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Abstract: The study was aimed at measuring the in situ spectral reflectance of Lake Victoria fresh water which contains algal
blooms and different suspended solids. Reflectance spectra of wavelengths 340-1,018 nm were collected from Lake Victoria fresh
water using a portable spectroradiometer. The data was collected on a cloud free day between 0912 to 1022 hours. Sunlight was
used as a source of illumination while dark surface was applied as control to obtain a near-normal angle of observation at a Pacific
Daylight Time (PDT) on 27" October 2022. Google Earth Engine (GEE) was used in analyzing the satellite images of Lake Victoria,
Winam Gulf with NDCI index technique which provides an estimation of the chlorophyll-a concentration. The averaged spectrum
of the Lake Victoria water showed reflectance maxima from 580-710 nm and reflectance minima near 430 nm and above 740 nm
wavelengths. This study showed that the higher the NDCI value, the higher the concentration of chlorophyll-a, the more sever the
algal bloom. On average, the concentration of chlorophyll-a was high at 33-50mg/m’ and highest values recorded between January
and February of every year due to high temperatures during the dry season. The Winum Gulf of Lake Victoria is characterized by
increasing eutrophication arising from increased anthropogenic activities on the shores of the lake. Major factors contributing to the
increased eutrophication include Urban sprawl, industrial loads and agricultural activities. The study, therefore, presents the algal
bloom situation and spectral reflectance of the lake under the influence of human activities surrounding Lake Victoria.
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concentration which exists in all algae groups, is a
bio-production indicator in inland water bodies [3]. Turbidity of
fresh water lakes is caused by soil particles which lead to
increased concentration of suspended particulate materials in
water and dissolved organic matter. The turbidity level
determines light absorption hence affecting the transparency in
a water body [4]. Water quality is often tested by taking water
samples from the lake and subjecting the samples to laboratory

thus lowering the ecological balance of the lake. Such fresh  teSts- This process is expensive, time consuming and does not
water lakes are characterized by suspended sediments, 8IV€ @ universal result for the entire lake [5]. Such research

dissolved organic carbon and chlorophyll a (Chl a) challenges have led to the use of remote sensing technologies in
concentration among other solid waste materials [1]. The water ~ Mmonitoring the quality and composition of water bodies [6].

composition controls the spectral reflectance of these water Remote sensing technique is capable of providing synoptic
bodies [2]. In the assessment of water composition, Chl @ view and analysis of the lake waters. This is based on the fact

1. Introduction

Lake Victoria is the second largest freshwater lake by area in
the world covering 68,800km2. Currently, the lake is under
severe pressure from human-induced activities such as
over-exploitation, eutrophication and introduction of both plant
and animal species. Rapid increase in human population in the
catchment exerts more pressure on the lake’s water resources
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that the satellites are able to produce images as they orbit
around the earth enabling them to access the synoptic and
consistent data about the lakes [7]. Several studies have been
done on monitoring the algal bloom concentration in different
inland lakes in the world. Song et al. [8] studied the
correlation of chlorophyll a concentration in Shitoukoumen
reservoir and concluded that Cha a is a parameter that can
characterize the water composition state of a lake. Currently,
mapping floating matters using optical remote sensing
requires the detection of a spatial anomaly using the 30
near-infrared (NIR) bands, and then discrimination of the
anomaly by comparing its spectral characteristics with 31
known spectra of floating matter, or by using ancillary
information (e.g., in certain regions a spatial 32 anomaly can
only be caused by a certain type of floating algae).

Despite the fact that description of spectral reflectance of
inland water lakes features have been done with several
empirical algorithms derived, application of remote sensing
techniques remains a challenge because of the highly varied
trophic states and different climatic conditions. These
algorithms are nearly always site specific, due to changes in
the biophysical water characteristics based on the location,

and time of the year [9]. The algorithms usually require
calibration and reparameterization [10]. Some of the
algorithms can be universally applied while others require
verification in order to be applied to other types of water.
Chl-a in turbid productive waters seems to be accurately
estimated by means of NIR-red algorithms [11-13].

