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Abstract: Over 30 million people rely on Lake Victoria for survival in Northeast African countries,
including Ethiopia, Eritrea, Somalia, and Djibout. The lake faces significant challenges due to changes
in land use and climate. This study used multi-source remote sensing data in the Google Earth Engine
(GEE) platform to create Land Use and Land Cover (LULC), land surface temperature (LST), and
Normalized Difference Water Index (NDWI) layers in the period 2000–2023 to understand the impact
of LULC and climate change on Lake Victoria Basin. The land use/land cover trends before 2020
indicated an increase in the urban areas from 0.13% in 2000 to 0.16% in 2020. Croplands increased
from 6.51% in 2000 to 7.88% in 2020. The water surface area averaged 61,559 square km, which has
increased since 2000 with an average rate of 1.3%. The “Permanent Wetland” size change from 2000
to 2020 varied from 1.70% to 1.83%. Cropland/Natural Vegetation Mosaics rose from 12.77% to
15.01%, through 2000 to 2020. However, more than 29,000 residents were displaced in mid-2020 as
the water increased by 1.21 m from the fall of 2019 to the middle of 2020. Furthermore, land-surface
temperature averaged 23.98 degrees in 2000 and 23.49 in 2024.

Keywords: MODIS; Sentinel-2; Landsat 7 ETM+; LULC; NDWI

1. Introduction

Lake Victoria is the largest freshwater lake in Africa and tropical zones and the second
largest freshwater lake in the world; the largest one is Lake Superior in North America [1],
with a 194,200 square kilometers catchment area of the basin [2,3], and a lake water surface
area of around 69,295 square kilometers [4,5]. Lake Victoria (LV) is inhabited by 30 million
people, which is considered Africa’s highest population density [6,7]. Its diverse ecosystem
supports millions of lives through agriculture, water supply, and livelihoods [1], especially
the fish [3]. It is located between the Central African and East African Rift valleys, spanning
the equator (0◦30′N–3◦12′S; 31◦37′–34◦53′E) [8]. Furthermore, The Lake Victoria Basin
(LVB) is a crucial ecological, socio-economic, and cultural center in East Africa, shared by
Uganda, Kenya, and Tanzania. However, Tanzania has the largest percentage of shoreline
(Figure 1); this wide body of water stretches into the horizon—appearing more like an
ocean than a lake [8]. At the same time, the Lake Basin is located in five countries: Tanzania,
Uganda, Kenya, Rwanda, and Burundi, with different share percentages (Figures 2 and 3).
Moreover, the Lake is a significant and critical water source for Ethiopia, South Sudan,
Sudan, and Egypt [3].
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Figure 3. Lake Victoria’s hydrological and geographical settings [9].

Lake Victoria depends on rain for 80% of its water [8], with the remaining 20% coming
from the Kagera, Mara, Ngono, Grumeti, and Simiyu rivers [Table 1]. Lake Victoria, which
has experienced three complete dry-ups over the past 100,000 years, has been replaced by
vast grasslands on each occasion. The Lake is an important area with both economic and
ecological significance. However, it is currently under threat due to significant regional
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development and urbanization that has taken place over the years. This has caused changes
in land use and land cover (LULC), as well as contributing to global environmental changes
such as climate change. As the lake’s existence is strongly related to the rainfall, which
makes it highly susceptible to changes in climate and land use of the Lake Victoria Basin,
observable alterations in rainfall patterns, temperature fluctuations, and the frequency of
extreme weather events have posed considerable threats not only for the lake water but
all ecosystem in the basin area [10]. While the climate change resulted from the change in
the LULC and affects vegetation and soil factors [11,12], these transformations in land use
and land cover, driven by population growth, urbanization, agriculture expansion, and
deforestation, have significantly altered the basin’s landscape, influencing its hydrology,
biodiversity, and overall ecological equilibrium [13,14].

Table 1. Water resources for Lake Victoria.

Water Source for Lake Victoria Water Amount [m3/Day] Percentage [%]

Rainfall 193,920,000 80

Kagera River 32,408,880 13.37

Mara River 7,200,000 2.97

Ngono River 3,878,400 1.60

Grumeti River 2,884,560 1.19

Simiyu River 2,302,800 0.95

Total Lake water 242,594,640 100

Up until 2019, understanding the history of the lake was crucial in identifying patterns
of change to prevent it from drying up [15]. However, in June 2019, the water level of Lake
Victoria began to rise rapidly due to an increase in rainfall. As of June 2023, the average
water level is 13.42 m, which is the highest recorded in the Lake’s history. In 2019, the water
levels were at 12.00 m, according to the East Africa Consortium for Clinical Research [14].
The highest recorded flood levels exceeding 13.41 m were in 1964. This has resulted in most
of the buildings in the lake basin being displaced. Currently, Kenya is constructing three
dams to control floods, while environmentalists are working with farmers to prevent soil
erosion [15]. In the period between April and July 2020, over 29,000 people residing within
a 50 km radius of the Lake’s shorelines were impacted by floods. The Basin experienced
the highest levels of precipitation in at least three decades, leading to a 1.21 m rise in lake
levels from late 2019 to mid-2020. This flood event is classified as a 63-year event in the
current climate, defined as a six-month rise in lake levels as extreme as that observed in the
lead-up to May 2020 [16].

