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Abstract: Floating islands in Lake Victoria, the world’s second-largest fresh water lake, disrupt
transportation, fisheries, irrigation, and water quality. Despite their impact, the dynamics of these
islands remain unexplored. This study investigates island dynamics within the Nalubaale, Kiira,
and Bujagali dams in Uganda, exploring the causes of their formation and the subsequent impact
on hydropower production. The study collects data of Landsat imagery from 2000 to 2020, CHIRPS
precipitation, and Lake Victoria’s water level datasets from 2004, 2010, 2013, 2017, and 2020. The
results reveal a strong correlation between precipitation, fluctuating water levels, and floating island
formation, with nutrient-rich runoff from municipal waste and agriculture promoting island growth.
In addition, rising water levels lead to the dislodging of rocks and soil, contributing to floating island
formation, which may manifest with a lag time of up to one month. The analysis shows higher
correlations between precipitation, water levels, and floating islands during the long (March–May)
and short (September–November) rainy seasons as opposed to drier periods (June–August, December–
February). The findings indicate that southeast monsoon winds, which transport floating vegetation,
also are essential in influencing island dynamics. Consequently, the major drivers of floating islands
in Lake Victoria are identified as precipitation, water level fluctuations and wind variations. Finally,
a negative correlation between floating island eutrophication and power production at Kiira and
Nalubaale stations suggests that the increased eutrophication caused by the presence of floating
islands leads to reduced power output at both Kiira and Nalubaale power stations.

Keywords: remote sensing; NDVI; floating islands; White Nile; spatial–temporal analysis

1. Introduction

Lake Victoria, the largest freshwater lake in Africa and the second largest globally, has
a mean surface area of 69,295 km2 [1]. It is a vital resource for Kenya, Uganda, Tanzania,
Rwanda, and Burundi [1–4]. The lake provides several benefits to its riparian inhabitants,
such as water for domestic and industrial purposes, fisheries maintenance, food security,
and movement of economic goods and services [1,3–5]. Additionally, Lake Victoria is a
major power source, generating hydroelectricity required for economic development [6].
Due to the vast size of its basin, Lake Victoria contains a significant volume of water, which
is instrumental in facilitating hydroelectric power production.

Like most countries, Uganda heavily relies on hydropower for 84% of the total
Megawatts provided by hydropower plants and power stations [7]. Increasing demand
for hydropower has led to the evolvement of the White Nile over time through the con-
struction of hydroelectric power production plants (see, e.g., [1]). According to [2], Lake
Victoria facilitates Uganda’s power production through its only outlet, the Victoria Nile
River also known as the White Nile that feeds the Nalubaale hydropower plant and other
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power production plants downstream (see Figure 1). Reliance on the lake for developing
hydropower production plants places Uganda as the most developed hydropower industry
compared to other nations within its basin [6]. However, the dams’ significance, day-to-day
operations, and hydroelectric power production tasks are threatened by the invasion of
floating islands, as pointed out, e.g., in [8,9]. In 2020, for example, due to heavy rainfall
and extreme flood events, floating islands accumulated at the intake points and cooling
systems of Kiira and Nalubaale power stations, leading to a nationwide blackout [9,10].

Across tropical wetlands globally, small or large free-floating heaps of organic matter
that sustain the development of various plants above them are rather common [11]. Floating
masses that are composed of a variety of materials and held together by a web of stems
and roots have been referred to as floating islands [12–14]. A floating island comprises
mineral sediments, live biomass, dead organic matter, hippo grass, suds of papyrus, water
hyacinth, fishing gears such as gillnets, heavy masses of soil and rock particles gathered
from the banks of lakes, grass, and small trees collected from the surrounding flood plains
of lakes and rivers that are all held together by a web of stems and roots [15–17].

The composition of a floating island can vary depending on location; for example,
in the White Nile, they are predominantly composed of mineral sediments, live and dead
organic matter, and plants [17]. However, a floating island may also contain plastic or
Sargassum, among other materials [12]. Several factors lead to the formation of floating
islands. On the one hand, according to [12], the intensity of eutrophication of an area by
floating islands varies due to the seasonal fluctuations that play a role in the level of a
lake or river. In Lake Victoria, for example, ref. [16] concluded that the appearance and
disappearance of floating islands are largely shaped by seasonal variations such as the
strong southeasterly winds of May–August experienced in the region. On the other hand,
according to [18], heavy precipitation and high water margins lead to the infringement of
a floating island. Additionally, the island can be formed when rising water levels in the
lake lead to the disturbance of surrounding banks, collecting heaps of debris that entangle
with floating vegetation such as water hyacinth and Cyperus papyrus [18]. Aside from
seasonal fluctuations, varying water levels, and wavering precipitation margins, reservoirs
can also play a huge role in the formation of floating islands as they are prone to soil
erosion that results in the collapsing of their surrounding land masses, especially with
no safety measures set in place [8]. As such, the assortment of these loose particles and
rock portions can lead to their dislodgement into the lake and the consequent formation of
floating islands around reservoirs. The appearance of a floating island in the lake can lead
to the pollution of drinking water, blockage of beaches, obstruction of irrigation canals,
impedance of transport lines, suffocation of macrophyte beds, and disruption of fishing
grounds and waterways [15,17].

Undeniably, there is a need to control the spread of floating islands, as pointed out
by [16,17]. As such, several studies have been undertaken to analyse them. Refs. [13,14]
explored the rudimentary characteristics of floating islands, elaborating on their disadvan-
tages in ecological and socio-economic well-being in India and Kenya, respectively. Those
studies were followed up by [11,12], who reported the types of floating islands that can be
formed in tropical wetlands based on development, origin, structure and composition while
analysing the factors leading to their formation and outspread. However, these studies do
not investigate floating islands’ spatial and temporal dynamics. Subsequently, refs. [8–10]
highlight the significant impact of floating islands on hydropower production in Uganda.
According to those studies, the islands clog at the dams’ intake points and turbines, signifi-
cantly affecting power production and causing blackouts. However, these studies do not
examine the spatial–temporal variations of these islands. Nonetheless, other studies have
enlightened the spatial–temporal dynamics of the floating islands across water bodies in
Asia, e.g., [19,20]. Likewise, refs. [15] uses remote sensing to investigate the land use/land
cover changes that lead to the formation of floating islands along Loktak lake in India.
The study prompted [21] to examine the spatial–temporal invasion of floating islands along
water bodies in Rwanda, Africa. Although these studies provide a good background on the
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spatial and temporal behaviour of the islands in tropical areas, wetland areas, and water
bodies, they still do not inform on the floating mats’ impact in and around hydropower
production centres.

