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Abstract.

The presence of ephemeral ponds and perennial lakes in the Sudano-Sahelian region of West Africa is strongly variable in

space and time. Yet, they have important ecological functions and societies are reliant on their surface waters for their lives

and livelihoods. It is essential to monitor and understand the dynamics of these lakes to assess past, present, and future water

resource changes. In this paper, we present an innovative approach to unravel the sediment and water balance of Lac Wég-5

nia, a small ungauged lake in Mali near the capital of Bamako. The approach uses optical remote sensing data to identify

the shoreline positions over a period of 22 years (2000-2021) and then attributes water surface heights (WSHs) to each ob-

servation using the lake bathymetry. The method
::
We

::::
then

:::::::
present

:
a
:::::
novel

:::::::::::
methodology

::
to
:::::::
identify

::::
and

:::::::::::
quantitatively

:::::::
analyze

::::::::
deposition

::::
and

::::::
erosion

:::::::
patterns

:::
at

::::
lake

:::::
shores

::::
and

::
in

::::
lake

:::::
beds.

::::
The

::::::
method

::::::::
therefore

:
represents a significant advancement

over previous attempts to remotely monitor lakes in the West African drylands, since it considers not only changes in wa-10

ter depth to explain recent declining trends in lake areas, but also changes in the storage capacity. We
::
At

:::
Lac

::::::::
Wégnia,

:::
we

recognize silting at the tributaries to the lake, but overall, erosion processes are dominant and threaten the persistence of the

lake because of a continuous decrease of the floor level at the outflow. This explains the decreasing trend in WSH even for the

wet-season
:::::::::
progressive

::::::
erosion

:::::::
through

:::
the

::::::
natural

::::
levee

::
at
:::
the

::::
lake

:::::
outlet.

::::
This

:::::
factor

::::::::::
contributes

::
by

::::::::
66±18%

::
to

:::
the

:::::::::
decreasing

::::
WSH

::::::
trend,

::::
while

::::::::
34±18%

::
of

:::
the

:::::::::
dry-season

::::
lake

:::::
level

:::::::
changes

::
are

:::::::::
explained

::
by

:::::::::
increasing

::::::::::
evaporation

::::
from

:::
the

::::
lake

:::
and

:::
by15

:::::::
possibly

:::::
falling

:::::::::::
groundwater

::::::
tables.

::::
Due

::
to

:::
the

:::::::::
decreasing

:::::::
reservoir

::::::::
capacity

::
of

:::
the

::::
lake,

::::::
WSHs

:::
are

::::::::
declining

::::
even

::
in

:::
the

::::
wet

:::::
season, in spite of positive rainfall patterns.

1 Introduction

In arid and semi-arid areas of West Africa, small reservoirs and natural lakes improve the reliability of water supplies for

livestock and humans and allow the diversification of agricultural activities at the locale scale (Fowe et al., 2015). Wetlands20

are important for biodiversity maintenance, ecosystem functioning and conservation (e.g. Brouwer et al., 2014). At the same

time, water resources in Sub-Saharan West Africa are under increasing pressure due to climatic changes, population growth

and land degradation (Leblanc et al., 2008; Favreau et al., 2009; Oyebande and Odunuga, 2013). Changes in land use and land
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cover can have unexpected consequences on the dynamics of surface waters. Famously, a phenomenon referred to as the "the

Sahelian paradox" led to an increase in surface water despite a general precipitation decline during the last decades of the 20th25

century. The phenomenon has been first reported for small watersheds in Burkina Faso by Albergel (1987), and later also for

several other watersheds in the West African Sahel (Descroix et al., 2009; Amogu et al., 2010). Increasing runoff coefficients

because of overall vegetation decay due to the erosion of shallow soils and long drought periods have been identified as one

of the main drivers of the seemingly paradoxical eco-hydrological changes (Dardel et al., 2014; Gal et al., 2017). In addition,

the Sahel has seen a tendency toward rising daily precipitation extremes (Frappart et al., 2009; Panthou et al., 2014), and30

increasingly concentrated runoff (Gal et al., 2017). The combination of all these effects leads to both higher inflow (Gal et al.,

