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Discharge from basins joining a lake is the main factor determining the lake volume and sediment inflow to the lake. Suspended
sediment is an important parameter for describing the water quality of aquatic ecosystems. Lake Tana is an important and the largest lake
in Ethiopia for the local ecological system. However, environmental change and anthropogenic activities in the area threaten its water
quality.+e conventionalmethods of suspended sediment concentration (SSC) observation are unable to determine and compare spatial
and temporal SSC patterns for the lake over a period of years. Remote sensing methods have made it possible to map SSC.+e objective
of this study is to characterize the spatial and temporal distribution of suspended sediment of Lake Tana using in situ measurement and
remote sensing applications and specifically to develop a relationship between in situ and remote sensing observation to retrieve
suspended sediment concentration andmap the spatal distribution of SSC.+is study usedMODIS-Terra and in situ data to characterize
the spatial and temporal distribution of SSC in the rainy season. Four sampling campaigns (20 samples per campaign) were carried out
on Lake Tana, and the first three sampled campaigns on May 11–13, 2018, June 08–10, 2018, and July 15–17, 2018, were used for
calibration of regression models. MODIS-Terra reflectance in NIR was found best related to in situ water quality data and varies linearly
with SSC (r2� 0.81) and turbidity (r2� 0.85). Secchi disc depth (SDD) found the best fit for a power relation with NIR band reflectance
(r2� 0.74).+eMODIS-Terra reflectance in red was found to be poorly related to in situ measurements.+e relation in NIR reflectance
was validated using the LOOCV (leave-one-out-cross-validation) technique and the fourth sampled data set collected on August 12–14,
2018. Developedmodels are validatedwith RMSE of 42.96mg/l, 14.6 NTU, and 0.17m, ARE of 23.3%, 27.6%, and 12.4%, and RRMSE of
25.1%, 44.5%, and 29.6% for SSC, turbidity, and SDD, respectively, using LOOCV. +e equation was also validated using August 2018
collected data sets with RMSE of 87.6mg/l, 11.7 NTU, 0.08m, ARE of 20.8%, 25.9%, and 28.8%, and RRMSE of 17.8%, 20.5%, and 27.9%
for SSC, turbidity, and SDD, respectively. Applying the developed regression model, a 10-year time series of SSC from 2008–2017 for
May-August was estimated and the trend was tested using the Mann–Kendall trend test. It was found that an increasing trend was
observed from the period 2008 to 2017.+e result shows that satellite data like theMODIS-Terra imagery could be used to monitor and
obtain past records of SSC with the developed equation. +e increasing SSC can be reduced by implementing selected management
practices in the surrounding watersheds of the lake to reduce nutrient and sediment inflow.

1. Introduction

Discharge from basins entering a lake is the main deter-
minant of the lake volume and sediment inflow into the lake.
Suspended sediment concentration is an important

parameter for describing lake water quality [1]. Water
transports suspended sediments/solids, nutrients, and
contaminants, which again reduce light transmission
through a water column and influence entire aquatic eco-
systems [1–3].
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+e process of conventional methods for water quality
monitoring over a lake mainly includes the collection and
laboratory analysis of water samples. +ese conventional
methods are more precise, but they are carried out with
limited water samples over space and time, thus may not
reflect the overall lake water quality [4]. +ey are not only
limited in their spatial and temporal coverage but also time-
consuming and expensive [4–9]. In this paper, site-specific
relationships are developed for mapping suspended sedi-
ment concentration (SSC), turbidity, and Secchi disc depth
on Lake Tana. +e relationship developed for SSC is used to
generate a ten-year time series of SSC for Lake Tana.