Despite awareness of the severe impact floating islands can have, the influence of
the islands’ spatial–temporal dynamics and the subsequent effect on power stations and
hydropower production plants within Lake Victoria has not been explored. This study,
therefore, utilises 20 years (2000–2020) of available Landsat data over Lake Victoria in the
Uganda region to (i) assess the spatial–temporal dynamics of the floating Islands in the Kiira,
Nalubaale and Bujagali dams, (ii) explore the reasons for these patterns across the White
Nile, and (iii), assess the impact of these dynamics on hydropower production to aid in
developing a broader understanding of the subtleties, developments, trends, and processes
causing the rapid spread and growth of the islands, especially around hydropower stations.

Figure 1. (a) The hydropower production plants along River Nile (White Nile) flowing from Lake
Victoria in Uganda, (b) The main power stations that form the Owen Falls complex along the White
Nile, (c) Floating Island at Bujagali hydropower plant [22], (d) Kiira power station [23], and (e),
Floating Island at Nalubaale hydropower plant [24].

2. Major Dams and Floating Islands along the White Nile: Background

The White Nile comprises five dams, the Nalubaale hydropower plant (HPP), also
known as Owen falls, Kiira power station, Bujagali HPP, Isimba HPP, and Karuma HPP,
as shown in Figure 1a, whose characteristics are summarised in Table 1. Despite housing
several dams, Uganda’s main hydroelectric power production plants are the Bujagali,
Nalubaale and Kiira power stations, with Karuma poised to be a major production plant
once commissioned [25]. The Owen Falls Complex comprises three power plants (i.e.,
Bujagali, Nalubaale and Kiira power stations) that serve as major regulators of the discharge
flux of Lake Victoria. These power plants were constructed on the White Nile [8,26].
Nalubaale power station (Figure 1b,e) is located at the source of the White Nile [27]. Since
its construction and authorisation in 1954, the power station has played a significant role in
Uganda’s hydropower, with a small fraction of the power generated also serving Rwanda
and Burundi [28]. After its implementation, the White Nile’s hydrology experienced a
sudden change between 1961 and 1964 due to an unpredicted 2.5 m rise in Lake Victoria’s
water levels [29]. The unforeseen upsurge was caused by increased precipitation, climate
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change, and human settlement around the banks of Lake Victoria [30,31]. To mitigate the
rising water levels, the discharge flow of the dam was increased to 1910 m3/s, leading to an
even greater imbalance in the water levels [8,31]. Subsequently, the outflows of the White
Nile increased by 60% from an average of 1725 to 2865 mm3/yr [32]. This flood condition
and the rising demand for electricity in Uganda led to the establishment of the Kiira power
station (Figure 1b,d in 1999 as an extension to the Nalubaale power plant [33]. It is located
on the east bank, about 800 m downstream of the Nalubaale power station. Bujagali
hydropower plant was commissioned in 2012 and is located in the eastern parts of Uganda,
16 km downstream of the Nalubaale hydropower plant [25,31]. It was commissioned
and authorised to support the Nalubaale and Kiira power stations, providing a long-term
solution to the energy crisis and power deficiency problems faced by the country at that
time [34]. The Isimba hydropower plant was commissioned in 2019 and is located 50 km
downstream of Lake Victoria in the southern parts of Uganda [35]. The dam mainly receives
inflow from the upstream Bujalagi hydroelectric power station. The commissioning of the
fifth and the largest dam, the Karuma hydroelectric power station, is expected mid-2023.
The project was conceptualised in 2013, and its construction is yet to be completed [30].

Floating islands were first noticed in Lake Victoria in March 2001 when a floating
mass of hippo grass, papyrus, and water hyacinth appeared at the White Nile, blocking
the river [16]. This heap had, however, disappeared by March 2002, exhibiting a spatial–
temporal behaviour. As soon as it arrived, ref. [16] claimed that electricity production
at the Nalubaale hydropower plant had been significantly affected as the island choked
the turbines and water filters at the power plant. The appearance, disappearance and
subsequent re-appearance behaviour of the islands around the dam impacted all major
industries in Uganda that depended on electricity from the power station. In dams and
power stations, ref. [8] states that extreme flooding events result in the formation of floating
islands around reservoirs. The floating mass then proceeds to assemble at the intake points
and garbage frames of dams essential for hydroelectric production, necessitating the need
to frequently clean the garbage frames [8]. The major impacts caused by the floating islands’
existence, encroachment, and infiltration are especially significant within the White Nile, as
tremendous flooding forces hydroelectric production plants to discharge excessive water
flow through backup gates and generation units [9]. The discharge process, in conjunction
with elevated water levels, promotes the presence of a floating mass in and around the
power stations (Figure 1).

Table 1. Characteristics of power stations (PS) and hydropower plant (HPP) in the White Nile [36].
A power station is an installation where electrical power is generated for distribution, while a
hydroelectric power plant is located inside dams that imbound lakes or rivers, raising the water
levels behind dams. Composite in this context means a dam where a part of the water head is made
up of concrete and and other parts by soil.