2016) and higher sediment input to Sahelian lakes. The first has been manifested by a spectacular increase in pond and lake

areas in the pastoral Sahel, such as the Gourma region in northern Mali (Gardelle et al., 2010; Gal et al., 2017), and the latter

by observations of increasing turbidity and suspended particulate matter in lakes and ponds of the western Sahel (Robert et al.,

2017).35

While the water availability in some natural freshwater reservoirs in the arid and semi-arid regions of Sub-Saharan West

Africa benefited from these changes in precipitation and runoff patterns, other lakes have seen strong declines in surface area.

As such, Lake Chad is the most famous example. The surface area of Lake Chad decreased by more than 90 percent between

the 1960s and the 1980s (Pham-Duc et al., 2020; Mahmood and Jia, 2019; Gao et al., 2011). The shrinkage of Lake Chad has

been attributed to severe droughts and increased irrigation withdrawals (Coe and Foley, 2001). The lake split in two parts in40

1972. Because the southern pool receives more than 95% of river inflow, the northern pool ran completely dry in the 1980s and

has hardly recovered since then (Lemoalle et al., 2012). Excess water spilling to the northern pool is not sufficient to maintain

a permanent free water surface and, even without irrigation, the current climatology does not favour a single lake (Gao et al.,

2011).

In the past decades, Lake Chad has become a symbol of ongoing climate change and thus has attracted a lot of research45

attention. Meanwhile, hydrological change at thousands of small ephemeral ponds and perennial lakes in the region remains

to be investigated (Haas et al., 2009). Such lakes are often located in isolated regions with no road access during the rainy

season, and the inflows to the vast majority of these water bodies are completely ungauged (Fowe et al., 2015; Gal et al., 2016).

The methods developed and applied to investigate Lake Chad changes are not easily transferable to small and ungauged water

bodies. Most commonly, satellite radar and laser altimetry have been used for determining variations in water surface heights50

in time (Crétaux and Birkett, 2006; Zhu et al., 2017; Buma et al., 2018; Pham-Duc et al., 2020), but the method is restricted to

large lakes (>50 km2) due to the poor density of altimetry tracks and the low revisit times (Crétaux et al., 2016; Avisse et al.,

2017). The lack of inflow observations in small water bodies in the Sahel makes the calibration of hydrological models for

simulating the effects of human water use and climate variability on water storage and surface area (Gao et al., 2011) or for

assessing streamflow trends (Mahmood and Jia, 2019) difficult, if not impossible.55

Among the few studies that unravelled the water balance of small water bodies (<10 km2) in arid and semi-arid regions

of Sub-Saharan West Africa, Fowe et al. (2015) measured rainfall, evaporation, and reservoir water level at a small reservoir

in Burkina Faso for a two-year period. They concluded that available water resources in the studied system were adequate to
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ful�ll existing demands. Soti et al. (2010) presented the application of a simple hydrological model to 98 seasonal ponds in

North Senegal for water level simulations. The spatio-temporal dynamics of the ponds were successfully reproduced, but the60

model required daily �eld data for calibration (rainfall, water level), and its performance strongly depended on the quality of

available rainfall inputs. Gal et al. (2016) has combined area-volume (AV) relationships of three small Sahelian lakes with

daily evaporation and precipitation data to estimate water in�ow to the lakes. They succeeded to quantify the processes behind

the Sahelian paradox by showing that the ratio between annual water in�ow and precipitation has increased in the last 60

years. The study by Gal et al. (2016) demonstrated that it is possible to unravel the hydrology of small Sahelian lakes without65

in-situ measurements. However, deriving in�ows by empirical AV scaling relationships disregards the sedimentation of natural

lakes. The Sahel region is marked by a high degree of weathering due to the climatic conditions (Nippes, 1984) and increasing

soil erosion due to land degradation and concentrated runoff (Karambiri et al., 2003; Amogu, 2009; Descroix et al., 2009).

