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Abstract

The Lake Chad located in the west-central Africa in the Sahel region at the
edge of the Sahara experienced severe drought during 1970s and 1980s and
overexploitation (unintegrated and unsustainable use), which is a result of
variant land uses and water management practices during the last 50 years.
This resulted in a decline of the water level in the Lake and surrounding riv-
ers. The present study analyzed satellite images of Lake Chad from Land-
sat-MSS, Landsat-OLI to investigate the change of the open water surface area
during the years of 1973, 1987, 2001, 2013, and 2017. Supervised classifica-
tions were performed for the land cover analysis. The open water area in 1973
was covering 16,157.34 km® approximately, and that was 64.6% of the total
lake area in the 1960s. As an ultimate result of the extreme drought that the
study area witnessed through 1970s-1980s, the open water area has decreased
to 1831.44 km?, ie. around 11.33%, compared to that in 1973. The dilemma
that the study area is suffering from is believed to be a catastrophic complica-
tion of the aforementioned drought crisis, which arose as an ultimate result
the climate change, global warming, and the unintegrated and unsustainable
use of water challenges the study area is still encountering.
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1. Introduction

Fresh water on earth surface is less than 2.5% of the total global water [1]. It

comes in form of ice, glaciers, lakes, rivers, etc. With the high population gross
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that our world faces, the demand for water had remarkably increased to meet the
domestic, agricultural, and industrial challenges, which led to the scarcity of
fresh water as a natural resource in many places on the earth. Climate change
and variation in the land use nowadays have considerably contributed to the ex-
aggeration of such a dilemma.

Lake Chad provides significant fish stocks, vital habitat for many species in the
Sahel corridor, as well as, major water source for farmlands and grazing areas [2].
Lake Chad basin is one among many regions that have been affected by the climate
changes and water unintegrated and unsustainable use in the world. Lake Chad
problem had attracted the international attention after the dramatic decrease (more
than 90%) of its surface area in less than 50 years (from 25,000 km” in 1963 to less
than 2500 km® in mid 1980s) [3]. The shrinkage of the lake surface area can be at-
tributed to many factors, such as climate change, overgrazing, and the water re-
sources unintegrated and unsustainable use, in addition to the absence of an envi-
ronmental legislation that can organize the use of the lake resources. But the dra-
matic regression of the lake in the 1970s-1980s is considered to be a direct conse-
quence of the drought that hit the African Sahel belt during that period. The
drought was extremely severe that despite the observed increase in rainfall averages
the lake still suffering from its consequence. Such drought periods had led to signif-
icant changes in the characteristics of the lake area [2]. Lake Chad crisis was on the
agenda three times during the COP 21 Global change summit in Paris 2015 [4].

Due to the relative unavailability of ground stations providing monitoring
meteorological database that would provide a comprehensive vision on the rela-
tion of the decline in the rainfall and the water discharge feeding Lake Chad, in
addition to the deficiency of the available data in concern throughout the study
indicated period (1973-2017), this paper found that GIS and remote sensing data
through using satellite images acquired by Landsat during (1973-2017) to be a
proper method to detect and estimate the changes in the water surface area and
the lake’s boundary throughout the study period, as well as finding the relation
between the shrinkage in the water surface area of the lake and the drought pe-
riods the area witnessed being believed as the major cause of such a dilemma be-
side the anthropogenic activities and strategies in water and landuse. In addition,
this paper investigates the correlation between hydroclimatic and the fluctuation

of the lake’s surface area.

2. Study Area

The Lake Chad is located in the west-central Africa in the Sahel region at the
edge of the Sahara. It is located between Latitudes 12°0'N and 14°20'N and Lon-
gitudes 13°0'E and 15°20'E. The lake shares border with four countries (Chad,

Cameroon, Niger, and Nigeria) (Figure 1).

2.1. Climate

The lake is located in a semi-arid zone. The average rainfall in the basin is 320
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Figure 1. Location map of the study area (after [5]).

mm and reaches more than 1500 mm in the southern part and less than 100 mm
in the northern part of the basin. The rainfall is monsoonal, and 90% of the
rainfall is precipitating during June to October, which is considered as a wet
season. The average temperature is 21.4°C and reaches 35°C - 40°C in the
northern part of the basin. The basin is exposed to high evaporation rate that
reaches 2200 mm during summer season. The dominant winds are the Harmat-
tan winds from November to April [6].