Description Nalubaale PS Kiira PS Bujagali HPP Isimba HPP Karuma HPP

Project completion 1968 2003 2012 2019 End of 2022
Dam type Concrete Composite Composite Composite Concrete

Plant discharge (m3/s) 1140 1260 1375 1375 1224
Spillway (m3/s) 1272 1740 4500 5230 4800

Height (m) 30 32 30 26.5 14
Length (m) 726 380 850 1599 314

Power Capacity (MW) 180 200 250 183.2 600
Max flood level (m.a.s.l) 1135 1135 1112 1055 1030

3. Data and Methods
3.1. Data

This study used atmospherically corrected multispectral satellite images and hydro-
logical and wind data to understand the spatial–temporal dynamics of floating islands in
Lake Victoria. The datasets are described in Sections 3.1.1–3.1.4 and summarised in Table 2.
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Table 2. Summary datasets used covering January 2000–December 2020 with 2004, 2010, 2013, 2017,
and 2020 used in the study.

Description Sensor Spatial
Resolution

Temporal
Resolution Purpose

Imagery Landsat 30 16 days Spatial–temporal changes of floating islands
Sentinel-2 10 5 days Validation of Landsat products

Precipitation TRMM 0.25◦ × 0.25◦ Monthly Rainfall statistics
CHIRPS 0.05◦ × 0.05◦ Monthly Rainfall statistics
THEIA Monthly Lake Victoria’s water level statistics

3.1.1. Landsat

Level-1 Landsat satellite imagery (path 171 and row 60) used in this study are ac-
quired from the United States Geological Survey (USGS) (https://earthexplorer.usgs.gov/,
accessed on 1 December 2022). Landsat data are used to understand the spatial–temporal
dynamics of floating islands over two decades (2000–2020). The year 2020 is selected as
a cut-off year as comprehensive manual removal initiatives were conducted around the
dams later in the year to mitigate and eventually eliminate the spread of the islands [37].
Landsat 7 Enhanced Thematic Mapper Plus (ETM+) is employed to obtain imagery from
2000 to 2014, while Landsat 8 OLI (Operational Land Imager) provides data from 2015 to
2020. Both platforms, with 30 m spatial resolution and 16-day temporal resolution, provide
monthly data to assess the movement dynamics of the islands.

3.1.2. Sentinel-2

Sentinel-2, specifically Sentinel-2A, which was utilized in this study, is a satellite
mission developed by the European Space Agency with the primary goal of monitoring land
cover, natural hazards, vegetation, and the environment. The imagery data from Sentinel-2
are acquired from the United States Geological Survey (USGS) (https://earthexplorer.usgs.
gov/) [3,38]. In this study, the Sentinel-2 product was used to validate the results obtained
from the Landsat image analysis discussed in Section 3.1.1. The Sentinel-2 satellite captures
13 multispectral bands with spatial resolutions of 10, 20, and 60 m. Four of these bands,
specifically the blue, green, red, and infrared bands, provide 10 m spatial resolution, which
is particularly effective for observing and monitoring water bodies [38,39]. The study,
however, covers the past two decades (2000–2020), and as Sentinel-2 only provides data
from 2015, Landsat is used throughout the study to understand the dynamics of the floating
islands before 2015. Moreover, when performing change detection, it is crucial to acquire
images from the same sensor to avoid external effects such as sun angles as well as seasonal
and phenological dissimilarities [40]. As such, Landsat is used consistently throughout
the analysis to avoid the collection of imagery from different sensors in separate years.
Sentinel 2 with a higher spatial–temporal resolution compared to Landsat is thus only used
for validation purposes as discussed in Section 3.2.5.

3.1.3. CHIRPS

The Climate Hazard Group Infrared Precipitation with Station (CHIRPS) was acquired
from USGS (https://earlywarning.usgs.gov/fews/datadownloads/Global/CHIRPS
(accessed on 1 December 2022)). CHIRPS is a collective product of remotely sensed and
in situ observations established for watching droughts and extreme climatic events [41].
The product offers a spatial resolution of 0.05◦× 0.05◦ combining precipitation climatology
from the National Oceanic and Atmospheric Administration, Climate Hazard Group (CHP-
Clim), Climate Prediction Center (NOAA-CPC), NOAA Climate Forecast System version 2
(CFSv2), quasi global geostationary thermal infrared observations, the National Climatic
Data Center (NCDC), TRMM 3B42, and gauge products as focal input data sources [41,42].
According to [42], the product has offered impartial and gridded data with frequent up-
dates since 1981. CHIRPS data for the period 2004, 2010, 2013, 2017, and 2020 acquired

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
https://earlywarning.usgs.gov/fews/datadownloads/Global/CHIRPS
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from USGS (https://earlywarning.usgs.gov/fews/datadownloads/Global/CHIRPS) are
used in this study to acquire precipitation values within the study area.

3.1.4. TRMM

The Tropical Rainfall Measuring Mission (TRMM) is a combined effort by the National
Aeronautics and Space Agency (NASA) and the Japanese Aerospace Exploration Agency
(JAXA) that has provided precipitation estimates since the beginning of 1998 [43]. The plat-
form provides monthly precipitation data (mm/hr) at a spatial resolution of 0.25◦× 0.25◦

through its main sensors: the TRMM Microwave Imager (TMI) and the TRMM precipitation
radar (PR) [44]. The TRMM 3B43 product acquired from https://www.earthdata.nasa.gov/
(accessed on 1 December 2022) and created by merging microwave infrared precipitation
rate and root-mean-square (RMS) precipitation-error rain-gauge data estimates are used to
acquire precipitation data for 2004, 2010, 2013, 2017, and 2020 [45]. TRMM was employed
in the study for consistency check with the results of CHIRPS in Section 3.1.3.

3.1.5. Altimetry Data

Lake Victoria’s monthly water level data are acquired from the THEIA https://
hydroweb.theia-land.fr/hydroweb/view/L_victoria?lang=en&basin=Nile&lake=victoria
(accessed on 1 December 2022) data and services centre comprising 10 French public insti-
tutions created to provide earth observation data for environmental studies [46].