Constant AV relationships are ignoring the fact that the reservoir capacity of Sahelian lakes may naturally change due to

sediment deposition and erosion.70

The objectives of our study are: (1) to develop and test a new method for quantifying both the sediment and the water balance

of an ungauged lake (Lac Wégnia in Mali) based on remote sensing information, (2) to quantify the evolution of water surface

elevation and surface area over the last twenty-two years in the lake, and (3) to attribute possible causes to observed changes

and identify adequate measures to safeguard the ecological balance and environmental equilibrium of the lake.

The method we are proposing is based on the waterline method (Mason et al., 1995). The waterline (or shoreline) refers to75

the water-land boundary and can be regarded as a contour line that connects points of equal elevation. The general methodology

consists of detecting the ever-shifting edge of water bodies in remotely sensed images using image processing techniques and

assigning heights to shoreline points using water level information or bathymetry data. The method is a widely used technique

for constructing intertidal DEMs (Salameh et al., 2019). Morphological change can then be quantitatively estimated based on

DEMs generated for different years or seasons (e.g. Mason et al., 1999; Ryu et al., 2008; Heygster et al., 2010; Li et al., 2014;80

Xu et al., 2016). Only in recent years, likely because of better data coverage and availability of remote sensing imagery, the

method has been adapted to generate time-series of water surface heights (WSH) of lakes and reservoirs (Tseng et al., 2016; Ma

et al., 2019; Weekley and Li, 2019; Yue and Liu, 2019; Militino et al., 2020; Xu et al., 2020)or for Water,
:::
or

::
for

:::::
water

:
volume

estimates of desert lakesArmon et al. (2020)
:::::::::::::::::
(Armon et al., 2020). The method is only applicable to recently �lled reservoirs

or other water bodies where the water level has increased above the level at the time the elevation data were collected. The85

method has not yet been employed in Sub-Saharan West Africa, despite the fact that the region is particularly suitable for an

application of the method, because bathymetric surveys can be carried out towards the end of the dry season, when the lake

levels are at their lowest.

For the present work we apply the waterline method with a digital elevation model (DEM) derived from an unmanned aerial

vehicle (UAV) survey in May 2019. The shorelines of Lac Wégnia are identi�ed by leveraging the Landsat and Sentinel-290

image archives. A novel methodology is presented to identify and quantitatively analyze deposition and erosion patterns at

the lake shores andwithin the lake bed by mapping the temporal evolution of shoreline position anomalies. Finally, reservoir
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capacity changes and storage variations are retrieved, which allows us to carry out a detailed water balance analysis of Lac

Wégnia.

2 Study site and climate95

Lac Wégnia (13� 18'00"N, 08� 07'46"W) is located in south-west Mali, approximately 75 km north of Bamakao (Figure 1), in

the watershed of the Senegal River and more speci�cally in the watershed of the Baoulé River, the main tributary of Bakoy

River. With an average annual rainfall of about 850 mm the lake is at the boundary between the Sahelian and the Sudanian

eco-climate. The climate is characterized by convective heavy rainfalls during the wet season resulting from the West-African

monsoon, and a long dry season. The rainy season is short, extending typically from late June to mid-September. The mor-100

phology of the surrounding region is characterized by the predominance of sandstone plateaus often covered with ferruginous

crusts between 300 and 400 m altitude (de La Rocque and Renoullin, 2015).

