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Abstract: Spatial and temporal changes in the water surfaces of the Nakanbe-Wayen watershed influence, at the local and
national levels, sustainable economic development. However, these changes in the basin remain poorly characterized. The
present study, which aims at analyzing the spatio-temporal dynamics of the water surfaces of lakes Bam and Dem, two
wetlands of international importance in the said watershed, exploited the processing power of the Google Earth Engine (GEE)
platform to analyze 2121 Landsat image scenes over the period from 2000 to 2020. The water surfaces extraction algorithm,
based on a combination of water and vegetation index, has been tested and adopted to rapidly extract the water surfaces of said
wetlands. The results indicate that: (1) the water surfaces extraction method is well suited to that of Bam and Dem lakes; (2)
the areas of water surfaces have a significant shrinking trend respectively -22.80 ha/year (P-value=0.0006) and -4.44 ha/year
(P-value=0. 009) of the permanent surfaces of Bam Lake and Dem Lake from 2000 to 2020; (3) changes in the water surfaces
of these lakes may be associated with climate change and human activities and should be studied in more detail. In view of the
significant loss of water surfaces areas and the importance of lakes Bam and Dem for the communities and the environment,
taking into account strong and concerted actions for restoration and conservation is urgent in order to perpetuate these natural
spaces.

Keywords: Landsat, Google Earth Engine, Wetlands, Dynamics of Change, Burkina Faso

their quality, the sharp decline in their volume and the
shrinkage of their surface area [4-7].

The surface water resources of Burkina Faso, in particular
those of the watershed of the Nakanbé River, one of the most
important rivers in the country, are not immune to this
observation. The changing hydrological conditions since the
last century threaten the economy and ecology of this
watershed [8]. In these conditions of vulnerability of the local
populations, it is more than important to have more in-depth
knowledge on the spatio-temporal dynamics of the water
surfaces in order to ensure a sustainable management of these

1. Introduction

Water is the major functional driver of wetlands [1]. This
resource is extremely important for the promotion
sustainable development, especially in the semi-arid
Sahelian countries of West Africa. As essential components
and key indicators of water resources [2], surface waters,
especially those of wetlands, provide a range of ecosystem
services such as water supply and regulation, climate
regulation and food production [3]. However, they are
undergoing remarkable changes, such as the deterioration of
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water resources. Nowadays, remote sensing permits to follow
these spatio-temporal changes [9, 10]. Indeed, studies on the
changes of water surfaces in the Nakanbe-Wayen basin have
been conducted using MODIS and TerraSAR-X images [11].
However, these studies have used medium resolution and
epoch-based images because it is difficult to process huge
amounts of remote sensing data [12]. In the study area, there
have been no studies of water surface dynamics based on a
long series of high-resolution satellite images. Yet, due to the
dynamics of surface waters, such studies based on high
temporal resolution of satellite images, could provide more
information to monitor the changes of water surfaces. The
Google Earth Engine (GEE) platform offers a promising
solution for processing large volumes of data or "big data"
[13-15]. It has been widely used in many studies, especially
wetlands mapping [13, 16-19]. It offers efficient computing
performances in terms power and time [2, 12, 13]. Therefore,
GEE is like a good tool to understand the long-term changes of
water surfaces [2].

Thus, this study aims at (1) adapting a new framework for
rapid and automated detection of wetland water surfaces, (2)
analyzing long-term changes from 1991 to 2020, (3)
improving knowledge of surface water body dynamics.

2. Material and Methods
2.1. Study Area

Lake Bam covers an area of about 2.350 ha in high water
period [20]. Its watershed, located in the province of Bam,
covers 2.610 km? [21]. Lake Bam, the largest natural and
permanent lake in Burkina Faso [22], is the economic lung of
the North-Central region. It has been a Ramsar wetland of
international importance since 2009 [23] and an important
habitat for many species of birds, fish and the Nile crocodile
[20]. Water is abstracted for irrigation. In addition, fishing and
livestock farming are highly developed there.

Lake Dem is a natural lake, with an area of 750 ha and extends
over a length of about 20 km at high water [24]. The water is not
only withdrawn for irrigation but also for the drinking water
supply for the town of Kaya, located about 10 km from the lake
[20]. Other activities include fishing and livestock breeding [24].
It plays a very important role in the conservation of biodiversity,
especially avian and aquatic biodiversity. The lake has been
designated a Ramsar site since 2009.

Both sites belong to the Nakanbe-Wayen watershed, a
sub-watershed of the Nakanbe River. The Nakanbe River is
the second most important river in the country after the
Mouhoun River.
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Figure 1. Location of study sites.