+e development of remote sensing techniques has made
it possible to monitor optically active substances such as
suspended sediments/or solids in a waterbody [10]. Over
recent decades, a number of studies have demonstrated that
suspended matter distribution in inland waters can be
mapped from various types of satellite remote sensing data,
such as Landsat TM, Landsat ETM+, and Landsat-8,
Moderate Resolution Imaging Spectroradiometer (MODIS),
Medium Resolution Imaging Spectrometer (MERIS), Ad-
vanced Very High-Resolution Radiometer (AVHRR), Sea-
Viewing Wide Field-of-view Sensor (SeaWiFS), and Satellite
Pour I’Observation de la Terre (SPOT) [4–9, 11]. Previous
studies have proposed Landsat-7 ETM+ and Landsat-8
bands as a spectral self-phase modulation (SPM), turbidity,
and Secchi disc depth (SDD) indicator for Lake Tana [5, 8],
but its limitation on the temporal resolution is insufficient
for the study of dynamic changes of sediment. Kaba et al. [7]
used Terra-MODIS to investigate the relationship between
water quality parameters and Terra-MODIS derived re-
flectance only at Gumara river inlet to Lake Tana. However,
this study uses the Terra-MODIS derived reflectance data
over the whole lake area to investigate the relationship with
water quality parameters.

In this study, MODIS-Terra daily surface reflectance data
and in situ data were used to develop a relationship and
estimate past records of SSC for Lake Tana in the Blue Nile
Basin. MODIS-Terra has high temporal resolution and is
more sensitive than Landsat-7 ETM+ satellite images [12].
Moreover, satellite-derived images of suspended sediment
can be retrieved using single or a combination of band
algorithms based on reflectance spectral regions [5, 7–10].
+e essential part of quantifying SSC using a remote sensing
approach is that the model infers SSC from remotely sensed
information. Ma et al. [13] and Wang et al. [11] classified
models as empirical, semiempirical, and analytical models.
Empirical models normally establish the relationship be-
tween apparent optical properties (i.e., remote sensing re-
flectance) and inherent optical properties (i.e., suspended
sediment) directly by statistical analysis such as linear and
nonlinear regression. A number of studies have been applied
in such models for estimating and retrieving water quality
across the world [1, 5, 7–9, 11, 14–23].

2. Methodology

2.1. StudyArea. Lake Tana is located at 12° 01′35″N latitude
and 037° 18′12″ E longitude or located in the northwest of

the Ethiopian highlands (Figure 1). +e lake is the source of
the Blue Nile and the largest lake in Ethiopia [2, 8]. +e lake
is found in a wide depression of the Ethiopian basaltic
plateau and is bordered by flood plains that are often flooded
during the rainy season. +e flood plains bounding the lake
are the Fogera flood plain in the east (mainly by Gumara and
Rib rivers), the Dembia flood plain in the north (from
Megech river), and the Kunzila flood plain in the southwest
(mainly associated with Gilgel Abay, Kelti, and Koga river),
while it is bordered by steep rocks in the west and northwest
[2].

It is a shallow lake with a mean depth of 9m and a
maximum depth of 15m. +e lake is approximately 84 km
long and 66 km wide with an elevation of 1800m [7]. +e
lake has an average temperature of 22°C and a mean annual
rainfall of 1450mm/year [8]. Lake Tana is fed by the Gilgel
Abbay, Rib, Megech, and Gumara rivers [2, 3].+e estimated
mean annual flow to Lake Tana from Gilgel Abbay is
1810mm3, Gumara is 930mm3, Rib is 430mm3, andMegech
is 189mm3. +e mean annual inflow to the lake is estimated
to be 158m3/s [24], with the largest flow coming from the
Gilgel Abbay river. +e lake’s surface area ranges from 3000
to 3600 km2 [5], depending on the season and rainfall. +e
lake level has been regulated since the construction of the
Chara Chara control weir. +ese controls flow to the Blue
Nile Falls and a hydropower station [25].

2.2. Materials andMethods. Four field trips were conducted
in 2018 from 11–13 May, 08–10 June, 15–17 July, and 12–14
August to measure Secchi disc depth (SDD) and collect
water samples at 20 monitoring points on the lake at 0.2m
depth with Van Dorn water sampler [7]. +e sampling dates
were spread within those months to capture variations in
sediment inflow. For each sampling point, GPS coordinates
were taken on the specified location of the lake to enable the
collection of water quality data at the same place at different
times. +e points were selected to show the spatiotemporal
distribution of suspended sediment when the major tribu-
tary rivers (i.e., Gilgel Abay, Gumara, Rib, and Megech
rivers) fed the lake during the wet season. +e sampling
points are shown in Figure 2.