3.2. Methods

Pre-processing and Normalized Difference Vegetation Index (NDVI) computations
are performed, which is followed by a correlation analysis on rainfall and water level
datasets to assess their relationship with the emergence and disappearance of floating
islands. Due to the study area’s proximity to Lake Victoria, heavy rainfall results in a higher
percentage of cloud cover, which limits the monthly analysis of Landsat imagery [47]. To
identify the annual and seasonal patterns of the floating islands, monthly Landsat imagery
is obtained from 2000 to 2020, and years with excessive cloud cover (greater than 20%) that
could potentially affect the analysis are excluded, leaving 2004, 2010, 2013, 2017, and 2020
as the years with minimal to no cloud cover from January to December. Consequently,
seasonal variation NDVI change and directional change time-series maps are generated for
2004, 2010, 2013, 2017, and 2020 to determine the periods during which floating islands
predominantly occur around the Kiira, Nalubaale, and Bujagali dams. A structure chart
illustrating the methodology is presented in Figure 2.

3.2.1. Image Pre-Processing

Satellite image distortion commonly results from factors such as sensor noise, cli-
matic conditions and changes, and variations in sensor illumination [21]. Pre-processing
is employed to improve image quality, reduce noise, eliminate distortions, and generate
analysis-ready images for all acquired imagery in the study, including both Sentinel-
2 and Landsat images. The imagery is clipped to the extent of the three dams (Ki-
ira, Nalubaale, and Bujagali) before further processing. Atmospheric corrections us-
ing the COST method, as described by [48], are performed on the imagery to account
for atmospheric effects. Cloudy pixels are eliminated by developing a Landsat Collec-
tion 1 Level-1 Quality Assessment cloud mask based on precipitation values derived
from USGS https://www.usgs.gov/landsat-missions/landsat-collection-1-level-1-quality-
assessment-band?qtscience_support_page_related_con=0#qtscience_support_page_related_
con (accessed on 1 December 2022).

https://earlywarning.usgs.gov/fews/datadownloads/Global/CHIRPS
https://www.earthdata.nasa.gov/
https://hydroweb.theia-land.fr/hydroweb/view/L_victoria?lang=en&basin=Nile&lake=victoria
https://hydroweb.theia-land.fr/hydroweb/view/L_victoria?lang=en&basin=Nile&lake=victoria
https://www.usgs.gov/landsat-missions/landsat-collection-1-level-1-quality-assessment-band?qt science_support_page_related_con=0#qtscience_support_page_related_con
https://www.usgs.gov/landsat-missions/landsat-collection-1-level-1-quality-assessment-band?qt science_support_page_related_con=0#qtscience_support_page_related_con
https://www.usgs.gov/landsat-missions/landsat-collection-1-level-1-quality-assessment-band?qt science_support_page_related_con=0#qtscience_support_page_related_con
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Figure 2. An illustration of the workflow of the study.

3.2.2. Normalized Difference Vegetation Index

The NDVI is an essential indicator derived from remotely sensed imagery for monitor-
ing vegetation cover [49]. In this study, NDVI is used to identify floating islands within
the three dams (Kiira, Nalubaale, and Bujagali). NDVI is computed for Landsat 8 (OLI)
and Landsat 7 (ETM+) using Equations (1) and (2), respectively. Equation (3) is utilized to
compute NDVI using Sentinel-2 imagery. As outlined in Section 1, floating islands com-
prise healthy and non-healthy vegetation as well as debris from rocks and soil; therefore,
an NDVI threshold of >0.1 is employed to distinguish islands from water within the power
production stations. Images are classified based on NDVI as water (<0.1), soil or rock
fragments (>0.1), less dense (<0.3), and dense floating vegetation (>0.3), following the scale
provided by [50].

NDVI(Landsat8) =
Near-Infrared (Band5) − Red ( Band4)
Near-Infrared (Band5) + Red (Band4)

; (1)

NDVI(Landsat7) =
Near-Infrared (Band4) − Red (Band3)
Near-Infrared (Band4) + Red (Band3)

. (2)

NDVI(Sentinel − 2) =
Near-Infrared (Band8) − Red (Band4)
Near-Infrared (Band8) + Red (Band4)

. (3)

3.2.3. Directional Flow of the Floating Islands

The directional path and motion of floating islands as they move from one point
to another are calculated using Equations (4) and (5). First, water pixels are eliminated,
and the NDVI-weighted central coordinates of the islands are recorded based on the pixels
covered by the islands at specific spatial points in time with monthly NDVI values also
recorded alongside the identified coordinate values. The X coordinate of the island’s central
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point is computed using Equation (4), and the Y central coordinate is determined through
Equation (5):

X =
∑ NDVI × Xi

∑ NDVIi
(4)

Y =
∑ NDVI × Yi

∑ NDVIi
(5)

In Equation (4), NDVIXi represents the value obtained after multiplying the X coor-
dinate of the centroid location of a pixel (Xi) by its corresponding NDVI value (NDVIi).
Similarly, in Equation (5), NDVIYi is the value obtained after multiplying the Y coordinate
of the centroid location of a pixel (Yi) by its corresponding NDVI value (NDVIi). Finally,
the size of the floating island is calculated by multiplying the number of pixels covered by
the island by the spatial resolution of a Landsat-acquired pixel (number of pixels× 900 m2),
leading to the creation of flow-change maps based on the spatial–temporal dynamics
of the islands. The computation of the above two equations is performed using the R
programming language.

3.2.4. Correlation Analysis

The Pearson correlation coefficient is used in the study to explore and subsequently
understand the relationship between changes in wind and rainfall and the NDVI values
registered by the floating islands (see, e.g., [51]). The Pearson correlation coefficient is
derived using Equation (6), where r is the correlation coefficient, r> 0 signifies a positive
correlation, and r < 0 signals a negative correlation. The higher the value of r, the stronger
the relationship. xi and yi are the wind and rainfall variables, while x and y are the
average values. First, the relationship between rainfall, water level and NDVI is explored
to investigate the years and seasons exhibiting the most impacts of the floating islands.
Then, the correlations between wind and NDVI are explored to understand the directional
movement exhibited by the islands.

