq. 1) is estimated (Fig. 5 and Table 1). The 5-
year-averaged residual water balance shows contrasting sit-
uations, with values ranging from gains of 9.71 mmd~! to
losses of —12.45mmd~!. In total, 24 lakes, of which 75.0 %
are located in Burkina Faso, have a residual water balance
below —1 mmd~"!. The central Burkina Faso (red zone in
Fig. 5) contains only lakes with a negative residual water
balance, of which 88.9 % have a highly negative residual wa-
ter balance below —3 mm d~!. In northern Burkina Faso and
near the western Niger border (green zone in Fig. 5), 87.5 %
of the lakes have a weak negative residual water balance,
such as the Tibin reservoir illustrated previously (Fig. 4).
Five lakes, all located in the Inner Niger Delta (blue zone
in Fig. 5), have a positive residual water balance greater than
I mmd~". Finally, eight lakes display a residual water bal-
ance close to zero. They are located near the Niger River in
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the Tillabéri region of Niger, in southern Mali on the border
with Niger, and in the eastern part of the study area (orange
zone in Fig. 5).

An example of water losses is given by a reservoir lo-
cated in southern Burkina Faso (Manga in Table 1), close to
the large lake of Bagré. The 2017-2018 dry season (Fig. 6)
starts in late October 2017, when the lake water height is
at 264.19 m, and ends in February, when the water height is
262.60m (i.e. a variation of 1.58 m). The evaporation losses
are about twice as small as the height decrease, meaning that
a significant part of the water losses is not due to evaporation.
The residual water balance for 2017-2018 is —8.54 mmd !
and averages —8.28 mmd~! over 5 years. False colour im-
ages during the dry season show that the lake is surrounded
by irrigated fields, which occupy an area similar to the lake
area. This suggests that most water losses are due to irriga-
tion in this case (Fig. 7a and b).

The water supply behaviour (positive residual water bal-
ance) is illustrated by a lake located in the Inner Niger
Delta, where the Niger river splits into multiple reaches (lake
Bakafé in Table 1; Fig. 8a—c). The 2019-2020 dry season il-
lustrates this case well (Fig. 9). Between October and May,
water heights change from 262.14 to 260.92 m, resulting in
a 1.22 m decrease. However, the maximum height is reached
about 2 months after the start of the dry season, indicating
that precipitation is not the main cause of lake filling. Vi-
sual analysis of the Sentinel-2 images shows a connection
between the lake and the river network, which is flooded
from late October onwards (as in Fig. 8c). Once the peak of
the water height is reached, the lake empties approximately
at the same rate as the estimated evaporation losses, since
the two curves are parallel. The residual water balance for
2019-2020 is 2.03mmd~! and averages 1.63mmd~! over
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ime between two successive water height samples.

the 5 years, which means that there is a regular dry season
water inflow.

4.2 Interannual variability

The residual water balance can vary from year to year
(Fig. 10), as a result of variability in anthropogenic man-
agement of resources, rainfall, length of the dry season,
changes in inflow or outflow, etc. Overall, the lakes do not
show any trend in the residual water balance throughout the
study period. About half of the reservoirs in central Burkina
Faso show greater losses in 2020-2021 than the other years.
The standard deviation (SD) over 5 years has a minimum
value of 0.27mmd~! (Lake N4) and a maximum value of
5.00mmd~! (Lake Yumban) and is equal to 1.86mmd~! on
average over all lakes. In total, 29 waterbodies have a SD
greater than 1 mmd ™!, and six lakes show a regime change
switching between positive and negative values. The evapo-
ration rate is quite constant over the 5 years for all lakes, and
its maximum standard deviation is equal to 0.42mmd~!. The
interannual water balance variability is sometimes caused by
changes in dam functioning, like for the Gomde, a reservoir
located in northern Burkina Faso. This reservoir was built to
supply the water needed by a gold mine, which is located to
the southeast of the reservoir (Fig. 11), similar to the Tibin
reservoir, created in 2012 for the Bissa Gold Mine (Newall,
2012; Ba, 2012). The standard deviation of the residual wa-
ter balance over the 5 years is equal to 2.10mmd~!, but the
first 2 years show a residual water balance close to 0, while
the last 3 years show important losses, with an average of
—3.48 mmd~!; this is a drastic change which is seen also in
the water height time series (Fig. 12). The maximum water
height variation is obtained in 2020-2021 with 2.49 m, and
the minimum is in 2016-2017 with 0.84 m.
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5 Discussion