2.2.1. SSC, Turbidity, and SDD Measurements. +e deter-
mination of suspended sediment concentration (SSC) was
performed by filtration of the sampled 1 liter of water using a
Whatman 320mm diameter filter paper and oven drying for
24 hours at 105°C and subtracting weight of the dried filter
and sediment to the filter weight divided by the sampling
volume of water [26]. Turbidity was determined by a Hach
2100N turbidimeter after calibrating using a 0.1–7500 NTU
formazin standard solution provided with the kit [7]. Secchi
disc depth (SDD) measurement was observed using a 20 cm
diameter Secchi disc (SD) to determine the depth to which
visibility remained clear. +e disc was submerged using a
gaged rope and depths where the disk could no longer be
seen from the surface with the naked eye was recorded
[8, 27, 28].
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2.2.2. MODIS-Terra Data Acquisition. +e MODIS-Terra
images have been acquired in 36 spectral bands with 250m,
500m, and 1,000m spatial resolutions. +e red
(620–670 nm) and NIR (841–876 nm) bands labeled
“MOD09GQ” version 6 surface reflectance data are available
on a daily basis at 250m spatial resolution [29]. +e ac-
quisition of MODIS-Terra data was concurrent with in situ
measurements obtained on the lake. +e satellite image was
downloaded from USGS (https://lpdaacsvc.cr.usgs.gov/) site
in GeoTIFF and projected to coordinates via the Application
for Extracting and Exploring Analysis Ready Samples
(AppEEARSs) which is free and was conducted for each
sampling date. 12 May and 15 July 2018 were cloudy days,
and MOD09GQ daily surface reflectance data were not
acquired. To show the turbidity plum of the lake with RGB
color during the wet-dry (May-Sep) season, MOD09GA
MODIS-Terra images were used. MOD09GA provides
MODIS band 1–7 daily surface reflectance at 500m reso-
lution and 1 km observation and geolocation statistics. +e
RGB image is composed of surface reflectance measured by
MODIS bands 1 (red), 4 (green), and 3 (blue) with wave-
length range of 620–670 nm, 545–565 nm, and 459–479 nm,
respectively [30].

2.2.3. Calibration and Validation of Regression Models.
Following the work of [7, 9], several combinations of
bands were tested along with a single band. +e goodness
of fit of the developed models was evaluated based on the
coefficient of determination (R2). +e three months (i.e.,
May, June, and July 2018) data sets excluding the cloudy
days were used to calibrate or develop the regression
model. For the validation of the model, the leave-one-out-
cross-validation (LOOCV) technique was employed [1, 9].
+e leave-one-out-cross-validation (LOOCV) technique
works as follows. +e first sample data point in the sample
used in developing the regression model is excluded, and
the others were used as training data to develop a cor-
relation between Y and X using the least-squares
regression.

+e slope, intercept, and R2 values of the resulting re-
lation are recorded, and then the equation is used to estimate
Y of the excluded sample from X. +is procedure was re-
peated by excluding all sample points, one by one for SSC,
turbidity, and SDD.+is will produce a series of slope values,
intercept values, R2 values, and estimated Y values, which
were useful for assessing the accuracy of the calibration
model. Accuracies of predicted SSC, turbidity, and SDD
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Figure 1: Major contributing rivers and location map of Lake Tana Basin: (a) Ethiopian regions; (b) Amhara region; (c) Lake Tana Basin.
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were assessed by the root mean square error (RMSE), rel-
ative root mean square error (RRMSE), and absolute relative
error (ARE) as follows:

RMSE �

������������

 Xo − XE( 
2 

n



,

RRMSE �
RMSE
 Xo/n( 

∗ 100%,

ARE �
Xo − XE

Xo

∗ 100%



.