2.2. Hydrology

Lake Chad receives its water mainly from the Chari and the Logone Rivers, ap-
proximately 95%, the rest inflow comes from the Yobe River (3%), and 2% from
direct rainfall (Figure 1) [6].

Lake Chad extent depends on the rainfall over the whole basin which flows to
the lake through channels and rivers, mainly the Chari and Logon Rivers [6] [7],
which means any fluctuation in the annual rainfall averages affects the lake di-
rectly.

The lake was divided into three statuses according to the volume of water in
the lake [8]. These are:

1) Grand Tchad (ie. big/large chad): the water surface area is estimated to be
between 20,000 km” to 25,000 km” with an average depth of about 4 m. This sta-
tus of the lake is observed in the last century by Barth and Vogel in 1854, by
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Rohlfs in 1866, and by Nachtigal in 1870.

2) Normal Tchad: in this status, the water surface area covered around 18,000
km?, with an average depth of 2 m. In this status, an archipelago of 1000 to 2000
dune islands and limited marshy vegetation could be observed along the shores.

3) Petit Tchad (Z.e. small chad): This is the lake recent status. In this status, the
lake is divided into two parts (northern pool and southern pool) by a shallow sill
which is known by the Great Barrier locally (Figure 2). The southern pool is filled
by permanent water, but the northern pool is filled by seasonal marches [9].

A new status was proposed for the lake which is called “Dry Small Lake” in
which the northern pool remains dry all year long [9]. Since 1975, the lake has

been fluctuating between small and dry small lake statuses [9].

2.3. Geology and Geomorphology

Lake Chad used to extent over a wider area (more than 350,000 km?) with a
maximum level of 325 m above sea level during the Holocene; that giant lake is
known by “Mega Lake Chad” (MLC) [10]. Although there are numerous evi-
dences of existence of MLC [10] [11] [12] [13], the hypothesis that proves the
existence of MLC was rejected, and a tendance was to believe that the sand ridge
occurred due to a local neotectonic fault [14].

The Lake Chad basin subsurface is composed of quaternary sediments over-
laying the Pliocene sediments which are underlain by Tertiary Continental Ter-
minal sandstones. The Basin subsurface can be divided into three aquifers: the
upper, the middle, and the lower aquifer; a thick layer of clay separates the qua-
ternary and Pliocene sediments [6] [11] [15] (Figure 3(a) & Figure 3(b)).
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Figure 2. The Lake pools (after [8] [9]).
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Figure 3. Geology of Lake Chad Basin (a) and the related cross-section of the basin along A-A (b) (after [15]).
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The basin is mostly covered by fine to medium sand-sized grains. The surface
heights range between more than 3000 m above sea level in the north, north
west, and the south west (Tibesti Mountains, Ahaggar Mountains, and Adamawa
Plateau respectively) and around 180 m above sea level in the lowlands which is

located in the center of the basin [16].

3. Previous Studies

Various papers and articles have discussed the necessity of using remote sensing
data to monitor water bodies on the earth’s surface. In investigating and ex-
amining Seyfe lake water surface changes for a period of 26 years, landsat satel-
lite imagery was used [17]. The Aral sea former bottom landscape seasonal
changes from were analyzed and mapped from remote sensing data [18]. [19]
conducted a study in Nakuru County, which is a tropical region in the Rift Val-
ley of Kenya in Africa where they found that when sufficient information are not
available from ground stations utilizing GIS and remote sensing data using
landsat satellite images for a span of years can be efficient and beneficiary in as-
sessing water scarcity or drought periods and how it is directly related to the
rainfall and precipitation amount, which are in turn directly affecting the crop
yields in their study area.

Others have used multi sensor satellite data to study the dynamics of lake Tra-
simeno in Italy (e.g., [20]) and the ability of remote sensing data to support wa-
terbodies monitoring and investigation was indicated [21]. There are numerous
papers and researchers who have addressed the Lake Chad shrinkage. The Lake
Chad water surface area had decreased in 1980s to about one tenth of its original
area compared to that in 1960s which was about 25,000 km? [3].