The combination of altimetry, the time series of optical im-
ages, and evaporation modelling reveals a large variety of sit-
uations and different hydrological regimes. The studied lakes
are located in diverse environments. For instance, they can
be surrounded by bare or vegetated areas (rainfed crops, irri-
gated crops, and natural vegetation) and by soils with differ-
ent hydraulic characteristics (sandy, loamy, and rocky soils).
Lakes also differ in terms of their characteristics, such as
whether they are open water or harbouring dense aquatic veg-
etation, if there are trees growing in the flooded areas, or if
the water is clear or extremely turbid, which is associated
with very high water albedo. This complexity results in un-
certainties in water detection by MNDWTI thresholding cal-
culation (Eq. 2), which impact the water regime calculation
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(Eq. 1). First, aquatic vegetation leads to radiometric vari-
ability in the water pixels, which makes it difficult to use au-
tomatic algorithms for water detection. Moreover, lakes dry-
ing up may also affect classification. These water detection
difficulties were recently pointed out by Reis et al. (2021),
and in the same vein, Ogilvie et al. (2018) showed that, in
central Tunisia, the Global Surface Water dataset (Pekel et
al., 2016) had an omission error rate of 41 % on shallow
lakes, mostly due to pixels with vegetation or algae. More-
over, the albedo values (Table 1) highlight the diversity of
water colour, with values ranging from 0.09 for dark clear
surface water to 0.22 for bright turbid surface water, which is
higher than the albedo values generally found in lake studies.
McMahon et al. (2013), for instance, suggest a default value
of albedo of 0.08 to compute the evaporation of open water.
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(a) 3 November 2017
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(b) 6 February 2018

Figure 7. Sentinel-2 false colour images (NIR, red, and green) of the Manga reservoir surroundings, with the lake contours (in white)
obtained by thresholding of the MNDWI on (a) 3 November 2017 and (b) 6 February 2018. Active vegetation appears in red.

(a) 2 July 2019

(c) 9 December 2019

Figure 8. Sentinel-2 false colour images (NIR, red, and green) of lake Bakafé surroundings, with the lake contours (in white) obtained by
thresholding on the MNDWI at (a) 2 July 2019, (b) 10 September 2019, and (¢) 9 December 2019.

This variability challenges the determination of an opti-
mum MNDWI threshold. In this work, the threshold is cho-
sen ad hoc for each lake (Sect. 3.3), as recommended by
Reis et al. (2021), and a constant threshold throughout the
study period proved to be efficient for our study. However,
the method developed here is not very sensitive to systematic
errors in waterbody surface area detection. Given that water
areas are only used to estimate water heights via the A-H
curve, systematic errors in water area detection will not af-
fect the final height estimation. For example, systematically
missing a part of the lake in the water area detection (trunca-
tion) will modify the absolute water area values in the A-H
curve but will not change the water height values. This situ-
ation is encountered for some lakes without a well identified
connection to a river or with another lake or lakes that over-
flow, for example, downstream of a dam. Despite this, water
area classification remains a source of error in the calculation
of the residual water balance, occasionally creating outliers
in the water area time series. A close inspection of these cases
points to the misclassification of aquatic vegetation for some
images. As a result, 19 lakes under the altimeter tracks could
not be included in the study because non-systematic detec-
tion problems in water areas made the time series too noisy.

In addition, several other lakes were discarded because of
noisy or inaccurate water height time series. This is caused
by the radar altimeter resolution along-track of 300 m that
only allows the detection of lakes larger than or similar to
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its resolution. Sometimes, we do not have enough data to
construct the A-H curve, even for lakes below the track.
For some cases, this is due to the fact that certain lakes are
dry for the most part of the time span. For other few cases,
the retracking algorithm, which was designed for ice sur-
faces (Crétaux et al., 2018), does not provide consistent wa-
ter heights. Moreover, other water-like sources in the altime-
ter footprint sometimes contaminate the signal (Jiang et al.,
2020), which is possible due to the across-track resolution
of 1.64 km and shifting of the track up to 1 km. The different
filtering processes allow for the elimination of remaining out-
liers. All the different filtering processes allowed us to reduce
the errors in the final water height time series. The RMSE
value obtained by comparing to in situ data are considerably
lower than the value of 0.67 m reported by Normandin et al.
(2018, Table S5).