Google Earth Engine (GEE) is a new technology used in
extracting satellite images and is preferred over the conventional
use of Glovis and earth explorer. This is because in cases where
the study area is vast, the method gives ease of access and
capabilities to leverage the platform for processing as it offers
cloud computing functionalities in a free-to-use approach in the
explorer web app [14]. It has a parallel high-speed processing
capability with Google computational machine algorithms and
Application Programming Interfaces (APIs) which support the
common coding languages [15]. These modules easily enable the
users to extract, analyze and present big spatial data in powerful
and easier ways without applying specialized computer coding
expertise. Landsat has evolved over time and there are a couple
of sensors that have petabytes of data archived overtime [16].
This technique helps in monitoring of water quality and algal
bloom concentration in large water bodies.
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Figure 1. Map of Lake Victoria and Its Basin.

The aim of this research was to examine the spectral
reflectance of Lake Victoria as characterized by the
concentration of chlorophyll a, a form of algal bloom. The
Winum Gulf of Lake Victoria is characterized by increasing
eutrophication arising from increased anthropogenic activities
on the shores of the lake. Major factors contributing to the
increased eutrophication include Urban sprawl, industrial loads
and agricultural activities. The study, therefore, presents the
algal bloom situation and spectral reflectance of the lake under
the influence of human activities surrounding Lake Victoria.

2. Study Area

The study area was Lake Victoria which is the world’s largest

fresh water lake of an area of 68,800km”. It lies within an altitude
of 1134m above the sea level and a latitude and longitudes of
0°20'N-3°S and 31°39'E-34°53"W respectively [17]. The lake
is shared among East African countries; Tanzania (51%), Uganda
(43%) and Kenya (6%). Water balance of the lake is majorly
through precipitation and evaporation since the lake basin
receives an average annual rainfall of 900-2600mm with
evaporation rates of 1100-2400mm [18]. The average depth of
the lake is 40m while the maximum depth is 80m hence Lake
Victoria is considered to be a shallow lake [19]. The lake
supports large scale inland fisheries producing approximately 1
Million tons of fish per annum [20]. About 22% of the Lake
Victoria basin area falls within Kenyan boundaries though with
only 6% of the lake waters [21].
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3. Methodology
3.1. Spectral Reflectance of Lake Victoria

The spectral reflectance of Lake Victoria was measured
using spectroradiometer device pointed at the surface of the
water. A drive boat was used to access the water surface.
Measurement I was taken by pointing the spectroradiometer at
the water surface and the data recorded by the device.
Measurement II was taken by pointing the devise at the sky
while measurement III was taken by pointing the devise at a
white reference surface. Measurement IV was recorded by
pointing the spectroradiometer at a dark surface with no
presence of any light.

Figure 2. Actual Measurements Using Spectroradiometer Device on Lake
Victoria.

In calculating the reflectance of the lake, the readings from
the dark surface were subtracted from the water, sky and

Google EarthEngine  a

Search places anc detasels...

reference points readings. The subsequent calculations are as
below;

Multiply the (Sky — Dark) radiance by the Fresnel
reflectance off the surface of the water

Rrsgy=0.025 x Radiancesyy-park)

(1)

Water leaving radiance, Lw, subtract the Fresnel reflectance
from the water signal

Rrs;,=Radiancewater-parky — (0.025 x Radiancesiy-park) (2)

The downwelling irradiance, Ed, is the radiance off the
reference, multiplied by Pi, and divided by the reflectance of
the reference

Ed=(Ref - Dark)*PI/.95 3)

The remote sensing reflectance, Rrs, is the water leaving
radiance, Lw, divided by the downwelling irradiance, Ed

Rrs=Lw/Ed 4
Just taking the median to smooth out the curve
Hence Reflectance Rrs=Lw/Ed %)

3.2. Monitoring of Cha-a

The Normalized Difference Chlorophyll Index, NDCI

Google Earth Engine (GEE) was used in analyzing the
satellite images of Lake Victoria, Winam Gulf. NDCI index
provides an estimation of the chlorophyll-a concentration.
This was done by exploiting the Red/Near-Infrared reflectance
and the Red-edge absorbance specific to the chlorophyll-a of
plants.
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Figure 3. Google Earth Engine (GEE) Interface Pre-Coding Steps for Winam Gulf.