It is crucial to monitor the challenges and significant changes in the lake and its basin
due to their environmental, social, and economic impacts on Northeast Africa [4]. Over
30 million people and 334 species [16] rely on the lake’s resources, which are vital in
agriculture, livelihoods, the blue economy, and water. However, land use and climate
change pose a significant threat to the lake’s water security. Additionally, the unexpected
rise in water levels in 2020 caused environmental and economic disasters. This paper aimed
to explore these challenges and analyze patterns of change in land use and water levels
before and after 2020. The findings will guide better land use planning programs, strategies,
and policies to adapt to future climate change impacts.

This article discusses two main concerns related to Victoria Lake’s water, which are
land use and land cover changes affecting water quality and the rise in water levels affecting
land use in the basin. The paper analyzed existing research on Victoria Lake’s water quality
assessments and highlighted the correlation between these assessments and changes in
land use and land cover over the years. Furthermore, this study focused on the water levels
in the lake over the past 32 years at six-month intervals, comparing the effects of increased
water levels since 2019 on land use and land cover in the Lake Victoria Basin (LVB).
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2. Methodology

The methodology, which is carried out within Google Earth Engine (GEE), involved
obtaining, pre-processing, and processing multi-sensor satellite imagery, including 500 m
resolution MODIS data, 20 m Sentinel-2 data, and 30 m Landsat 7 ETM+ data. Google Earth
Engine (GEE) is a freely accessible platform that provides access to satellite remote sensing
data and spatial analysis tools [17–19]. GEE supports cloud-based processing and allows for
coding for data extraction and processing. Moreover, GEE has a rich stack of API documents,
many remote sensing image processing algorithms, and a user-friendly interface.

2.1. Moderate Resolution Imaging Spectroradiometer (MODIS) Data

The LULC data layers were extracted for the study area in GEE from NASA’s Moderate
Resolution Imaging Spectroradiometer (MODIS) data, combining information from the
two MODIS instruments, Terra and Aqua. Specifically, the data layers were extracted from
the NASA LP DAAC at the USGS EROS Center’s product, MCD12Q1v061, which has a
500 m resolution and is derived through supervised classifications of MODIS reflectance
data [20].

The land surface temperature (LST) data layers were extracted from MODIS thermal
bands 31 and 32. Specifically, the data layers were extracted from the NASA LP DAAC at
the USGS EROS Center’s product, MOD11A1.061, which has a 1 km resolution in which
temperature value is derived from the MOD11_L2 swath product.

2.2. Sentinel-2 & Landsat 7 ETM+

Sentinel-2 is the European Space Agency’s (ESA) high-resolution, multi-spectral imag-
ing. In this study, Level-2 20 m resolution data were accessed and processed in GEE to
produce a robust boundary of Lake Victoria; Sentinel-2 data were used to derive the water
index, specifically the Normalized Difference Water Index (NDWI). The NDWI is known
to capture the spectral characteristics of water, enabling the difference between water
and other land surface features [21]. Using Sentinel 2 data, the NDWI can be calculated
using Equation (1).

NDWI (sentinel 2) = (band 3 − band 8)/(band 3 + band 8) (1)

Equation (1) was implemented in GEE to extract the lake’s water boundary in 2020 and
2023. Sentinel-2 data for the study area were first pre-processed using cloud masking and
radiometric calibration. Radiometric calibration converts the digital number (DN) to the
top of the atmosphere (TOA) reflectance. Pre-processing was concluded with atmospheric
correction of the imagery using the ESA’s sen2cor tool for Sentinel-2 imagery process-
ing [22]. Sentinel-2 bands we used to estimate the NDWI (Equation (1)) are Band 3: Green
(0.543–0.578 µm) and Band 5: Near-Infrared (0.785–0.899 µm). The NDWI data layers were
derived in GEE and then imported into ArcGIS Pro as raster layers, which were reclassified
and converted to polygon layers.

Collection 2 surface reflectance Tier 1 data, which are atmospherically corrected, were
used to estimate NDWI in 2000, 2005, 2010, and 2015. Specifically, the Enhanced Thematic
Mapper Plus (ETM+) sensor data were used to calculate NDWI using Equation (2).