The Pearson correlation coefficient is used to examine the relationship between wind
and rainfall changes and the NDVI values of the floating islands (see, e.g., [51]). The
Pearson correlation coefficient is derived using Equation (6):

r = ∑n
i=1(xi − x̄)(yi − ȳ)√

∑n
i=1(xi − x̄)2

√
∑n

i=1(yi − ȳ)2
(6)

where r represents the correlation coefficient; a positive correlation is indicated by r > 0,
while a negative correlation is signified by r < 0. The strength of the relationship increases
with the value of r. In the equation, xi and yi represent the wind and rainfall variables,
while x and y denote the average values. The study first investigates the relationship
between rainfall, water level, and NDVI to identify the years and seasons with the most
significant impacts of floating islands. Then, the correlations between wind and NDVI are
examined to comprehend the directional movement exhibited by the islands.

For comparison of data with different units of measurement, standardisation is per-
formed using Equation (7) where Z is the standardised value, Xi is the recorded value,
Xis the mean, and σ is the standard deviation. The standardised values are then plotted
as anomalies.

Z =
Xi − X̄

σ
(7)

3.2.5. Validation

Traditionally, remotely sensed products are validated using in situ ground truth data.
In the absence of ground truth data, as is the case in this study, validation of lower spatio-
temporal resolution images can be undertaken using higher spatio-temporal images, as
completed in [52]. A comparative analysis is conducted between Sentinel-2 (10 m) and
Landsat 8 OLI in the study area. Sentinel-2’s higher spatial–temporal resolution allows for
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more detailed and accurate imagery, making it an ideal choice for validating Landsat data in
observing and monitoring floating islands [38,39]. The high spatial resolution of Sentinel-2
(10 m for blue, green, red, and infrared bands) enables a precise comparison and validation
of Landsat data, ensuring the analysis is reliable. Available from 2015, Sentinel-2 data can
complement and validate Landsat analysis for 2015–2020, maintaining consistent results
across the study period (2000–2020). The validation process entails comparing Landsat and
Sentinel-2 images from overlapping timeframes, focusing on floating island dynamics and
evaluating the consistency between the datasets. Comparing Landsat-derived results with
Sentinel-2 data allows the study to identify potential discrepancies, validate Landsat-based
analyses, and confirm the findings’ robustness and reliability.

In this study, the receiver operating characteristic (ROC) curve is employed for vali-
dation purposes, as it is suitable for conducting univariate logistic analysis [53]. ROC is a
powerful tool for evaluating model performance, and it is widely used in environmental
sciences [54,55]. The area under the curve (AUC) serves as a quantitative measure for assess-
ing predictive performance with higher values indicating better model performance [56].
This study uses the ROC curve to validate Landsat performance against Sentinel-2 by
selecting 200 random points from Sentinel-2 imagery and classifying them as vegetative or
water points, computing NDVI for both images, and examining the outputs using the ROC
tool. ROC tool plots true positive values against false positive rates, and comparisons are
made based on AUC values and flow patterns between the resultant curves.

To ensure homogeneity between Sentinel-2 and Landsat results, a comparative study
was conducted as previously mentioned. Figure 3 illustrates the ROC curve performance
when using Sentinel-2 to validate Landsat imagery, showing similar curve trends for both
images, indicating homogeneity in model performance based on NDVI computation. The
AUC values for Sentinel-2 and Landsat are nearly identical, although Sentinel-2 performs
slightly better due to its higher spatial resolution, signifying consistency between the two
products. Therefore, the remainder of the analysis focuses on Landsat images, as the
validation results demonstrate their reliability.

Figure 3. Validation of Landsat images using Sentinel-2 data with ROC plot. The curves display
comparable dynamics in feature detection. ROC plots the false positive rate (x-axis) against the true
positive rate (y-axis) and calculates AUC values. Landsat images demonstrate consistent performance
compared to Sentinel-2, justifying their use in the study.

4. Results
4.1. Annual Dynamics and Factors Infuencing Floating Islands

To enhance efficiency and improve analysis accuracy, the study focuses on the years
2004, 2010, 2013, 2017, and 2020, as they provide clear, cloud-free images for both annual
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and seasonal assessments of floating islands (Section 3.2). This study reveals a concerning
presence of floating islands in the Kiira power station and Nalubaale hydropower plant
every year in contrast to the Bujagali hydropower plant (see Figure 4). The Bujagali dam
shows no significant impact from the islands, as indicated by the absence of mean NDVI
values above 0.1. As shown in Figure 4, no NDVI values were identified by the Bujagali
power plant in 2004 and 2010 since the dam was authorised and commissioned later in 2012
(Table 1). Therefore, unlike the Kiira and Nalubaale plants, the Bujagali dam is minimally
affected by the floating islands.

Figure 4. Annual average variation of floating islands at Kiira and Nalubaale power stations,
with Bujagali showing values below 0.1, which is the threshold for identifying floating islands.
The observed vegetation in Bujagali could be water hyacinth rather than floating islands.

A portion of the White Nile originates from Lake Victoria, passing through Jinja in
Uganda, where the Kiira and Nalubaale dams are located, and continuing downstream
through the Bujagali hydropower plant toward Lake Kyoga [57]. The Bujagali dam is
located 16 km downstream of the Kiira and Nalubaale power stations, which are the
primary controllers of Lake Victoria’s outflow to the White Nile [1,25,31,58]. Due to their
upstream position and role as major regulators, the Kiira and Nalubaale dams attract more
floating islands than the downstream Bujagali dam, acting as the initial intake points for
water from Lake Victoria. Floating island constituents tend to accumulate around dam
turbines and intake points [8], which explains the low mean NDVI values registered by
Bujagali and the high NDVI values at Kiira and Nalubaale, indicating island infiltration. As
floating islands are mostly trapped at the upriver Kiira and Nalubaale stations, the Bujagali
dam is primarily impacted by water hyacinth rather than floating islands. Only the Kiira
and Nalubaale power stations are further analysed, as they meet the threshold value for
floating islands (0.1) and have been operational for the past 20 years.