For Sentinel-2 satellite image was used and the NDCI applied using Band 5 and Band 4 within a normalizing equation as

follows:
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NDCI =

B5—-B4
B5+B4

(6)

When NDCI was created, the authors (Mishra and Mishra, 2012) provided a range of values to estimate the concentration of

chlorophyll-a from space. They created the table below:

Table 1. Comparison Between NDCI and Chl-a Concentration in Lake Victoria.

NDCI range Chl-a concentration range (mg m™)
<-0.1 <7.5

-0.1to 0 7.5-16

0t00.1 16-25

0.1t00.2 25-33

0.2t00.4 33-50

041t00.5 >50

0.5t01 Severe Bloom

Source: Mishra and Mishra, 2012

The algal bloom situation in the Winam Gulf of Lake
Victoria was monitored over two years, 2020 and 2021 using
NDCI in the Google Earth Engine. Four sites were chosen, i.e
Kisumu bay, Nyando bay, Sondu bay and Asembo bay. The

trend in algal bloom concentration in the lake was monitored
per site and mean NDCI value generated and recorded. The
values generated are on a 2 time-series daily NDCI values and
showing monthly NDCI values (Figure 6).

Pau Akuche
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Figure 4. Selected Sites (Lake Victoria Winum Guld Bays) for the NDCI Study.

4. Results
4.1. Spectral Reflectance

The reflectance wavelengths recorded by the devise ranged
from 339nm-1018nm. The measurements of radiance obtained
when the spectroradiometer was pointed at the water surface

produced a range of -107.41 to 9.09 with the respective
wavelengths. The radiance obtained while spectroradiometer
was pointed at the sky ranges from -106.87 to 10.23. Dark
surface produced -138.51 to 11.49 radiance while a reference
surface of white color produced a radiance range of -106.82 to
10.38 as shown in Table 2.
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Table 2. Wavelength Reflectance Parameters and Reflectance Computation.

Measurement #1 Measurement #2

Spectroradiometer pointed at

Spectroradiometer pointed at

Measurement #4
Spectroradiometer pointed at

Measurement #3
Spectroradiometer covered, no

Wavelength _ the water the sky light the white reference
(nm) USB2G146711_16-30-59-331.  USB2G146711_16-32-00-759. USB2G146711 12-55-05-747.xt USB2G146711_16-32-56-049.
txt txt - txt
Water Sky Dark Reference
Thu Oct 27 16:30:59 EAT 2022 Thu Oct 27 16:32:00 EAT 2022 Fri Oct 28 12:55:05 EAT 2022 Thu Oct 27 16:32:56 EAT 2022
Scans to average: 10
Integration Time (sec): 3.000000E-1
339.887 -107.41 -106.87 -138.51 -106.82
340.26 -2.31 -2.77 0.69 -1.32
340.634 -1.41 -1.37 1.89 -0.72
341.008 -0.71 -0.27 3.19 -0.32
341.382 0.29 1.23 4.29 1.28
1017.762 8.69 8.73 10.19 10.48
1018.041 9.09 10.23 11.49 10.38
Measurem  Measure Measure  Sky - dark
ent #1 ment #2 ment #4 ra()l]iance Water The . The'remote Median to
. . . . . downwelling sensing
minus minus minus times the leaving irradiance reflectance smooth out
Wavelen  Measurem  Measure Measure  Fresnel radiance, Lw Ed i Rrs i the curve
gth (nm) _ent#3 ment #3 ment #3 reflectance
(Water-Dark  Ed=(Ref - _
zvater'D A Sky-Dark g:ik ?é?(zys_])ark) )-(0.025 Dark)*PI()/.  Wavelength  Rrs=Lw/Ed dRr ssLw/E
(Sky-Dark)) 95
339.887 31.1 31.64 31.69 0.791 30.309 104.7969 339.887 0.289216523 0.37289515
340.26 -3 -3.46 -2.01 -0.0865 -2.9135 -6.646948 340.26 0.438321423 0.35071838
340.634 -3.3 -3.26 -2.61 -0.0815 -3.2185 -8.631112 340.634 0.372895153 0.37289515
341.008 -3.9 -3.46 -3.51 -0.0865 -3.8135 -11.60735 341.008 0.328541599 0.39416757
341.382 -4 -3.06 -3.01 -0.0765 -3.9235 -9.953888 341.382 0.394167574 0.37289515
1017.762  -1.5 -1.46 0.29 -0.0365 -1.4635 0.959012 1017.76 -1.5260 0.19388
1018.041  -2.4 -1.26 -1.11 -0.0315 -2.3685 -3.67070 1018.04 0.64524 -0.2574