(1)

3. Results

3.1. SSC, Turbidity, and SDD vs. MOD09GQ Reflectance
Relationships. +e descriptive summary of the observed
values of water quality variables for the sampled months is
given in Table 1. In order to obtain the desired relationship
between the MODIS-Terra daily surface reflectance data and
in situ observations, the reflectance values of downloaded
MOD09GQ data were extracted on the sampling points
using the ArcGIS spatial analysis tool as the images are
already corrected for atmospheric, gaseous, and aerosol
effects [29]. Table 2 summarizes all the combinations of
relationships between the in situ observed and the MODIS-
Terra remote sensing reflectance data.
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Figure 2: Sampling locations on Lake Tana.
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In all band combinations, a linear relationship was
observed between the tested red and NIR combinations of
MODIS bands and SSC, turbidity, and SSD. In this study, it
was found that the relationship between MODIS reflectance
to the NIR band was superior to other combinations. +is
was in agreement with previous studies [7, 9]. For instance, a
study conducted by Kaba et al. [7] reported that the NIR
band was superior to other combinations of red and NIR

bands as an indicator of TSS, turbidity, and Secchi disc on
Lake Tana, Ethiopia. +e calibrated regression equations
between SSC, turbidity, SDD, and theMODIS reflectance are
given as equations (2)–(4) and shown in Figures 3–5.

SSC � 2195.9∗ ρNIR + 74.3, (2)

where SSC is in mg/l, n � 30, p< 0.001, and r2 � 0.81.

Table 1: Descriptive statistics of measured SSC, turbidity, and SDD from the surface of Lake Tana for sampled campaigns.

Descriptive statistics May June July August
SSC (mg/l)
Mean 205.7 190.8 377.4 422.7
Median 181.7 154.1 169.9 228.6
Standard deviation 89.4 92.2 470.5 435.8
Minimum 113.1 107.6 108.2 104
Maximum 375.9 375.2 1661.3 1519.2
Count 20 20 20 20
Turbidity (NTU)
Mean 20.10 41.24 91 72.07
Median 14.60 20.00 50 54.85
Standard deviation 15.18 45.02 125 57.52
Minimum 7.30 12.70 14 16.80
Maximum 68.60 178.0 558 253.0
Count 20 20 20 20
SDD (m)
Mean 0.78 0.56 0.40 0.31
Median 0.82 0.62 0.27 0.26
Standard deviation 0.29 0.27 0.22 0.18
Minimum 0.28 0.06 0.13 0.09
Maximum 1.50 0.87 0.84 0.75
Count 20 20 20 20

Table 2: R2, adjusted R2, standard error, and significance F of SSC, turbidity, and SDD estimates of different regressions for various
combinations of bands.

Band combinations R2 Adjusted R2 Standard error Significance F
SSC (mg/l), n� 30
Red 0.75 45.95 0.0000
NIR 0.81 25.48 0.0000
Red−NIR 0.78 0.78 33.32 0.0000
Red +NIR 0.53 0.51 89.30 0.0000
NIR/red 0.56 0.55 75.65 0.0000
NDVI (red-NIR/red +NIR) 0.54 0.52 82.39 0.0000
Turbidity (NTU), n� 27
Red 0.84 4.00 0.0000
NIR 0.85 2.80 0.0000
Red−NIR 0.85 0.84 3.25 0.0000
Red +NIR 0.65 0.64 7.75 0.0000
NIR/red 0.78 0.77 6.27 0.0000
NDVI (red-NIR/red +NIR) 0.71 0.69 7.60 0.0000
SDD (m), n� 31
Red 0.72 0.04 0.0000
NIR 0.74 0.03 0.0000
Red−NIR 0.73 0.72 0.04 0.0000
Red +NIR 0.43 0.42 0.06 0.0003
NIR/red 0.71 0.7 0.05 0.0000
NDVI (red-NIR/red +NIR) 0.70 0.69 0.04 0.0000
+e band explaining the best relationship with the parameter has the highest R2 and lowest standard error, which is indicated in bold.
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Turbidity � 186.4∗ ρNIR + 13.3, (3)

where turbidity is in NTU, n � 27, p< 0.001, and r2 � 0.85.

SDD � 0.1543∗ ρNIR− 0.455
, (4)

where SDD is in m, n � 31, p< 0.001, and r2 � 0.74.
From the above equations, pNIR, n, p, and r2 are re-

flectance of the near-infrared band, the numbers of samples
used to build the model, the probability that such a linear
relation is occurring by chance (at 5% level of significance),
and the coefficient of determination of the fit, respectively.