The Kiira power station (726 m × 380 m) suffered more impact from floating islands
in previous years compared to Nalubaale, despite their parallel existence [8,59] (Figure 4).
The Nalubaale dam has a larger coverage than the Kiira power station and diverts water to
Kiira through a narrow 1.6 km canal [1,8,33] (Table 1). The high concentration of floating
islands at Kiira is due to their tendency to accumulate in concentrated areas such as canal
entrances rather than open areas, as noted by [16]. Floating islands from Nalubaale are
mainly diverted to the Kiira dam, which has proper control mechanisms installed. In 2020,
the mean NDVI value of Nalubaale surpassed Kiira (see Figure 4) reflecting Eskom Uganda
Limited’s (EUL) report that larger island masses were docked at Nalubaale due to rising
water levels, forcing a shift in power generation to Kiira station to reduce damage risks [60].

Figure 5a,b show the correlation between rainfall variations and the solidity of floating
islands at Nalubaale and Kiira dams, respectively. Due to their close spatial locations
and parallel operation, both dams receive the same annual rainfall [31] and experience
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similar infestation rates. As seen in Figure 5a, the rate of island infestation at Nalubaale
hydropower station decreased from 2010 to 2013 and increased again up to 2020.

The Kiira power station exhibits a similar pattern to Nalubaale, but despite increased
precipitation between 2017 and 2020, a decline in mean NDVI values is observed, which
is possibly due to the manual removal initiatives of floating islands in Lake Victoria [37].
Excluding 2020 from the correlation analysis, due to island removal, results in a higher
correlation of 0.7, as shown in Figure 5b. Overall, the rise and fall behavioral pattern of
floating islands in the power stations aligns with precipitation margins, resulting in high
correlations for both dams.

Due to the significant impact of precipitation on the islands, as evidenced by high
correlations of 0.8 and 0.7 for the Nalubaale and Kiira dams, respectively, it was important
to investigate the dynamics of precipitation changes. A decrease in annual precipitation
margins is observed between 2010 and 2013, leading to reduced island contamination (see
Figure 4). This drop is attributed to climate variability in Lake Victoria, specifically the
2012–2013 La Niña event, as noted by [61,62]. The sharp increase in precipitation values
from 2013 is due to the 2015–2016 El Niño events experienced within the region [63,64]. In
addition, Figure 5c,d demonstrate a high correlation between Lake Victoria’s water level
and the infestation of floating islands.

(a) (b)

(c) (d)

Figure 5. Relationship between precipitation and floating islands in (a,b), and correlation between
water level and floating islands in (c,d) at Kiira and Nalubaale power stations. The y-axis anomaly is
the standardized value that enables the correlation of precipitation and NDVI with different units of
measurement, as described in Section 3.2.4. The correlations are statistically significant (p < 0.05) and
are computed at a 95% confidence level, except for Figure 5b (bolded).

4.2. Seasonal Dynamics and Factors Influencing Floating Islands

To better comprehend the temporal dynamics of floating islands, this study examines
their behaviour in relation to the seasonal climate within the Lake Victoria basin. The
distribution of islands across the region’s seasons can be observed in Figures 6 and 7.
Generally, the islands are present throughout the year in both power stations, as most
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months register a mean NDVI value of 0.1, which is the threshold set for floating islands as
outlined in Section 3.2.2. As such, completely clear water is rarely observed.

(a) (b)

(c) (d)

Figure 6. (a) Distribution of floating islands at Kiira power station during December–January–
February (DJF), March–April–May (MAM), June–July–August (JJA), and September–October–
November (SON); (b) Seasonal variation of floating islands at Kiira power station over the year; (c)
Distribution of floating islands at Nalubaale HPP in DJF, MAM, JJA, and SON; and (d) Seasonal
variation of floating islands at Nalubaale HPP over the year.

Floating islands exhibit a strong correlation with precipitation and Lake Victoria’s
water level, as shown in Figure 5. The Lake Victoria basin experiences complex and ob-
scure rainfall patterns, with no month considered dry [31,65]. As discussed in Section 2,
and highlighted by [15,66], only large islands can significantly impact hydropower pro-
duction by obstructing turbines and garbage frames at power stations. Small or isolated
floating islands typically do not have a substantial effect on hydropower output [8]. In
this study, the impact of floating islands on hydropower production is primarily deter-
mined by the islands’ eutrophication density, as indicated by mean NDVI values close
to, equal to, or greater than 0.2, which predominantly occur between March–May and
September–November (Figures 6 and 7). These periods coincide with the long and short
rainy seasons, while lower mean NDVI values in other months indicate less significant
impacts. To examine the differences in island dynamics between wet and relatively dry
seasons (June–August and December–January), monthly data were collected and analyzed
throughout the year. The threshold value of 0.1, as discussed in Section 3.2.2, was used
as a basis for comparison. In 2020, lower values were observed during the wet seasons at
both Kiira and Nalubaale power stations due to manual removal efforts implemented that
year [60].
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Figure 7. Seasonal distribution of floating islands across (a) Kiira power station, (b) Nalubaale power
station, and (c) Bujalagi hydropower plant.

4.2.1. Seasonal Precipitation and Impact on Floating Islands

Figure 8 presents the correlation between precipitation and floating islands for the
four seasons in the study area. As mentioned in Section 5.1, there is a significant correlation
between floating islands and precipitation, as increased surface runoff supplies phosphorus
and nitrogen necessary for vegetation growth on the islands. This correlation is stronger
during the short rain (SON) (Figure 8g) and long rain seasons (MAM) (Figure 8c,d). The
inter-tropical convergence zone (ITCZ) primarily drives Lake Victoria’s seasonal climate,
passing over the lake twice a year and resulting in bimodal rainfall patterns consisting of
long rains (March–May) and short rains (September–November) [3,67]. High precipitation
during these seasons leads to a significant presence of floating islands (Figures 6 and 7).
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Conversely, low correlation values are observed between precipitation and floating islands
during JFD (Figure 8a,b) and JJA (Figure 8e,f). Several studies identify these months as
typically dry within the basin (e.g., [47,59,68–70]). The dry seasons are characterized by
reduced rainfall [69]. Due to decreased precipitation during these seasons, floating islands
are less prevalent compared to wetter seasons.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 8. Relationship between floating islands and precipitation at Kiira power station (a,c,e,g) and
Nalubaale HPP (b,d,f,h) for January, February, December (JFD); March, April, May (MAM); June,
July, August (JJA) and September, October, November (SON). The correlations are computed at a 95%
confidence level apart from Figure 8c (Bolded) where the confidence level was at 80%.