2.2. Data and Acquisition Sources

2.2.1. Landsat Images

Surface water bodies have significant seasonal and
intra-annual variations. Therefore, in order to gather more
information on their dynamics, all Landsat 5 TM, Landsat 7

ETM+, and Landsat 8 OLI images of the collection 2'
covering the study area, over the period from 2000 to 2020

1 Collection 2: second major reprocessing campaign on the Landsat archive,
released in December 2020 by the USGS. Collection 2 processing has resulted in
several data product improvements that exploit recent advances in data processing,
algorithm development, and data access and distribution capabilities.
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were collected on the Google Earth Engine platform
(https://earthengine.google.org/). A total of 2121 Landsat 5, 7,
and 8 images from Collection 2 (Figure 2), with a spatial

40

resolution of 30 m and were used as a data source for the
detection and extraction of surface water bodies.
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Figure 2. Annual distribution of Landsat images.

Landsat images from Collection 2 have been subjected to
geometric and atmospheric correction, as well as
cross-calibration between different sensors [25, 26], which
improves the detection and characterization of surface
changes. Landsat images were chosen for this study because
they offer high spatial and temporal resolution data, open and
free access, and having the longest time series [27-30]
allowing the monitoring of wetlands.

2.2.2. Sentinel-2 Multispectral Instrument (MSI) Images

All images Sentinel-2 MSI images, 10 m spatial resolution
from the year 2020, with less than 10% cloud cover were
selected to assess the accuracy of extracting water surfaces of
Bam and Dem Lakes wetlands.

2.3. Processing and Analysis Methods

2.3.1. Data Preparation

In an effort to improve the quality of the series images and
the efficiency of the calculation, a series of pre-processing
was applied to all the collected images. First, the images with
cloud cover less than or equal to 15% were selected. Then,
we applied a cloud mask to each of these images, using the
"Fmask" function of GEE in order to remove residual clouds
(as well as cloud shadows) from the collected images. This
algorithm was built based on the quality band of Landsat
surface reflectance products [18, 30, 31]. Pixels disabled
from the scan line correction (SLC) of the Landsat ETM+
dataset, were treated as clouds or shadows by the same
"Fmask" function [31], their impact was found to be limited
on the analysis of time series analysis [7, 31]. Thus,
unmasked pixels were considered good observations. Six
spectral bands, including blue, green, red, near-infrared,
shortwave infrared 1, and shortwave infrared 2, were used to
extract water surfaces.

2.3.2. Detection, Extraction and Frequency of Water
Presence

Due to the mixed distribution of water and vegetation likely to
exist in wetlands, water surfaces can be detected using the
relationships between water and vegetation indices [18]. Water
index, such as modified normalized difference water index
(mNDWI) and vegetation indices such as enhanced vegetation
index (EVI) and normalized difference vegetation index (NDVI),
which equations are as follows (1 to 3), were used in the
algorithm proposed by Zou et al [32] and was adapted for this
study, to extract the open water surfaces of these wetlands areas.

Green —SWIR1

MNDW] = —en 2SR (1)
Green + SWIR1
NDV] = PIR=Red ?)
PIR+ Red
EVI = 2.5 * PIR ~Red 3)

(PIR+6+ Red—7.5%Blue+1)

Where Red, Green, Blue, PIR, and SWIRI1 are the
reflectance of the Red band (0.63-0.69 pm), Green band
(0.52-0.6 um), Blue band (0.45-0.52 pm), Near Infrared band
(0.77-0.9 um), and SWIR1 band (1.55-1.75 pm), respectively.
2.5 is the gain factor, 1 is the soil adjustment factor, and 6 and
7.5 are the atmospheric scattering correction coefficients.

This algorithm has been shown to be effective in many
studies [2, 12, 18, 33-35], with an overall accuracy of more
than 96%. Its equation is as follows:

mNDWI >NDVI and EVI <0.1 or

mNDWI > EVI and EVI < 0.1 @)

The criterion mNDWI>EVI or mNDWI>NDVI identifies
pixels that have a stronger water signal than the vegetation
signal. EVI<0.1 can ensure that vegetation pixels or mixed
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water and vegetation pixels have been eliminated.

Therefore, only pixels meeting the (4) criteria were
classified as water pixels. This algorithm is effective for
mapping surface waters [17, 32]. In addition, it has been tested
by several other authors [2, 12, 18, 33-35] and has given good
results (Kappa coefficient between 85 and 90%).