NDWI (Landsat 7 ETM+) = (band 3 − band 5)/(band 3 + band 5) (2)

Landsat 7 is USA NASA’s high-resolution, multi-spectral imaging satellite that carries
the Enhanced Thematic Mapper Plus (ETM+) sensor. Landsat 7 ETM+ imagery has seven
spectral bands (30 m) and a panchromatic (15 m). The Landsat 7 ETM+ bands we used to
estimate the NDWI (Equation (2)) were Band 3: Red (0.63–0.69 µm) and Band 5: Short-wave
Infrared (1.55–1.75 µm).
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3. Results and Discussion
3.1. Qualitative Change in the Lake Water

The change in the patterns of land use, mainly linked to agricultural practices and
urban development, has been identified as a potential contributor to water quality is-
sues [23–25]. The decrease in watersheds and changes in land cover have implications for
Lake Victoria’s variability in chlorophyll-a and turbidity concentrations [20]. About 75%
of the wetland area in the Ugandan Victoria Lake Basin has been significantly affected by
human activities, and about 13% was severely degraded from 1980 to 2015 [26]. During the
1990s, there were very high perceptions of chlorophyll-a concentrations compared with
the measurements taken in 2018–2019. This level of chlorophyll-a suggests that there have
been changes in nutrient dynamics and phytoplankton dominance. In 2023, the lake’s
phytoplankton will still be mostly dominated by diatoms and cyanobacteria. However,
taxa have shifted from gas-vacuolated heterocystous to non-heterocystous filamentous and
coccal/colonial cyanobacteria [27]. However, in 2019, some parameters, such as Biochem-
ical Oxygen Demand, Phosphorus, Lead, and Cadmium, showed slight improvements
from the 2013 sampling. However, Nitrogen levels slightly increased and may have come
from agricultural fertilizers, wastewater, and animal waste [28]. In the same year, 2019,
chlorophyll-a weight percentage was measured in the surface waters of the Lake. The
concentration found in shoreside waters was 10.3 ± 7.1 µg/L, while in offshore waters,
it was 2.8 ± 1.1 µg/L. This concentration suggests that the current levels are lower than
those observed in the 1990s. Changes in the Lake’s phytoplankton composition and higher
dissolved silica concentrations were also observed. The recent modifications have resulted
in the return of Aulacoseira spp. to the Lake [19]. In the 2020s, Lake Victoria’s ecosystem
is under threat due to pollution. Traditional pollutants, such as nutrients, contribute to
algae’s growth and oxygen depletion in the Lake. In addition, emerging pollutants like
microplastics [Polyethylene and Polypropylene] [29], pharmaceuticals, and e-waste are
worsening the problem. Human activities such as washing clothes and bathing in the Lake
contribute to nutrient pollution, and sand mining disrupts fish breeding areas. The mi-
croplastics found in fish pose a health risk, and the decline in fish stocks puts the economic
livelihoods of communities surrounding the lake in danger [30].

3.2. Change in Landuse/Landcover (LULC) Patterns

Land use refers to how humans use and manage land and its resources to sustain
life [31]. It encompasses any human activity related to land use for agricultural, residential,
commercial, or other purposes. The reasons for land use and land cover change are often
a combination of human and natural events [32]. Land cover, on the other hand, refers
to the physical and biological materials on the land’s surface, whether they are natural
or human-made. This is different from land use. Land use and land cover are commonly
used together as (LULC), which is considered the result of natural and socio-economic
aspects of an area and their corresponding human activity in space and time [33]. Land use
and land cover change (LULCC) have increased within basin boundaries [34] and globally
due to a variety of biophysical, political, and socio-economic factors [9,35]. Some studies
have suggested that the complex interactions of these factors, combined with population
pressure and technological advancements, lead to LULC change [1,28–37]. Over the past
30 years, the Victoria Lake basin has featured different types of natural forests, croplands,
water bodies, bare lands, urban areas, and other activities.

Kenya experienced a remarkable increase of 500% in production values between 1985
and 1990. In recent years, research on pollution in the Lake Victoria Basin has gained
prominence. It has been actively conducted by institutions such as the University of
Nairobi and the Kenya Marine and Fisheries Research Institute (KMFRI) [36]. Similarly,
Tanzania saw a substantial increase in production values by 750% during the same period.
Meanwhile, flooding has become a critical issue in Uganda, leading to the displacement
of a majority of the basin’s residents and highlighting the urgent need for mitigation
measures [38]. Over the years, the entire Lake Victoria Basin’s LULC has undergone
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significant changes from 1901 to 2019. Concerns have been raised about reducing vegetation
cover and expanding urban and industrial land use zones, which have affected water
quantity and quality [2,38]. However, since 2020, the primary concern has shifted to the
dangers posed by a significant decrease in urban areas.

The high population growth before 2020 in the LVB in recent decades has led to defor-
estation, the removal of grass, and the expansion of agriculture and urbanization [30,39].
A massive volume of the literature looks at the LULC cover change before the floods and
the rise in the Victoria Lake water level; all used remote sensing. Landsat imageries have
critically served the classification of the different urban and environmental components
in screening for land use land/cover change [30]. The focus is mainly on the riparian
areas [40], aiming to know about the LULC patterns in those areas, how they change, and
the impact of those changes. In the Ugandan part of the LVB, between 1955 and 1985,
only 33 square kilometers (1.3%) of the total terrain was converted to subsistence farming.
Secondly, between 1955 and 2000, 48 square kilometers (2.0%) of the whole terrain were
converted to subsistence farming. Only 15 square kilometers (0.6%) of the total terrain was
converted to subsistence farming between 1985 and 2000. The highest elevation areas in
the Kenyan Part of the basin are primarily used for grazing. In contrast, the canyon floor
is used for cultivation, except for flooded areas. Homesteads are distributed by altitude,
separating cultivation fields down the valley and grazing fields up the hills [41].