In 1963 the lake decreased from 22,902 km? to 304 km? in 2001 [22], which
means it lost about 99% of its area. The only sources found providing significant
observation-based time series of area for Lake Chad are [23] [24] [25]. Their re-
sults differ significantly. 5 km resolution Land Surface Temperature (LST) data
from the Meteo-sat satellites operated by the European Organization for the Ex-
ploitation of Meteorological Satellites (EUMETSAT) was used to develop a
monthly record of the lake area from 1986 to 2001, differentiating water vs.
non-water using a 2-cluster unsupervised classification process [24]. Note that
this lumps dry soil, wet soil, and dry vegetation classes into a single non-water
class, and water and flooded vegetation into a single water class. They avoided
making the analysis during the wet season, which presumably limited misidenti-
fication of wet soil with the water classes.

They suggested that the use of satellite-based radar data may be helpful for
mapping both open water and water under vegetation, but cited a number of
reasons for not using it, notably the limitation of available radar data at the time
of their research. They concluded that during the study period, the lake mini-
mum size was 4600 km? in October 1987, the maximum size was 16,300 km? in

February 2000, the 25™ percentile area was 8800 km?, and the 75™ percentile area
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was 13,700 km?.

On the other hand, 1.1 km resolution Near InfraRed (NIR) data from NOAA’s
AVHRR on-orbit sensor was used to estimate the total lake surface water area
from 1995 to 1999 [23]. The estimated frequency was sub-monthly. Based on the
fact that water is absorbed strongly in the NIR part of the spectrum, whereas
healthy vegetation reflects strongly in NIR, Birkett distinguished marshland and
open water as the darkest pixels vs. dry land as brighter pixels. As a threshold
between the two, she chose the midpoint between the two characteristic peaks of
the histograms for the two types of land cover, using NIR sensor digital num-
bers. From that analysis, she found a permanent total water surface area (open
water and marshland) of 1385 km? and a peak total water surface area of ap-
proximately 5000 km’.

Land Surface Temperature (LST) data (dry seasons 2000-2016) from the
NASA Terra MODIS sensor and EUMETSAT Meteosat-based LST measure-
ments (dry seasons 1988-2001) from an earlier study was used, as well as, the to-
tal water surface area for Lake Chad using radar data (dry seasons 2015-2016)
from the ESA Sentinel-l1a mission was examined [25]. They found for the dry
seasons of 1988-1989 to 2016-2017 that the maximum total water surface area of
the lake was approximately 16,800 km® (February and May, 2000), the minimum
total water surface area of the lake was approximately 6400 km® (November,
1990), and the average was approximately 12,700 km’. Furthermore, it was
found that the total water surface area of the lake to be highly variable during
this period, with an average rate of increase of approximately 143 km” per year.

4. Materials and Methods
4.1. Satellite Images Acquisition

The data used in this paper are acquired using the Global Visualization (GloVis)
web-based platform. These data are satellite images of Landsat 1 (MSS), Landsat
5 TM, Landsat 7 (ETM+), and Landsat 8 (OLI_TIRS) for the years 1973, 1987,
2001, 2013, and 2017 (Table 1). The chosen images were acquired during Feb-
ruary and March—except for 2013—which represent the dry season with least
cloud cover. All of those images have the following characteristics: Projection:
UTM Zone 33, Spheroid: WGS 84, Datum: WGS 84.

4.2. Pre-Processing

All images were pre-processed. ENVI 5.3 software is used for pre-processing the
images, including Radiometric calibration and atmospheric correction, per-
forming post-processing (supervised classification), and calculating the classes
areas. ArcGIS 10.2 software was used to create the final maps. Atmospheric cor-
rection was conducted using the Fast Line-of-Sight Atmospheric Analysis of
Spectral Hypercubes (FLAASH) module in ENVI 5.3 after the calibration of the
digital numbers of the images to surface reflectance values. ArcGIS 10.2 software

was used to convert the raster data to vector data, extract the water surface area,
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and to create the final maps.
One image could not cover the whole lake, so the mosaic tool In ENVI 5.3
software has been used to create a single image for the whole lake for every cho-

sen year (Figure 4).