The seasonal amplitude, averaged over the period 2015—
2021 for all lakes, ranges between 0.89 and 3.23 m, with a
median value of 2.06 m. This is higher than the values re-
ported by Cooley et al. (2021), who estimated water height
amplitudes over 127 lakes in the Niger basin to range be-
tween 1.49 and 1.71 m (median 1.60m), using 2 years of
ICESat-2 data. The temporal resolution of the ICESat-2 time
series of about 91 d may miss the maximum and minimum
heights of most lakes, even if the larger lakes may cross sev-
eral ICESat-2 tracks, pointing to the importance of having
a finer temporal resolution. In addition, our study samples a
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larger variety of hydrological behaviours and analyses lakes
that are not found in the global database employed by Coo-
ley et al. (2021) and other global studies. This differences
in the medians could also lie in the margin of error for both
satellites.

Evaporation is an important term for the lake water bal-
ance. We have compared the results obtained with the
Penman—Monteith method with the evaporation derived from
pan observations available for the Boura reservoir and
with the GLEV method. Multi-annual averages, from 2012
to 2014, were equal to 5.33 mm d-! by our estimation,
540 mmd—! by derived evaporation (Fowe et al., 2015), and
5.38mmd ! by GLEV (Zhao et al., 2022). Evaporation dif-
ferences by these three methods are lower than an evapo-
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ration uncertainty of =1 mmd~! considered by Gal et al.
(2016) for the Penman method.

Finally, the calculation of the dry season annual residual
water balance is impacted by the first and last data at the
beginning and end of the dry season. A correct estimation
of these values is therefore important, otherwise some fluxes
may be overseen, such as early dry season filling by rivers.
Overall, we consider that the residual water balance varia-
tions above 1 mmd~! are unlikely to be caused by errors
but rather indicate water inflows in the dry season, whereas
a residual water balance below —1 mmd~" would point to-
wards water losses.

The 5-year-averaged residual water balance shows consis-
tent spatial patterns. In the Inner Niger Delta, waterbodies
predominantly show a water supply behaviour. Indeed, in this
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Figure 11. Sentinel-2 false colour images (NIR, red, and green) of the Gomde reservoir surroundings, with the lake contours obtained by
thresholding of the MNDWI on (a) 31 December 2017 and (b) 30 December 2020.
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area, lakes are connected to the river network, and they are
initially filled by rainfall and then to a greater extent by river
waters coming from the Upper Niger watershed, causing dry
season flooding of the delta (Olivry, 1995). Sometimes two
processes successively dominate a lake water regime, such as
water supply at the beginning of the dry season and water loss
afterwards. Lakes in the eastern part of the study region (from
about 0°E) show a weak positive residual water balance.
Even if these low values are below the uncertainty that we es-
timate, limited water supply during the dry season would be
in line with the water supplied by groundwater in this region
(Favreau et al., 2009). In Burkina Faso, and more importantly
in the centre, a water loss signal prevails. These observations
are in line with Fowe et al. (2015) and Venot and Krishnan
(2011), who show that the variations in the small reservoirs in
this region are due to water withdrawn for small-scale irriga-
tion, which is usually detected by the growth of surrounding
crops during the dry season. Exchanges with groundwater
(Sophocleous, 2002) could also lead to losses due to infiltra-
tion through the lake bottom. This is more likely to occur at
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the beginning of the dry season, when lakes area have ex-
panded and banks are flooded, whereas later on water losses
are less significant because lake bottoms are usually silted.
Further north in Burkina Faso, near the border with Mali and
Niger, waterbodies show little or no residual water balance
loss, which is consistent with limited anthropogenic actions
over these reservoirs. The fact that several reservoirs in this
area show residual water balance close to zero moderates the
conclusions of Cooley et al. (2021) on the substantial influ-
ence exerted by humans on surface water storage variabil-
ity. Our results show very different regimes within the same
catchment, so it is complicated to apply variations at a catch-
ment scale to lakes within that catchment.

The reservoirs in our study area are sometimes reported to
have low performance (Venot and Cecchi, 2011), mainly due
to the limited funding and human resources put into reser-
voir management (Frenken, 2005). Some of these reservoirs
were built for gold mining, so the absence of anthropogenic
withdrawals may seem inconsistent. However, this area suf-
fers from serious security issues. Since 2015, the number of
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armed conflicts has been increasing, and these conflicts are
now spreading to the whole region. Discussions with col-
leagues in Burkina Faso (Jean-Marie Dipama, personal com-
munication, 2021) and headlines in the local press lead to the
hypothesis that part of the population living near these reser-
voirs has moved to avoid conflicts, leaving reservoirs with
fewer personnel and limited irrigation projects. Another ex-
ample of the possible impact of conflicts in this area is the
Gomde reservoir, which shows a significant change in the
residual water balance after 2018 (close to 0 before 2018
and significantly negative afterwards). In this case, attacks
by armed groups interested in the gold mines (Assanvo et al.,
2019) are the probable cause of damages to the dikes, leading
to dam leakage since 2019.