The Kenyan part of the LVB is divided into five counties (Busia, Homabay, Kisumu,
Migori, and Siaya) and was evaluated for the years 1978, 1988, 1998, 2008, and 2018. The
accuracy of the evaluation was from 0.81 to 0.96, with Kappa coefficient values decreasing
between 0.62 and 0.91 [42]. Significant changes have occurred in Kenya’s green patterns
(NDVI) [6]. Most grasslands and vegetation bays are constantly being converted to other
land uses, transforming many green lands into bare lands [39,40]. This transformation
is mainly due to deforestation, urban sprawl, and grass bush-burning activities [43,44].
Grasslands and vegetation growing on wetland sides are at a very high risk of dying due
to decreased water levels, which was the case in the 1970s and 1980s [45], or due to high
rainwater perceptions, which was the case in 2005 [46]. Another valid reason for decreasing
the green cover is the removal of green lands for agricultural and residential expansion to
mitigate the increase in the area’s population.

In contrast, the green cover could increase when the water returns to it is average level
before the flooding period. It stimulates the greeneries to grow very fast in those areas,
such as the case in Nyando of Kisumu Bay [47]. Moreover, the government introduced
forest plantations for water reservation in Gwassi and Wire Hills [48].

The conversion of land use is determined according to the dimension of the topography
and current sub-surface. The dominant change applies agribusiness growth at the cost of
grazing land. Before 1950, semiarid and sub-humid regions were primarily rural, with
disorganized territories. Since the 1950s, LVB in the Kenyan area has faced a massive
transformation from grazing land to diverse crop-livestock agriculture. The speed of
farming growth is hindering in particular locations, especially in territories encountering
a shortage of water issues, for example, below Mt. Kilimanjaro on both the Kenyan and
Tanzanian sides and the eastern inclines of Mt. Kenya. Rustic inhabitant development is also
decelerating in multiple locales. Nevertheless, agricultural expansion and local industries
continued rapidly in some spots in Uganda, especially between 1984 and 2015 [49,50].
Looking at the Lulc change with the primary rivers’ basin of the LV, for example, in the
Kagera Basin, vast shifts in land cover have happened throughout the previous century.
The changes are the following:

• A noteworthy boost in farmland zones occurred from 1901 to 2010, while overgrown
woodlands declined considerably;

• Forests (51% to 6.9%) from 1901 to 2010;
• Savannas (35% to 19.6%) from 1901 to 2010.
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Woodland degradation was monitored through 1974 and 1995 and tracked by re-
growth in 1995 and 2010 because of conservation efforts. Forestation enterprises guided
to an expansion in greening the forests through the exact time. The surveyed speeds of
LULC change in the Kagera Basin exceed those documented in Sub-Saharan Africa and
additional international territories [26,27]. In addition to the Kagera River Basin, in 2000,
the Nyando River in the Lake Victoria drainage basin experienced a 16% increase in peak
discharges across all 14 sub-catchments, which led to a 10% increase in the grasslands on
the river sides from 5% to 15% as a result of flooding [26].

3.3. LULC Change Impact on the Victoria Lake Water Surface Area

Analyzing the patterns of LULC change in the LVB is very important as it directly af-
fects the water of the lake. Some studies conducted in the LVB revealed a strong correlation
(r = 91.3%, p = 0.001) between human activities and LULC changes [51]. Utilizing Google
Earth data, this research brief examined the LULC change in Landsat imagery from 2000 to
2020 (Figure 4), with five-year intervals to look at the modifications in the changes in the
LULC with the relationship with watershed surface area. The 15 land use and land cover
categories used in this analysis are shown in (Table 2). It is noticeable from (Figure 5) that
there was a change in the LULC. Changes in the LVB indicate different tendencies from
2000 to 2020.

Table 2. LULC classes definition in LVB.

LULC Classes Definitions

Evergreen Needleleaf Forests Dominated by evergreen conifer trees (canopy > 2 m). Tree cover > 60%.

Evergreen Broadleaf Forests Dominated by evergreen broadleaf and palmate trees (canopy > 2 m).
Tree cover > 60%.

Deciduous Broadleaf Forests Dominated by deciduous broadleaf trees (canopy > 2 m). Tree cover > 60%.

Mixed Forests Dominated by neither deciduous nor evergreen (40–60% of each) tree type
(canopy > 2 m). Tree cover > 60%.

Closed Shrublands Dominated by woody perennials (1–2 m height) >60% cover.

Open Shrublands Dominated by woody perennials (1–2 m height) 10–60% cover.

Woody Savannas Tree cover 30–60% (canopy > 2 m).

Savannas Tree cover 10–30% (canopy > 2 m).