4.3. Analysis

Classification Methods

The main purpose of images classification in remote sensing is to generate land

Table 1. Characteristics of the satellite imagery used in this paper.

No data Acquisition date Path/row
1 Landsat 1 Multi-Spectral (MSS) 18 Feb/07, 26 Mar 1973 198, 199/50, 51
2 Landsat 5 Thematic Mapper (TM) 13, 20, 27 Mar 1987 184, 185, 186/50, 51
3 Landsat 7 Enhanced Thematic Mapper Plus (ETM+) 5,7, 14 Feb 2001 184, 185, 186/50, 51
4 Landsat 8 Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) 12/4,23/5 2013 184, 185, 186/50, 51
5 Landsat 8 Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) 22,29, 31 Mar 2017 184, 185, 186/50, 51

0 15 30 60 90 120
_— e KM

Figure 4. Mosaicked image of Lake Chad acquired in 2017.
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cover classes or themes. Two types of classification had been conducted to reach
the desired results:

1) Unsupervised classification

2) Supervised classification

The “Iso-Data” and the “Supervised Maximum Likelihood” methods had been
conducted for the unsupervised and supervised classification, respectively, to
identify the open water body class. The lake and its surrounding were divided
into two classes (ie. water and non-water surface) using the supervised maxi-
mum likelihood method. Then these classes were converted from raster to vector
data. For the supervised classification, high resolution Google earth images have
been used to select the training sites. Figure 5 shows the flow diagram of the

methodology.

5. Results and Discussion

The analyzed remote sensing data showed an enormous decrease in Lake Chad
surface water from 1973 to 2017. The supervised classification of Lake Chad for
the year 1973 Showed that the open water area was covering 16,157.4 km’, while
it decreased dramatically in 1987, to reach only 1495.99 km®. The water covered
only the southern pool, while the northern pool become totally dry. The total wa-
ter surface area started to increase reaching 3712.74 km” in 2001, and the water
started to cover the northern pool partially. Unfortunately, this rise did not last,
as the total water surface area reached 2686.5 km” in 2013, divided between the
two pools. The decrease continued in the following years to reach 1831.4 km” in
2017. In 2017, the lake lost about 88.77% of its water. The percentage of the water
surface area fluctuated during the different periods. In the first period (1973 to
1987) the water surface area decreased severely as the lake lost in this period
about 90.7% of its water, with only 9.26% of the lake was covered with water. The
total water surface area increased during the period of 1987 to 2001 to reach 22.98%.
From 2001 to 2013 the surface water area decreased again to reach about 16.62%.
The decrease continued in 2013 to 2017 period. The lake was covered by only
11.33% of open water comparing to 1973 (Table 2) (Figures 6(a)-(e) & Figure 7).

| Material & Data |
|

v '

‘ Landsat satellite imagery ‘ | Meteorological data |
v +

‘ Image preprocessing ‘ | Ground stations data |
¥ v

‘ Image mosaicking ‘ | Data preparation and |
¥

Supervised Classification and
accuracy assessment

Raster to vector conversion }—>‘ Lake chad surface area change detection ‘

Figure 5. Flow diagram of methodology.
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The records of N’djamena station for the mean volume of the water discharge to
the lake from the feeding rivers during the years of 2012 and 2016 showed sig-
nificant decline in 2016 compared to 2012 [26] (Figure 8). This could be attri-
buted to that the rainfall over the whole basin which flows to channels and rivers
and on which the water discharge of these rivers depends has also significantly
declined in year 2016 compared to year 2012. Accordingly, the continued de-
crease in the water surface area of Lake Chad from 2013 to 2017 is believed to be
due to the fluctuation in the annual rainfall averages, which adversely affected
the total surface water flowing to the feeding rivers and in turn the total dis-

charge to the lake.

Table 2. Lake Chad water surface area change during the period from 1973-2017.