The water frequency index (Feau) was used to analyze the
spatio-temporal dynamics of open water surfaces in the
wetlands of Bam and Dem lakes. This index is defined as the
percentage of water observations out of all good observations
[2, 18, 36, 37]. For each detected water pixel, its frequency
over a year was calculated using equation (5):

_ ZNwater
Fwater - ZNtotal (5)

Where Fwae, between 0 and 1 is the frequency of water
over a given period. Ny, represents the number of times a
pixel is classified as water in a given period, and Ny
represents the total number of pixels of good observations in a
given period.

Based on the one-year water frequency index (Fyuer), the
water pixels were classified into three classes. Seasonal water
areas with Fy,. between [0.25-0.75], permanent water areas
with Fyger between [0.75-1] and maximum water areas,
representing the accumulation of permanent and seasonal

water [17, 32, 34]. The frequency between [0-0.25] is
considered to be the "No Water" class.

2.3.3. Evaluation of the Accuracy of Water Surfaces
Extraction

Open water surfaces mapping of the two wetlands (Lake
Bam and lake Dem) was generated using the Landsat images,
an open water extraction algorithm, and the GEE platform
mentioned above. The stratified random sampling approach and
very high resolution Sentinel-2 images were used to assess the
accuracy of the open water surface map in 2020. The Sentinel-2
images were subjected to the same selection conditions as
Landsat [2], i.e., having less than 15% cloud cover. A total of
409 Sentinel-2 images were used to serve as data for the
validation of the water surface extraction map. First, the study
area was divided into two strata water and non-water. Then,
random points were generated in each stratum using QGIS
software and then supplemented with ground truth points. A
total of 1597 points were generated for the validation of the two
strata: water (275 points) and non-water (1322 points). A
confusion matrix, with producer accuracy (PA), user accuracy
(UA), overall accuracy (OA) and Kappa coefficient (Kc) was
calculated to assess the accuracy of the results.

Figure 3 (Figure 3a and Figure 3b) shows the spatial
distribution of the validation sample.
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Figure 3. Spatial distribution of the validation sample.
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2.3.4. Statistical Analysis of the Spatial and Temporal
Dynamics of Surface Waters

A set of descriptive statistics tests was used to analyze the
variations. The trend analysis of the water surfaces of the lakes
Bam and Dem wetlands was done using a linear regression
method, composed of the Mann-Kendall (Mann, 1945;
Kendall, 1975) and Sen [38] tests. This is a non-parametric
method of robust linear trend regression [33, 38-41],
recommended by the World Meteorological Organization
(WMO). It is used to test for the presence or absence of trend
and to estimate the slope associated with the trend in time
series [42]. This method is widely used in hydrological time
trend studies [42-48].

2.3.5. Analysis Tools

Most of the processing was performed on the Google Earth
Engine platform
(https://developers.google.com/earth-engine/), which has
great power for storing and processing remote sensing data [2,
12, 13]. All statistical analyses were performed using R
software, and the maps were edited using QGIS.

3. Results

3.1. Assessing the Accuracy of the Extraction of the Surface
Water Bodies

Table 1 shows the extraction accuracy of the surface water

bodies of lakes Bam and Dem. The user and producer
accuracies are 94.08% and 98.18% respectively. At the same
time the overall accuracy and kappa coefficient, which are
also respectively high 97.87% and 95.67%. These results
show that the surface waters extraction is consistent with the
ground truth. That is why, we estimate that the algorithm of
Zou et al. (2017) is also well suited for the extraction of open
water surfaces in the said study area.

3.2. Analysis of the Spatio-Temporal Dynamics of the Water
Surfaces of Lake Bam

Figure 4 shows the spatial distribution of the water surfaces
of the Bam Lake wetland. This is the maximum and minimum
range of the period from 2000 to 2020, as well as the historical
average of that period.

Compared to the historical average of the series (Figure 4c),
the relatively low water frequency values at the edges and the
northern part of the lake tend to disappear over the years, and a
shrinkage of the central part is observed (Figure 4a) and
Figure 4b). Also, during this period, the water surfaces of the
Lake Bam wetland have varied up and down from one year to
another. The seasonal area recorded the most variation with a
coefficient of variation of 48.04%, followed by the permanent
area with a coefficient of variation of 25.26%. The maximum
area is the one that has varied less in the period, with a
coefficient of variation of 20.23%. The summary of water
surfaces is presented in Table 1.

Table 1. Confusion matrix.