Grasslands Dominated by herbaceous annuals (<2 m).

Permanent Wetlands Permanently inundated lands with 30–60% water cover and >10% vegetated cover.

Croplands At least 60% of the area is cultivated cropland.

Urban and Built-up Lands At least 30% impervious surface area, including building materials, asphalt, and
vehicles.

Cropland/Natural Vegetation Mosaics Mosaics of small-scale cultivation 40–60% with natural tree, shrub, or herbaceous
vegetation.

Barren At least 60% of the area is non-vegetated barren (sand, rock, soil) areas with less than
10% vegetation.

Water Bodies Permanent water bodies cover at least 60% of the area.

Grasslands always maintain a consequential presence, varying from 35.6% in 2000 to
38.86% in 2020, revealing ongoing power (Figure 5). Water bodies, constituting roughly
25.5% of the entire basin, are significant and regular. Evergreen Broadleaf Forests have a
declining tendency, from 2.05% to 1.65%, from 2000 to 2020, respectively. Woody Savannas
and Savannas present a considerable extent, with Woody Savannas encountering a slight
boost from 0.59% to 0.70% in 2000 and 2020, respectively. Closed and Open Shrubland areas
display instabilities, though they stay reasonably low. Permanent Wetland areas remain
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stable, going from 1.70% to 1.83%, and Croplands indicate take-ups, notably growing
from 6.51% in 2000 to 7.88% in 2020. Urban areas and built-up land continuously grew
from 0.13% in 2000 to 0.16% in 2020, demonstrating urbanization movements. Secular
shifts attended in the different classifications emphasize the vibrant character of LULC.
The growth in croplands and urban/built-up land underlines the continuing effect of
human activities.
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The “Permanent Wetland” size displays resilience over the monitored time (2000 to
2020), varying from 1.70% to 1.83% (Figure 5). These percentages indicate possible corre-
lations with other LULC classes. Notably, there is a positive connection with the “Water
Bodies” class, as wetlands are usually related to Victoria Lake. The uniform and regular
area of “Permanent Wetland” may negatively relate to “Urban and Built-up Lands”, offer-
ing thriving preservation measures as wetlands are generally rescued from urban growth.
The relations with classes such as grasslands, savannas, croplands, and cropland/natural
vegetation mosaics could be complicated and affected by lake hydrological and environ-
mental parameters. In general, the almost steady amount of water in the lake area suggests
a slight change over the years; this change would be evident if the observed period were
more than 20 years.

3.4. Climate Change Impact on the Victoria Lake Water

Lake Victoria faces many environmental changes, and different characteristics con-
tribute to the marked differences in water quantity [52]. Over the past four years, significant
environmental changes have occurred in LV, mainly attributed to changes in land use and
land cover, inappropriate agricultural practices, industrialization, and the degradation of
critical water bodies, among other factors [22]. Currently, the main concern since May 2020
has been the geographical expansion of the lake’s water area. By using remote sensing, the
floods were mapped, indicating that more than 29,000 inhabitants in the 50 km buffer of the
lake boundaries were influenced by the recorded floods between April and July 2020 [8].
LVB suffered from the unpredicted rise in water precipitation levels, driving the water
level to increase by 1.21 m from the fall of 2019 to the middle of 2020. This flood record
happened 63 years ago [22].

Lake Victoria faced a critical increase in water level beginning in October 2019. The lev-
els reached 12.66 m in December 2019 and reached their maximum at 12.94 m on 6 May 2020.
the lake’s water volume increased by approximately 1750 gigatonnes over the study period
from 2019 to 2020 [49]. That huge water volume change impacted the hydraulic forces in
energy generation stations, leading to damage to dams [53]. Consequently, approximately
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200,000 individuals living around the lake have been replaced or left without homes [8].
Furthermore, different developments such as recreational facilities, agricultural lands, and
residences around LV and the River Nile were flooded and affected the local economy [26].

Many pieces of literature (e.g., [39,54,55]) and online sources show that the LV water
level [Figure 6] faced hydrological dynamics over the past 32 years between January and
June. In the 1990s, the water levels were relatively stable at around 1135 m. In the 2000s,
the data show varying levels, with some years experiencing slight decreases or moderate
increases. There were significant upraises in 1998 and 2000, gaining 1136.5 and 1136.21 m
respectively. In the last years, an incremental upward tendency has been noticed, with
2020 and 2021 records where the most increased water levels reached 1136.81 and 1136.8 m,
respectively. In January 2024, the level was decreased slightly to 1136.47 m.

Remote Sens. 2024, 16, x FOR PEER REVIEW 10 of 19 
 

 

and July 2020 [8]. LVB suffered from the unpredicted rise in water precipitation levels, 
driving the water level to increase by 1.21 m from the fall of 2019 to the middle of 2020. 
This flood record happened 63 years ago [22]. 