The spectral data for the water, sky, dark and reference
surfaces were plotted with the resulting graphs as shown in
Figure 5a. Resultant Reference data was acquired by

Data for Water, SKy, Dark and Reference Surfaces

1390
1190
990
790
590
390

190

350 450 550 650 750

Dark Reference #REF!

Water Sky

subtracting the dark surface data from the reference surface
data as shown in Figure 5b.

Data after subtracting the dark spectrum

1300
1100
900

700

300

100 v
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——— Water-Datk == Sky-Dark Ref - Dark

B

Figure 5. Spectral Data for the Different Reference Surfaces.
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Figure 6. Spectral Signature of Lake Victoria Reflectance.

The spectrum produced has a magnitude and a shape which
is shifting toward the right end of the spectrum as shown in

Mean NDCI 2020, Lake Victoria

== Kisumu == Nyando == == Sondu

Figure 6. Comparing with that of Green Bay spectrum as
studied by [23] paper, the reflectance of Lake Victoria Winam
Gulf shifts to the right because of sediments suspended in the
water due to the turbulence of the waves by shore.

4.2. The Normalized Difference Chlorophyll Index, NDCI

NDCI for Lake Victoria

Mean NDCI for 2020 and 2021 are as shown in Figure 7
and Figure 8 respectively. Kisumu City shoreline registered a
continuous mean value in 2020 compared to 2021 followed by
Homabay Town shoreline. Nyando, Sondu and Asembo sites
showed varying mean NDCI across the two years. The mean
NDCI for Winam Gulf of Lake Victoria is presented in
Figure 9.

== = Homa Bay === === Asembo

Jan Mar May

Jul Nov

Sep

Month

Mean NDCI 2020 by Month, Lake Victoria

M Kisumu [ Nyande [ Sondu [l HomaBay [ Asembo
04
0.3
0.2
I |0 ARy
-0.1
Jan Feb Mar Apr May  Jun Jul Aug  Sep Oct Nov  Dec
Month

Figure 7. Mean NDCI for Winam Gulf'in 2020.



Earth Sciences 2023; 12(4): 90-98 96

Mean NDCI 2021, Lake Victoria
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Mean NDCI 2021 by Month, Lake Victoria
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Figure 8. Mean NDCI for Winam Gulf'in 2021.
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Figure 9. Mean NDCI values in Winam Gulf using Sentinel-2 in a Google Earth Engine.
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5. Discussion

The averaged spectrum of the Lake Victoria water shows
reflectance maxima from 580-710 nm and reflectance minima
near 430 nm and above 740 nm wavelengths. The reflectance
gradually decreases from 720-1,018nm and has very low
reflectance in the 400—520 nm wavelength region. Our results
show that the spectral reflectance of suspended solid particles
at this stage remains low for wavelengths longer than 1,000
nm in the near-infrared region of the spectrum. These spectral
results have implications in selecting the spectral ratios and
refining the algorithms that will be used to estimate algal
bloom content using satellite models. The validity of the Rrs
(M) measurements was demonstrated through taking
measurements by pointing the reflectometer device in
different media such as water surface, sky, white surface and
dark reference surface.