Landsat Sentinel 2

Water No water Total Producer Accuracy (PA)
Water 270 5 275 98.18
No water 17 1305 1322 98.71
Total 287 1310 1597 Overall accuracy (OA) = 97.87
User's accuracy (UA) 94.08 9.62 Kappa coefficient = 95.67
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Figure 4. Spatial distribution of water surfaces in Lake Bam from 2000 to 2020.
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Table 2. Summary of water surfaces (ha) of the Bam Lake wetland from 2000 to 2020.

Area Minimum Average Standard deviation Coefficient of variation Maximum
Maximum 1123.07 1464.80 296.40 20.23 1947.73
Permanent 715.85 1087.30 274.73 25.26 1673.88
Seasonal 176.24 373.45 179.40 48.04 743.60

The trend analyses of the water surfaces of Lake Bam show  of -39.29 ha/year (P-value=0.000005) respectively for the
a significant downward trend for all the water surfaces of the =~ permanent (Figure 5b), seasonal (Figure 5c), and maximum
said wetland (Figure 5), with a rate of decrease of -22.80  (Figure 5a) water surfaces.
ha/year (P-value=0.0006) and -15.72 ha/year (P-value=0.0108)
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Figure 5. Assessment and trend of the water surfaces of Bam Lake.

the permanent water surface of the edges is observed in
general, with a remarkable shrinking of the North-East part of
the Dem Lake. This illustrates well the tendency to the
seasonality of the lake.

3.3. Analysis of the Spatio-Temporal Dynamics of the Water
Surfaces of the Lake Dem

Figure 6 presents the spatio-temporal distribution of the
water surfaces of the wetland of "Dem Lake". A shrinking of
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Figure 6. Spatial distribution of the water surfaces of lake Dem wetland from 2000 to 2020.

Also, the water surfaces of the lake varied from one year to  the other during the period 2000 to 2020. The seasonal surface
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recorded the most variation with a coefficient of variation of
39%, followed by the permanent surface with a coefficient of
variation of 16.86%. The maximum surface has varied less in

Table 3. Water surfaces area (in ha) of the

44

the period, with a coefficient of variation of 9.53%. The
summary of the water surfaces is presented in Table 3.

"Dem Lake" wetland from 2000 to 2020.

Area Minimum Average Standard deviation Coefficient of variation Maximum
Maximum 446.27 540.63 51.56 9.53 668.08
Permanent 301.92 457.19 77.08 16.86 626.92
Seasonal 34.31 83.44 32.81 39 144.34
a decreasing trend (Figure 7a) of -2.27 ha/year (P-value
700 ¥=-2.1483x + 564.27 =0.086), with a significance level of 10%.
? R? = 0.0668
e 4. Discussion
z 500 o - 4.1. Spatial and Temporal Dynamics of the Water Surfaces
N\ VY of the Watershed
400 ; :
SO S et 5067 SOCE BOID 2013 e TG SR SR8 The spatio-temporal dynarplcs of the water surfaces of lakes
Years Bam and Dem show a significant (P-value < 0.05) trend of
shrinkage during 2000 and 2020. These results corroborate the
—e— Maximum - Linear (Maximum) study of Moser et al. (2014), based on medium optical
] resolution time series (2000 to 2014), which detects strong
a. Maximum water surface . . .
negative trends in the water surfaces of these lakes. This trend
o Y= 4.3212x + 504.72 towards shrinking of the water resource surfaces conditions,
R?=0.121 threaten the sustainability of these wetland ecosystems [8, 49].
600 At the current rate of change, these lakes are threatened with
= 500 extinction. According to CINTECH [50], Lake Dem, with an
< area of 778.35 ha in 1992, has been decreased to an area of
< 400 551.08 ha in 2012, resulting in a reduction rate of
300 approximately 30% of its area in 20 years. .
The loss of water surfaces and especially those of lakes is
200 ; ;
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 common.to many countries. [n Africa, most ofthes.e wetlands
_—— are considered as endangered ecosystems [51]. Riddell et al
[52] highlighted a loss of about 30-60% of wetlands in South
—+—Pemanent - Linear (Pemancnt) Africa. The same observation has been made in Sub-Saharan
Africa [53]. Several authors agree that the loss of wetland
b. Permanent water surface water surfaces is the combined result of natural and
- anthropogenic factors [54-61].
¥ = 2.1729x + 59.546 Most of the country's water resources come exclusively
150 R?*=0.1688 from precipitation, one of the climatic factors that have a
z significant impact on surface water changes [62]. Thus, the
5 100 high inter-annual variability of precipitation from one year to
& s another recorded in the watershed influences the availability
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—— Seasonal Linear (Seasonal)
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Figure 7. Assessment and trend of the water surfaces of Dem Lake.