Lake Victoria faced a critical increase in water level beginning in October 2019. The 
levels reached 12.66 m in December 2019 and reached their maximum at 12.94 m on 6 May 
2020. the lake’s water volume increased by approximately 1750 gigatonnes over the study 
period from 2019 to 2020 [49]. That huge water volume change impacted the hydraulic 
forces in energy generation stations, leading to damage to dams [53]. Consequently, ap-
proximately 200,000 individuals living around the lake have been replaced or left without 
homes [8]. Furthermore, different developments such as recreational facilities, agricultural 
lands, and residences around LV and the River Nile were flooded and affected the local 
economy [26]. 

Many pieces of literature (e.g., [39,54,55]) and online sources show that the LV water 
level [Figure 6] faced hydrological dynamics over the past 32 years between January and 
June. In the 1990s, the water levels were relatively stable at around 1135 m. In the 2000s, 
the data show varying levels, with some years experiencing slight decreases or moderate 
increases. There were significant upraises in 1998 and 2000, gaining 1136.5 and 1136.21 m 
respectively. In the last years, an incremental upward tendency has been noticed, with 
2020 and 2021 records where the most increased water levels reached 1136.81 and 1136.8 
m, respectively. In January 2024, the level was decreased slightly to 1136.47 m. 

 
Figure 6. The change in water level in Victoria Lake from 1992 to 2024 (https://hydroweb.theia-
land.fr/hydroweb/view/L_victoria?lang=en(accessed on 18 March 2024)). 

The expectation of the climate analysis and the collected information reveals that se-
vere circumstances, such as the considerable peak in water levels from the last of 2019 to 
the middle of 2020, have 1.8 times more potential in the recent climate because of human 
activities. Without such an effect, a similar case would have resulted in a more than 7 cm 
inferior peak in VL water quantity [53,56]. However, natural variability contributes to un-
certainties in the parameters statement, increasing the chance that the possibility or mag-
nitude of the marked changes may not be directly attributable to anthropogenic environ-
mental impact. 

Water management can cause floods and increase water levels even after flood sea-
son. The susceptibility of the built environment, the local businesses in the flooding zones, 
and the ways in which climatic variables impact seasonal rainfall play significant roles 
[57]. The increase in water quantity has consequences that go beyond just climate-related 

1133.5

1134

1134.5

1135

1135.5

1136

1136.5

1137

1990 1995 2000 2005 2010 2015 2020 2025 2030

Water level (m) January Water level (m) June

Figure 6. The change in water level in Victoria Lake from 1992 to 2024 (https://hydroweb.theia-land.
fr/hydroweb/view/L_victoria?lang=en(accessed on 18 March 2024)).

The expectation of the climate analysis and the collected information reveals that
severe circumstances, such as the considerable peak in water levels from the last of 2019 to
the middle of 2020, have 1.8 times more potential in the recent climate because of human
activities. Without such an effect, a similar case would have resulted in a more than
7 cm inferior peak in VL water quantity [53,56]. However, natural variability contributes
to uncertainties in the parameters statement, increasing the chance that the possibility
or magnitude of the marked changes may not be directly attributable to anthropogenic
environmental impact.

Water management can cause floods and increase water levels even after flood season.
The susceptibility of the built environment, the local businesses in the flooding zones, and
the ways in which climatic variables impact seasonal rainfall play significant roles [57].
The increase in water quantity has consequences that go beyond just climate-related stress.
Energy generation companies have reported that the gradual rise in water levels is affecting
source levels in Nalubaale and Kiira energy generation stations. This, in turn, affects the
hydraulic pressures and leakage pipes in the dams. This illustrates the interplay between
natural environmental changes and man-made structures, emphasizing the need for a
comprehensive understanding of their relationship.

The Intergovernmental Panel on Climate Change (IPCC) studies various aspects of
climate change and emphasizes Africa’s vulnerability to global warming, which is predicted
to exceed international standards. In particular, regions like the White Nile River, which is a
major source of water for Lake Victoria, are expected to experience changes in precipitation
levels, adding to the complexity of environmental challenges faced by the region [58]. LULC
differences appear as key factors to environmental shifts in the LVB. Scholars highlight
the complicated link between land surface procedures and climate [59], acknowledging

https://hydroweb.theia-land.fr/hydroweb/view/L_victoria?lang=en(accessed
https://hydroweb.theia-land.fr/hydroweb/view/L_victoria?lang=en(accessed
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that LULC changes [60], for example, deforestation and urbanization, cause an increase in
land surface temperature (LST), while the rise in the water level as the result of flooding
decreases the (LST), indicating regional climate patterns. Analysis was performed for the
LST every January 2000, 2005, 2010, 2015, 2020, and 2024 using the Google Earth data
source [Figure 7].

Remote Sens. 2024, 16, x FOR PEER REVIEW 11 of 19 
 

 

stress. Energy generation companies have reported that the gradual rise in water levels is 
affecting source levels in Nalubaale and Kiira energy generation stations. This, in turn, 
affects the hydraulic pressures and leakage pipes in the dams. This illustrates the interplay 
between natural environmental changes and man-made structures, emphasizing the need 
for a comprehensive understanding of their relationship. 