In 2013 Lac Wégnia was designated as a RAMSAR site (Coulibaly et al., 2013) and is thus part of the RAMSAR list of

wetlands of international importance. The entire RAMSAR site has an area of 3,900 ha and includes also several smaller lakes

and ponds in the vicinity of Lac Wégnia. The freshwater lakes and marshes of the Lac Wégnia RAMSAR site are unique in105

the region for their ecological characteristics and natural state (Coulibaly et al., 2013). Lac Wégnia plays an essential role in

the natural control of �oods. The seasonal water retention by the lake is important for the wetlands and the entire surrounding

area. About 12,000 people depend directly on the lake and its surroundings for food and for economic activities such as �shing,

raising livestock and agriculture (DNEF/PAZU, 2018).

Lac Wégnia has two main tributaries (Figure 1), one from the south (catchment area 742 km2) and one from the east (384110

km2). The entire catchment area of the lake is about 1157 km2. The lake drains at its northwestern end through a narrow gully,

but out�ow from the lake is only activated during the wet season. During the entire dry season the river bed of theef�uent

:::::
outlet and of the tributaries are dry. Towards the end of the wet season the lake extends to an area of about 1500 ha, but then

continuously decreases in size during the dry season. While at the beginning of the century the lake rarely decreased to areas

of less than 200 ha, this is now common. In recent years the surface water area has decreased to less than 10 ha in late May115

and early June (de La Rocque and Renoullin, 2015). To safeguard the ecological balance, there is urgent need to understand

the causes of recent water area trends and to assess the changes in lake water storage.

3 Data

3.1 UAV data

The UAVs eBee and RTK from SenseFly were used for the realization of thedrone
:::::
aerial survey on 9/10 May 2019. The UAVs120

were mounted with a senseFly S.O.D.A camera with a 20 megapixel sensor. Its lens was �xed at a focal length of 35 mm

and the altitude of the �ights was 180 m. All the aerial photographs were processed using the commercial software Agisoft

Photoscan to generate the DEM. The orthomosaic images (Figure 1a) have a spatial resolution of 3.28 cm and the DEM a
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Figure 1. Overview map of Lac Wégnia. a)Orthoimageof thedronefootage
::::::::
Orthoimage

::::::
mosaic from

::::
UAV

::
on

:
9/10 May 2019. Thewater

area
::::::
waterline

:
at level 330 m asl (based on the UAV-DEM) and on theday

:::
days

:
of the drone

:::
UAV

:
�ights (328.7 m asl) are shown. The

out�ow is activated if the water level reaches above 329.8 m asl. b) Outline of the two main contributing catchments and location of Lac

Wégnia in Mali.

resolution of 6 cm. Based on three ground control points, the mean error in X and Y direction was estimated to be 1.6 cm and

5.6 cm in Z direction, respectively. More technical details on the topographic survey are provided by Vandemeulebrouck et al.125

(2019).

3.2 Satellite remote sensing data

This research utilizes high spatial resolution remote sensing data from the following satellite missions: Landsat 5 (L5, 1984-

2012), Landsat 7 (L7, 1999-present), Landsat 8 (L8, 2013-present) and Sentinel-2 (2015-present). We process surface re-

�ectance images from all available scenes in the L5, L7, L8 and S2 archive from the study period October 1999 - May 2021 in130

Google Earth Engine (GEE, Gorelick et al., 2017).

3.3 Meteorological data

Meteorological data used in this study is provided by various gridded datasets (Table 1). We use all seven precipitation products

that are available for the study region through the Earth Engine Data Catalog. Two out of the seven products also provide the

necessary inputs for the calculation of evaporation rates from open water surfaces (Section 4.2: GLDAS (Rodell et al., 2004)135

and ERA5 (Hersbach et al., 2020)
:
). All datasets are characterized by a high spatial (5-25 km) and temporal (hourly-daily)

resolution.

In-situ observations are available from a station of the Trans-African Hydro-Meteorological Observatory (TAHMO) project

(van de Giesen et al., 2014) in Guioyo, approximately 25 km north-west of Lac Wégnia. We have set up the station in February

2020 within a fenced school compound. The station measures precipitation, air temperature, incoming shortwave radiation,140
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