These measured reflectance values correspond with other
studies of inland waters with similar composition.
Nevertheless, differences can be found mostly in the location
of reflectance maxima in certain parts of the electromagnetic
spectrum. The differences found in the obtained reflectance
spectra can be attributed to the various contributing
absorptions of phytoplankton and suspended sediments [24].
The higher reflectance of our localities compared with the
clear lakes discussed in the literature may be caused by the
presence of a high amount of light-refracting mineral particles,
giving rise to the low transparency. The methods of
measurement and the conditions during measurement can also
affect the magnitude of reflectance [25].

The development of remote sensing instruments and
techniques has ushered in a new era of monitoring, with
various  satellites now providing information on
chlorophyll-concentrations. This study showed that the higher
the NDCI value, the higher the concentration of chlorophyll-a,
the more sever the algal bloom. On average, the concentration
of chlorophyll-a was high at 33—50mg/m3 and highest values
recorded between January and February of every year due to
high temperatures during the dry season. There was a
concentration drop from March to September and this was
alluded to the long rainy and cooler periods which hinders the
growth of algae in Lake Victoria. The October to December
period showed an increased concentration of chlorophyll-a
due to the short rains.

From Figure 6, it is evident that Chl-a concentration is
higher at the shores than the middle of the lake. This is
because the shores are more susceptible to nutrient enrichment
as compared to the rest of the lake due to surface run off and
waste disposal from the various human activities taking place.
However, nutrient enrichment due to surface runoff is
dependent on the topography of the catchment area as asserted
by Wetzel, R., G. [26].

The mean NDCI map shows that Nyando study site had
high concentrations of Chl-a which is attributed to the
continuous flow of River Nyando from the northern part of
Lake Victoria which drains a lot of nutrients into the Lake.

Kisumu City and Homabay town shores are characterized by
sheltered bays which has limited waves and water circulation
as well as possibilities of effluent run-off from the population
in the urban areas. These factors contributed to higher
concentrations of Chl-a in the urban study sites.

The major contributors of nutrient enrichment along the
shore regions are: surface run off; constant mixing of the lake
especially in shallower regions and waste disposal from the
various human activities that take place in the lake’s
catchment area. These provide favourable conditions for
increased development of algae resulting in high Chl-a
concentrations. Left unmitigated, it is suspected that this has
led to the development of harmful algal blooms (cynobacteria).
The algal bloom has resulted to the development of water
hyacinth in Lake Victoria as well as producing toxins that are
poisonous to both humans and the fish [27] as well as the birds
and animals that drink from the lake.

Thus the high level of suspended matter in this study is
linked with the result of high influx of sediments into the lake.
That is, during seasons of heavy rainfalls and flooding,
agro-chemicals (such as phosphorus and nitrogen) are
transported through surface run-offs into Winam Gulf of Lake
Victoria resulting in the bloom of algae. Moreover, the
sequential increase in the rainfall and flooding amounts as a
result of global climatic changes has made this phenomenon a
frequent one and are thus recurrently experienced in various
regions in Africa and around the world [28-30].

6. Conclusion and Recommendations

From this study, it is evident that remote sensing provides a
novel and efficient way of monitoring Chl a and suspended
solids in Lake Victoria. The in-situ spectral reflectance
measured produced a magnitude and a shape which is shifting
towards the right end of the spectrum. Comparing that of
Green Bay spectrum as studied by O'Donnell, D. M. et al. [23]
paper, the reflectance of Lake Victoria Winam Gulf shifted to
the right because of sediments suspended in the water due to
the turbulence of the waves by shore. This study showed that
the higher the NDCI value, the higher the concentration of
chlorophyll-a, the more sever the algal bloom. On average, the
concentration of chlorophyll-a was high at 33-50mg/m’ and
highest values recorded between January and February of
every year due to high temperatures during the dry season.
The high level of suspended matter in this study is linked with
the result of high influx of sediments into the lake. Some of the
potential beneficiaries will be the Fisheries Sector, the
National Environmental Management Authority, Water
Resource Authority, Research Institutions etc.
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