The Intergovernmental Panel on Climate Change (IPCC) studies various aspects of 
climate change and emphasizes Africa’s vulnerability to global warming, which is pre-
dicted to exceed international standards. In particular, regions like the White Nile River, 
which is a major source of water for Lake Victoria, are expected to experience changes in 
precipitation levels, adding to the complexity of environmental challenges faced by the 
region [58]. LULC differences appear as key factors to environmental shifts in the LVB. 
Scholars highlight the complicated link between land surface procedures and climate [59], 
acknowledging that LULC changes [60], for example, deforestation and urbanization, 
cause an increase in land surface temperature (LST), while the rise in the water level as 
the result of flooding decreases the (LST), indicating regional climate patterns. Analysis 
was performed for the LST every January 2000, 2005, 2010, 2015, 2020, and 2024 using the 
Google Earth data source [Figure 7]. 

 
Figure 7. The land surface temperature change in the LVB in 2000, 2005, 2010, 2015, 2020, and 2024. Figure 7. The land surface temperature change in the LVB in 2000, 2005, 2010, 2015, 2020, and 2024.

The six LST layers shown in Figure 7 above have been presented in the line graph
(Figure 8), showing an essential understanding of spatial variability of LST in the last
24 years with 5-year intervals. In 2000, the LST varied from 39.2867 to 8.665 degrees,
averaging 23.97585 degrees. The following years indicate instabilities, with 2024 displaying
the highest temperature of 36.069 degrees, a minimum of 10.92 degrees, and an average of
23.4945 degrees. The decrease in maximum temperature in 2020 and 2024 may be due to
increased water levels from flooding. Figure 9 below shows the lake’s boundary presented
in ArcGIS Pro as polygon layers obtained by converting the NDWI raster layers extracted
from Sentinel-2 and Landsat 7 ETM+ imagery. The 2000, 2005, 2010, and 2015 NDWI raster
layers were derived from Landsat 7 ETM+ imagery, and the 2020 and 2023 NDWI layers
were extracted from Sentinel-2. The NDWI layers extracted from Landsat were resampled
at 20 m resolution to match the resolution of those derived from Sentinel-2.
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Figure 8. The annual maximum, minimum, and average LST in January in 2000, 2005, 2010, 2015,
2020, and 2024, Google Earth data source.
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Figure 9. The polygon layers that represent the lake’s boundaries in 2000–2023.

The lake’s water area variation in the period 2000–2023 is shown in Figure 10 below.
The water surface area, averaging 61,559 km, has been increasing since 2000 with an
average rate of 1.3%. Gathering historical data is of the utmost importance when it comes
to comprehending and analyzing climate change. The water levels in Lake Victoria can
provide valuable insights into the changes that have been influenced by various climatic
indicators, such as El Niño and Southern Oscillation (ENSO), Indian Ocean Dipole, and
other large-scale climate systems [61]. For instance, the rainfall that occurred during
the El Niño of 1998 exemplifies the intricate interplay of climate cycles that impact the
environment [39].
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The LVB’s spatial area serves as a hub for water users. Understanding how land use
systems impact the lake water is essential because it will impact the lake’s social, economic,
and environmental parameters [62]. To standardize methodology and interpretations,
countries sharing transboundary resources need to collaborate. Land use policies and the
economic environment that influence land cover changes differ by country [63]. The LVB
documented changes, occurring over 8000 years, indicate noteworthy ecological changes
caused by changes in LULC. Significant modifications include agricultural land expansions,
intensification, and forest and woodland area drops [59]. The impact of those changes
was significant for agriculture as the major economic land use in the basin area includes
sugar, cotton, tea, and coffee. Furthermore, 75% of the LVB workforce are farmers [64].
Therefore, the LULC change increases deforestation and introduces new unsustainable
farming methods, leading to soil erosion and poor nutrition [65].

It is important to note that climate change involves multiple factors. While perception
may play a crucial role, there are other factors at play as well. Those factors may include
tidal motions similar to those seen in the sea. These motions have a significant impact,
causing the water level to be high on one side and low on the other side when the tide is
high. Additionally, some of these tidal motions can occur in the outflows and impact the LV
water level, such as in the case of the White Nile at Jinja. In 2000, dry conditions threatened
Victoria Lake because of the temporary drying out of Simiyu River Basin wetlands as
pastoralism impacted their carrying capacity through grazing during droughts [65].

The change in water level has a significant impact on communities in the basin area,
particularly on energy generation. For example, after the expansion of the Nalubaale dam
and a mid-2000s drought, water levels decreased, prompting communities to relocate closer
to the shore. Second, since October 2019, around 200,000 people have been displaced or
left homeless due to submerged homes. Subsequent steady increases since 2007, espe-
cially in 2020, have left many communities vulnerable to floods [56,61,62]. Third, various
developments around Lake Victoria and the outflow river discharges were flooded and
economically impacted. The Kenya Meteorological Department predicted an increase in the
LV level since the fall of 2019, causing widespread destruction in various regions [66]. Fifth,
the replacement of natural ecosystems with impervious surfaces reduces soil moisture
absorption, while removing forest cover and wetlands worsens flooding. In addition to
removing some of the forests, flooding causes significant changes in vegetation cover,
replacing broad areas of savanna plants with rainforests [67]. Sixth, a forecast was made
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that the increase in water levels and flooding that occurred in 2020 and 2021 will benefit
the lake and result in a quick recovery from drought events by June 2022 [68].