The results obtained from the linear regression models
show a significant downward trend in the permanent water
surface (Figure 7a) of -4.44 ha/year (P-value=0.009) and a
significant upward trend in the seasonal water surface (Figure
7¢) of 2.12 ha/year (P=0.001) per year. The maximum area has

of already limited water resources [63]. Also, surface waters
are increasingly subject to a higher evaporation in continuous
growth, consecutive to the rise in temperature [64]. Moreover,
according to [65] the annual average of the evaporation is
more than 2000 mm, thus losing more than 60% of the water
in the surface reservoirs. In addition, the increasing trend of
extreme events, recorded with global warming [66], such as
the increase in the intensity and occurrence of intense rainfall,
accentuated by the fragility of the sloping soils [67],
accelerates water erosion, with the consequence of the
sedimentation (silting) of water bodies [68] which is felt in a
disturbing way, at the level of lakes Bam and Dem [69].
Ouedraogo [70] shows that Lake Bam lost one-third (1/3) of
its depth between 1963 and 2006. In addition, the rise in
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temperatures combined with the increase in rainfall variability
also leads to an increase demand in water for irrigation [35].
Knowing that the waters of the lakes are mainly used for
agriculture, the increased withdrawal of water for irrigation
purpose leads to a decrease in surface waters area.

This climatic pressure is exacerbated by unsustainable
water resource use and management practices, which are
closely linked to population growth. These resources are
subject to unprecedented overexploitation, resulting in a
perpetual increase in the demand for water for the various
needs (drinking, agricultural, industrial, etc.) of the
populations whose numbers are constantly growing [63, 71].
Also Serpantie and Zombre [72] assert that wetlands have
played an increasing agricultural role there since the droughts
of the 1970s and 1980s in Burkina Faso.

Clearly, spatio-temporal changes in surface water bodies
have a profound influence on sustainable economic
development [2], exacerbating the wvulnerability of the
populations that depend on them, all the more as the level of
development is closely dependent on natural resources
[73-76]. Therefore, a sustainable management of these spaces
of these wetland ecosystems is recommended, in order to
guarantee their accessibility to the populations for their
multiple uses.

4.2. Limitation of the Research

The Google Earth Engine platform was mainly used to
analyze of the dynamics of water surfaces of lakes Bam and
Dem. This platform is quite user-friendly, for processing large
volumes of data or "big data" of remote sensing. However,
knowledge of JavaScript or Python programming language is
required. This remains the main limitation of the use of this
platform. Also, the annual availability of Landsat images prior
to the year 2000 over the study area does not meet the
conditions of at least one image per month (of which cloud
cover is less than 15% cloud cover). This was a limitation in
the choice of the period. In addition, the spatial resolution of
30 m could omit minute changes in water surfaces. Therefore,
a higher spatial resolution, such as Sentinel-2 images, could be
considered to fill this gap. However, many satellites providing
very high resolution images have only recently been put into
orbit. This is the case of Sentinel-2, which was launched in
2015.

5. Conclusion

This study examined the spatio-temporal changes in the
water surfaces of lakes Bam and Dem wetlands of the
Nakanbe-Wayen basin over the period from 2000 to 2020. All
Landsat TM, ETM+ and OLI images covering the study area
and available in the Google Earth Engine (GEE) platform over
this period were used. The spatio-temporal dynamics of the
water surfaces of the wetlands of Bam and Dem lakes in the
basin were analyzed via a water extraction algorithm based on
a combination of water and vegetation index, using the Google
Earth Engine platform. Better accuracies were obtained, with
Kappa coefficient of 95.6% and an overall accuracy is 97.87%,

demonstrating that the method of extracting water surfaces
adopted is as effective and suitable for the Bam and Dem lakes
watersheds.

The analysis results show that the water surfaces of the
wetlands have undergone major changes between 2000 and
2020, with a significant trend (P-value < 0. 05) towards a
decrease in water surfaces. At the current rate of their
evolution, these lakes are at high risk of disappearing if strong
and concerted actions are not taken to reverse this trend.

This study raises the alarm for politicians and managers on
the necessity and urgency to preserve the potential of Bam and
Dem lakes which contribute enormously to the
socio-economic development of the area in particular and the
country in general. This is why, following this study, we
recommend the development of an appropriate and anticipated
water resource management strategy at the watershed level.
This should be formulated in a participatory scheme,
involving all stakeholders, integrating science, governance,
society and focusing on the availability of water resources. In
perspective, this study should be completed by a climate risk
analysis on the water resource of the said watershed.
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