4.2.2. Seasonal Water Level and Its Impact on the Floating Islands

Similar to precipitation, the water level also shows a strong correlation with floating
islands during MAM (Figure 9c,d) and SON (Figure 9g,h). However, a one-month lag exists
between the water level and NDVI during these seasons. This indicates that the effect
of water level on floating islands occurs before their formation, and the impact becomes
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evident a month later. Consequently, a high correlation between water level and floating
islands is observed, particularly with a one-month lag (Table 3).

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 9. Relationship between floating islands and Lake Victoria’s water level at Kiira power
station (a,c,e,g) and Nalubaale HPP (b,d,f,h) for January, February, December (JFD); March, April,
May (MAM); June, July, August (JJA) and September, October, November (SON). The correlations
are computed at a 95% confidence level apart from Figure 9c (Bolded) where the confidence level
was at 80%.

Table 3. Correlation coefficient between NDVI and water level based on 0 and 1 lag. The bolded
values are statistically significant at 95% confidence level.

Long Rain Short Rain

Dam Lag0 Lag1 Lag0 Lag1

Nalubaale −0.1 0.5 0.1 0.5

Kiira −0.3 0.7 0.3 0.1
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4.2.3. Wind and Its Impacts on the Floating Islands

Figure 10 presents the directional motion of the floating islands within the power
stations across distinct selected periods. The centroids are the central points of the floating
islands and are symbolised based on the size of the mats at different months within the
selected years inside the boundaries of the power stations. Identified patterns are based on
observed floating islands’ changes throughout the year in Figure 7, selecting perceptible
and clear behavioural transformations. In this study, the behavioural patterns shown in
Figure 10 are attributed to the wind variations in the Lake Victoria region [71].

Figure 10. Directional movement of floating islands within Kiira and Nalubaale power stations
within several seasons in 2010, 2013, and 2020. The unit of area is m2.

4.3. Impact of Floating Islands on Power Production

Figure 11 shows the relationships between floating island presence and power pro-
duction at the Kiira power station and Nalubaale hydropower plant in 2013 and 2017.
A significant negative correlation is observed between NDVI and power production at
the Kiira power station, with a correlation coefficient of −0.459 (p < 0.05). Conversely,
a negative yet moderately low correlation is found at the Nalubaale hydropower plant,
with a coefficient of −0.295 (p = 0.162). The negative associations between NDVI and power
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production suggest that floating islands may contribute to reduced power output at both
power stations.

Figure 11. Correlations between floating islands (standardized NDVI) and power production (stan-
dardized) at Kiira (a) and Nalubaale (b) power stations using data in 2013 and 2017.

5. Discussion
5.1. Precipitation’s Impact on the Dynamics of the Floating Islands

The results of the study reveal significant variability in floating islands between years
of high and low precipitation. During low precipitation years, floating islands are less
prominent, while high precipitation leads to increased infestations in dams, which aligns
with findings from [12,16]. As discussed in Section 1, floating islands consist of various
floating vegetation and debris from rocks and soil. Floating vegetation growth can be
affected by two primary factors: the first is precipitation and nutrient availability, and the
second is urbanisation’s contribution to water pollution.

First, water availability is less significant in analysing eutrophication, as floating vege-
tation growth is primarily influenced by the availability of nutrients such as phosphorus
and nitrogen [72,73]. High precipitation impacts vegetation growth on the islands, which
is likely due to increased nutrient supply from nearby agricultural areas through higher
runoff and river flow during wetter periods [74]. Conversely, reduced precipitation results
in shrinking floating island vegetation, as there are fewer nutrients and lower surface
runoff and river flow to support vegetation growth and transport debris into the water
surrounding the dams.

In addition, urbanisation trends contribute to water pollution and floating vegetation
blooms in reservoirs by providing nutrients for vegetation growth [75,76]. In this study, high
rainfall periods result in an excess drainage of municipal waste and industrial discharges
from the surrounding Jinja town, Uganda, into Lake Victoria and the White Nile, promoting
vegetation growth within floating islands, as highlighted by [77–79]. Refs. [80,81] found
high concentrations of floating vegetation in freshwaters due to rapid growth caused by
nutrient deposits, particularly during wet periods. The combination of thriving floating
vegetation and debris from surrounding banks leads to the accumulation of floating islands
around power stations during high surface runoff and increased river flow [8].

5.2. Lake Victoria’s Water Level and Its Impacts on the Dynamics of the Floating Islands

The significant correlation between fluctuations in water levels and floating islands
supports the findings of [82], which show a strong positive correlation between floating
vegetation and water level fluctuations. Water level intake by reservoirs determines water
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level fluctuations, as exemplified by the Kiira and Nalubaale power stations [31]. Rising
water levels can increase wave action and strong water currents, leading to the propagation
and inflow of vegetation from the banks of the lake [5,82]. Floating vegetation, such as water
hyacinth within the islands, responds to seasonal and annual water level fluctuations [5,82].
Water levels may affect floating islands through the following two stages.

First, rising water levels result in increased force of water flow, causing soil erosion
around the banks of lakes and rivers [83]. Several studies have investigated riverbank
stability concerning water level fluctuations [84–89]. Ref. [8] mentions that both the Kiira
and Nalubaale power stations face dam safety issues, including inadequate rock cover near
the banks, insufficient flood protection works, and lack of proper soil erosion mitigation
mechanisms. Rising water levels can increase floods or wave action, leading to more soil
erosion, slope collapse, and beaching effects.

Next, slope collapses and excessive soil erosion along the banks, caused by rising water
levels, result in the deposit of debris into the lake region surrounding the power stations.
Water level changes lead to the accumulation of loose soil, rock cover, and vegetation,
primarily gathered from riverbanks, resulting in heavy influxes of floating island masses
around reservoirs [8]. A rise in water level contributes to a substantial influx of vegetation
and loose soil and rock into free-flowing water, combining to form floating islands.