This study illustrates the potential of recent remote sens-
ing sensors to explore the hydrological behaviour of lakes
in semi-arid areas. Although it is not yet possible to iden-
tify and quantify all fluxes, the residual water balance ap-
proach provides very valuable information on surface water
resources at the regional scale. The spatiotemporal resolution
of current satellites allows monitoring of small waterbodies.
The methodology developed here, based on freely available
data and tools, is easily transposable to other regions with
similar climate. Currently, the water balance estimation is re-
stricted to lakes below the altimeter tracks, which may be
around 1 % or less of the total number of lakes in this re-
gion. For example, of the 1650 reservoirs analysed by Cec-
chi et al. (2009) in Burkina Faso, only 21 are surveyed in
this study. Only one among the lakes studied is found in the
DAHITI database and none in the Hydroweb and G-REALM
databases, and all three are usually employed in global stud-
ies. A common approach to address waterbodies for which
water level estimations are not available is to assume that, in
similar geological situations, their shapes are not very differ-
ent (Cooley et al., 2021; Hou et al., 2022). For the method
developed here, it is, however, essential to derive A-H curves
for each lake, since applying a general one for all waterbod-
ies in our study region would result in misleading quantifica-
tion of water fluxes. With the arrival of the Surface Water and
Ocean Topography (SWOT) mission, which was launched at
the end of 2022, the number of lakes that can be monitored
to assess water height changes will greatly increase (Grippa
et al., 2019).

6 Conclusions

In this study, a method to estimate the hydrological regime of
37 small waterbodies from 0.04 to 37.91 km? in central Sa-
hel was proposed, based on remote sensing data from 2016
to 2021. The method combines Sentinel-3 and Sentinel-2
for the water height and water area, respectively, with me-
teorological variables from ERAS and ancillary data from
multiple sensors. A dry season water balance is estimated
over 5 years for each lake by comparing evaporation and wa-
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ter height changes which characterize the lake hydrological
regime. This method allows for a large-scale study of many
ungauged waterbodies, including small ones and lakes with
aquatic vegetation cover that are frequently overlooked in
large-scale studies. Lakes showing dry season water losses
(where water depletion is greater than evaporation) were
mainly found in central Burkina Faso. This behaviour also
concerns lakes in the north of the country but to a lesser ex-
tent. In the Inner Niger Delta, lakes mostly show dry season
water supply, caused by water inflow from multiple river net-
works during flooding of the delta, and filling of the lakes
generally at the start of the dry season. Other lakes display
a balanced behaviour, where water height closely follows
the evaporation rate. The limited water supply observed for
lakes in Niger may be caused by exchanges with groundwa-
ter, which has been observed in this region. Interannual vari-
ations in the lake hydrological regimes have been observed,
with some significant changes attributed to changes in the
anthropogenic use of water resources.

Data availability. The Sentinel-2 MultiSpectral Instrument (MSI)
data are available from Google Earth Engine (GEE; Gorelick et
al., 2017) through the Sentinel-2 MSI: MultiSpectral Instrument,
Level-1C collection (https://developers.google.com/earth-engine/
datasets/catalog/COPERNICUS_S2, European Union, ESA, and
Copernicus, 2023). The Sentinel-3 Synthetic Aperture Radar Al-
timeter (SRAL) data and the Altimetric Time Series Software
(AITiS; Frappart et al., 2021) are obtained from the Centre
de Topographie des Océans et de 1’'Hydrosphere (CTOH; http:
/Ictoh.legos.obs-mip.fr/, CTOH, 2021). Meteorological data are
obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF) of the Copernicus Climate Change Ser-
vice (C3S) through the ERAS reanalysis hourly data on sin-
gle levels from 1959 to present database (Hersbach et al.,
2018). The results contain modified Copernicus Sentinel and
C3S information (2022). Precipitation is available on GEE
through the Global Precipitation Measurement (GPM)v6 collection
(Huffman et al., 2019, https://doi.org/10.5067/GPM/IMERG/3B-
HH/06). Evaporation rate data are retrieved from the Global
Lake Evaporation Volume dataset (GLEV; Zhao et al., 2022;
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Fowe et al. (2015).
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