It is not deniable that the regional governments’ efforts are being made to address
the changes that are happening in the lake water. For example, the CIWA-funded Nile
Cooperation for Climate Resilience (NCCR) is starting to manage the data and institutional
gaps by improving the water quantity and quality in the Lake Victoria Basin (LVB) [62].
Moreover, the Kenyan government introduced a master plan to balance the capacity for
investment planning in the lake basin, highlighting the drivers of declining water quality
in the lake [60,64]. However, Kenya is making huge initiatives to mitigate this change, but
serious action is required from the Ugandan government, as Uganda is the main contributor
to the negative change in the water quality.

3.5. Articulation of Policy Changes Needed to Address These Complex Problems

To tackle the complex issues affecting Lake Victoria, it is crucial to have a thorough
policy framework that covers agricultural, socio-economic, political, and diplomatic factors.
Agricultural policies need to encourage sustainable practices like agroecology and respon-
sible fishing to address pollution and overfishing [69]. Socio-economic programs need to
prioritize empowering communities with education and vocational training to help them
broaden their sources of income and decrease reliance on lake resources [69]. Regarding
politics, it is essential to create a transboundary governance body with representatives from
Uganda, Kenya, and Tanzania for organized resource management and conflict resolu-
tion [70]. Moreover, bolstering diplomatic efforts via regional cooperation agreements can
encourage cooperation and build trust among countries that border a lake, encouraging a
joint commitment to its well-being [71]. The implementation of these coordinated policy
adjustments is essential for promoting sustainable development and enhancing the ability
of communities relying on Lake Victoria to withstand challenges.

4. Limitation and Future Research

Although the impact of Lake Victoria is crucial to millions of African countries’ in-
habitants, research in the following areas is limited. Firstly, several pieces of literature
focus on the specific changes in LULC in the LVB over various years. Many of these papers
highlight the Kenyan and Ugandan parts of the basin. However, only the Siamu River
Basin has been studied in the Tanzanian part of the LVB [70,72]. Future research should
also include the Rwandan and Burundian parts of the LVB. Secondly, before the 2020 floods,
projections for the VL basin indicated an increase in temperature levels and a decrease in
precipitation [73,74]. Following the floods, it is assumed that urban areas and croplands
within the basin dramatically reduced, indicating a complete absence of the LULC analysis
after the increase in the LV water level. Thirdly, the LULC has a significant impact on the
water quality of the Lake Victoria Basin (LVB) [38,75]. However, this topic has limited
research, particularly in the Tanzanian portion of the lake. Typically, water quality anal-
ysis research is focused on only one country’s part of the basin, and each research study
uses a different methodology. These methodological variations can affect the results of
the analysis and make it challenging to compare the water quality among the different
countries, thus hindering a complete understanding of the lake’s overall water quality [76].
Fourthly, it is crucial to conduct further climate research and consider non-meteorological
factors that contribute to flooding. Fifthly, although remote sensing data is available, the
relationships between land cover classes have yet to be demonstrated. Moreover, limited
research highlights possible correlations between environmental procedures and natural
resources used in this shared basin between five countries.

It has been observed that some literature forecasts the environmental situation in LV, but the
data used does not consider recent water events. It is crucial to have updated forecasts after 2020
to guide planning strategies and policies toward managing the changes in land use and waste
management, especially for plastic [77]. The updated forecast will help prevent biodiversity
loss [78] and protect the inhabitants of the LVB from unpredictable future disasters.
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5. Conclusions

To conclude, this research used multi-source remote sensing data to examine the
impact of LULC and climate change, represented by LST, on Lake Victoria. LULC and LST
datasets were obtained from MODIS data, while NDWI layers were derived from Landsat
7 ETM+ and Sentinel-2 data. Analysis showed that climate change (represented by LST)
and human activities (represented by LULC) contributed to the hydrological changes in the
lake, leading to displacement, economic impacts, and infrastructure threats. Anthropogenic
activities have had a significant impact on the environmental balance of the Lake Victoria
Basin. LULC changes resulting from deforestation, urbanization, and other land uses are
the primary cause of the decline in water quality, which affects the ecosystem and the
quantity of water in the lake. This study highlighted the complex relationship between
LULC changes and climate by examining the dynamics of land surface temperature. It
underscores the need to identify solid trends in LULC and environmental changes in the
Lake Victoria Basin from 2020 to the present. Analysis of the lake’s water areas shows an
increasing trend during the study area. Finally, the findings emphasize the importance
of forecasting these changes to develop sustainable strategies for land management and
policies to mitigate their effects in the future [79,80].
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