5.3. Seasonal Dynamics and Factors Influencing Floating Islands

The impact of rising water levels on floating island dynamics exhibits a one-month
lagged effect, with changes occurring gradually rather than immediately after water level
fluctuations. Low correlations are observed during June, July, and August (JJA), which
are typically the dry months of the basin (refer to Section 4.2.1). The dry patch becomes
more pronounced after a lag period, indicating a reduced impact on the islands following
a drop in water levels. According to [31,59], Lake Victoria’s water levels tend to rise
more during the long rainy season (March, April, and May) and the short rainy season
(September, October, and November) compared to other periods, as these seasons account
for 80% of the lake’s recharge [31,79]. The increased rainfall during these periods leads
to higher infestations of floating islands in wet seasons compared to relatively dry ones.
The formation of islands due to rising or dropping water levels is discussed in Section 5.2.
The finding that floating island infestations are preceded by a month’s increase in water
levels can be used by hydropower policymakers in developing adaptation or management
preparedness plans.

5.4. Wind’s Impact on the Dynamics of the Floating Islands

Lake Victoria’s climatology is governed by two major wind systems: the northeast
and southeast trade winds [71]. The southeast winds, which gather moisture as they
traverse the lake, are particularly significant, as they lead to rainfall on the western and
northern shores, especially in Uganda [90]. These winds contribute to the formation
and widespread distribution of floating vegetation in the lake [17]. The dynamics of the
floating mats are largely influenced by the direction and strength of the regional wind [91].
Floating vegetation can be dispersed by wind across the surfaces of rivers, lakes, and
reservoirs [92]. Prevailing southeast winds within Lake Victoria transport floating mats
toward the northeastern parts of the lake [31,59,91,93] (see Figure 10). The movement,
intensity, and pathways of the mats are strongly affected by these winds, particularly
between May and August [16].

In addition, seasonal wind variations can affect the size and movement of floating
islands. Figure 10 shows that the centroids were relatively larger from October to December.
Similarly, in the Kiira power station, Figure 7 indicates that the islands’ vegetation covered
more pixels in September, November, and December in 2004, September and November
in 2010, and November 2013. Seasonal wind discrepancies impact the accumulation and
ultimate confinement of biomass constituting the floating islands [93,94]. Strong southeast
trade winds between September and November result in convectional storms, leading to
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larger islands around the Kiira power station and an increase in the lake’s water level due
to higher precipitation [31,71]. Conversely, between March and May, the southeast winds
carry moisture that results in heavy rainfall, which also increases the lake’s water level and
attracts floating islands [1,59] (see Figures 7 and 10).

Finally, wind erosion has an impact on the formation of floating islands. The dislodge-
ment and propagation of soil and rock particles by wind contribute to the formation of
floating islands around dams [95,96]. Wind erosion occurs when the wind is strong, the soil
surface is vulnerable, and there is minimal protection. A study by [8] revealed alarming
risks associated with inadequate soil erosion protection mechanisms around the Kiira and
Nalubaale power stations. The exposure of subsiding land surfaces to strong southeast
trade winds leads to the dislodgement of debris, which can combine with floating vegeta-
tion to form large floating islands, particularly in March–May and October–December, as
presented in Figures 7, 8 and 10.

5.5. Impact of Floating Islands on Power Production

The impact of floating islands on power production in hydropower stations is dis-
cussed in Section 2. Previous studies have examined the consequences of floating islands
on power stations, resulting in nationwide blackouts in Uganda [8–10]. For instance, at the
Nalubaale station, floating islands have caused damage to generators and water coolers,
necessitating shutdowns for maintenance and leading to power generation disruptions [9].
Furthermore, ref. [10] reported that a floating island obstructed water flow for power
production in 2020, causing a nationwide blackout.

5.6. Future Recommendations

The frequent spatial and temporal changes of floating islands make it challenging
to identify specific weeks or days when their masses increase or decrease, particularly
during the onset and offset of extreme events. The low revisit frequency of LANDSAT
data contributes to the difficulty in tracking these seasonal changes [97]. Future research
could benefit from acquiring data with higher temporal resolution to precisely determine
periods of significant changes. This can be achieved through multisource remote sens-
ing data fusion, which combines high spatial and temporal resolution for more accurate
spatiotemporal data [98].

6. Conclusions

This study investigated the spatial and temporal dynamics of floating islands impact-
ing major dams on the White Nile from 2000 to 2020 using Landsat imagery, validated by
Sentinel-2 imagery, Climate Hazard Group Infrared Precipitation with Station (CHIRPS)
and Tropical Rainfall Measuring Mission (TRMM) precipitation data, and altimetry water
level data. A correlation analysis was conducted to examine the influence of precipitation
and water level fluctuations on floating islands, and the movement dynamics of the islands
were investigated in relation to southeasterly winds. The study has the following essential
findings. First, the dynamics of floating islands have impacts on power stations. Floating
islands primarily affected the Kiira and Nalubaale stations, with Kiira being the most im-
pacted. The Kiira station’s narrow canal (150 m) and human intervention to divert floating
islands from Nalubaale to Kiira contributed to its increased vulnerability. Second, a set
of factors have influence on the dynamics of floating islands. Annual and seasonal varia-
tions of floating islands are influenced by precipitation, water level fluctuations, and wind
currents. Seasonal dominance occurs during March–May (long rains) and September–
November (short rains). Increased precipitation and rising water levels contribute to the
formation and propagation of floating islands. The southeasterly winds in the region
play a significant role in the movement dynamics and size of the floating islands. Finally,
the dynamics of floating islands have essential impacts on power production. Floating
islands negatively impact power production levels at Kiira and Nalubaale power stations.
A negative correlation exists between power production and the size of floating islands
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(Kiira: −0.5, Nalubaale: −0.3). Larger islands can cause damage to generators and water
coolers, leading to disruptions in power production and potential nationwide blackouts
in Uganda.
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