Year Water surface area Water surface area
(Km?) (%)

1973 16,157.4 100

1987 14,95.99 9.26

2001 3712.74 22.98

2013 2686.5 16.62

2017 1831.44 11.33

E lake boundary

open water area 1973 KM
0 15 30 60 20 120
(a)
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Figure 6. Serial maps of Lake Chad showing change of water surface area in different
years through the period (1973-2017): (a) 1973; (b) 1987; (c) 2001; (d) 2013; and (e) 2017,
using supervised classification technique.
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Figure 7. A map showing the change detected in the open surface water covering Lake Chad

during the period (1973-2017), using supervised classification technique.
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Figure 8. A chart showing the decline in the mean volume of water discharge in N’djamena
station in year 2016 compared to year 2012.
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6. Conclusions

Applying GIS and remote sensing techniques through landsat satellite imagery is
a mandatory and appropriate method to be used in estimating and assessing the
status of environmentally deteriorating areas when the available data from
ground monitoring stations are inaccessible, insufficient, deficient or missing
crucial data series, such as the case in Lake Chad basin that suffers from retreat-
ing of the water surface area. The prepared maps of Lake Chad using landsat satel-
lite imagery throughout the study period (1973-2017) made it achievable to detect
the changes in the water surface area and the lake boundary variation throughout
the study period, as the water surface area was dramatically decreasing.

By correlating the few available and limited meteorological data on the fluc-
tuating rainfall and precipitation that resulted in severe drought period that the
lake Chad basin witnessed in the mid 1973 to 1980s and recurrently continued to
2017, with the prepared maps it was concluded that the drought was the major
contributor to the deterioration of the lake Chad throughout the study period,
due to the significant impact both on the water inflow the lake from the rivers
supplying the Lake (Chari and Logon) and on the recharge of groundwater
aquifers, which was reflected in the prepared maps showing the resulted shrin-
kage of the water surface area of the lake Chad and lake’s boundary fluctuation
from small to dry lake.

Beside the climate change and global warming of which the severe drought
period was an ultimate result, other factors also contributed to the current status
of Lake Chad including the absence or inadequate integrated water resources
management in the countries sharing the lake, unsustainable development pro-
grams, gaps in the monitoring data series due to the dilapidated state of the me-
teorological monitoring stations, the security situation prevailing the countries
sharing the lake and in vicinity of Lake Chad that intensively lowered the level of
their technical services, and the inaccessibility to most of the data resource on
the lake. These factors collectively made it difficult for the decision makers or
planners to adopt an environmentally sound approach in the area and prompted
researchers to utilize other more sufficient techniques, e.g., GIS and remote
sensing techniques that are capable to overcome such obstacles and facilitate in
assessing and rehabilitating the ecosystems in similar cases of environmentally

deteriorating areas.

7. Recommendations

Although the dilemma of Lake Chad is a result of a mixture of complicated nat-
ural and anthropogenic processes and factors that seem, at the first site, un-
avoidable and their impacts are irreversible or cannot be overcome, there might
be some scenarios or approaches suggested to reduce or mitigate such impacts:
1) When planning for any developmental program on any area its environ-
mental, scientific, and socioeconomic significance, the climatological, hydrolog-

ical, geological and physical settings of the targeted area, as well as, the existence
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of any vital natural resources, should be taken into consideration and the im-
pacts of such programs either they would be negatively or positively affecting the
area should be investigated thoroughly.

2) For any proposed projects in an area, an environmental impact assessment
(EIA) study should be conducted as a pre-requisite for approving such projects
as for the decision makers to take the appropriate and environmentally sound
decision.

3) There should be specific legislations that would protect, prevent, and pro-
hibit any projects or programs that would adversely affect areas of universal sig-
nificance.

4) Propose mitigation measures that might have a positive effect in reducing
the adverse impacts from either natural processes or anthropogenic activities on
the natural resources and wealth of the targeted areas, e.g. in the case of Lake
Chad, water harvesting projects, integrated water resources management of the
major rivers feeding the lake, controlling overexploitation of water in the vicinity
of the study area and conventions/agreements among the countries in which the
major rivers feeding the lake are flowing through, where such conventions/
agreements provide the organized and sustainable use of the flowing water.

5) The Lake Chad Basin is regarded as a transboundary basin that suffered
and still suffering from climate change including high temperature ranges and
evaporation rates and severe weather conditions like recurrent droughts. There-
fore, integrated management and balanced planning are vital to be applied in
Lake Chad Basin taking into account, beside the different socio-economic sec-
tors, the transhumance and migration, which would make a considerable load

on the available resources.
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