In the NIR, where the absorption is predominantly due
to water and the scattering is predominantly due to the
suspended matter, it is reasonable to expect that the re-
flectance would be roughly linearly proportional to measures
of the suspended sediment load as long as the scattering
properties are consistent over the range of observations [7].

3.2. Validation of Regression Models. +is study applied
regression analysis to develop the relation with SSC, tur-
bidity, and SDD vs. reflectance on Lake Tana from data
collected in May, June, and July (i.e., equation (2)–(4)).
+ese models were then validated with two different ways.

+e first is using the leave-one-out-cross-validation
(LOOCV) technique, and the second is using the predicted
values from the August 2018 reflectance with the developed
model versus August 2018 collected datasets which have
never been used for the calibration. LOOCV has been widely
used in remote sensing studies [1, 9] because the estimated
samples are different from the samples used to develop the
regression model.

All of the samples n � 30 for SSC, n � 27 for turbidity,
and n � 31 for SDD are used for calibrating the model. +e
series of intercept values a, slope values b, and R2 values
produced during iteration in the LOOCV technique showed
little variation. +e scatter plot of the observed versus es-
timated and observed versus residuals is shown in Figure 6.

+e estimation errors were found with the ARE of 23.3%,
27.6%, and 12.4%, with a RMSE of 42.9mg/l, 14.6 NTU, and
0.17m, and a RRMSE of 25.1%, 44.5%, and 29.6% for SSC,
turbidity, and SDD, respectively. +e residuals are distrib-
uted in between ±60 mg/l for SSC, ±20 NTU for turbidity,
and ±0.2m for SDD (Figure 6). Applying these developed
regression models to August 2018 datasets produced an
estimation error of ARE of 20.8%, 25.9%, and 28.8% and
RMSE of 87.6mg/l, 11.7 NTU, and 0.08m and RRMSE of
17.8%, 20.5%, and 27.9% for SSC, turbidity, and SDD,
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Figure 3: Scatter plot of observed SSC (mg/l) against MOD09GQ surface reflectance bands: (a) SSC vs. red band; (b) SSC vs. NIR band; (c)
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respectively. +e associated residuals were distributed in
between ±60mg/l for SSC, ±20NTU for turbidity, and
±0.06m for SDD (Figure 7).

In contrast to previous studies, the SSC estimation error
of this study was found to be relatively smaller. For instance,
in the Wang and Lu [9] study of the lower Yangtze River in
east China, SSC estimation error from the empirical model
was found to be 25.5%, 96.1mg/l, and 36.5% for ARE, RMSE,
and RRMSE, respectively, for the SSC range of 45–909mg/l.
+ey applied the LOOCV method, and the developed em-
pirical model at the Yangtze was used in another river
named Datong resulting in SSC estimation error defined by
ARE of 19.8%, RMSE of 63.0mg/l, and RRMSE of 23.9%.
However, in this study, SSC, turbidity, and SDD estimation
errors were found to be larger than estimation error reported
by Kaba et al. [7] which are conducted only on the Eastern
part (Gumara river inlet) to Lake Tana, Ethiopia. +e esti-
mation errors reported were MAE of 10%, 14%, and 0.1%
and RMSE of 16.5mg/l, 15.6NTU, and 0.11m for the TSS,
turbidity, and SDD. Moreover, SSC estimation error char-
acterized by the RMSE of 11.20mg/l and RRMSE of 28.6%
for SSC range 0–141mg/l reported by Cui et al. [1] was found
to be relatively lower.

+e possible cause of the large error is the high variability
of the sediment dynamics in the tributary rivers of the lake

(i.e., Gilgel Abbay, Gumara, Rib, and Megech). Such high
variability of the SSC spatiotemporal distribution means that
even small discrepancies between the time of in situ data
collection and the time of satellite overpass can introduce
significant differences in environmental conditions. Given
the logistical challenges of collecting samples at multiple
points around the 3000 km2 lake, it is not possible to meet
the time of all data collection to match with the 10:30 a.m.
local overpass time of the Terra satellite.

In addition, particle size distribution can affect the SSC
vs. reflectance relation. +e size of suspended particles can
vary with time and location across the lake and smaller sized
sediments and generally leads to a higher spectral reflectance
for similar SSC values [7, 9]. A linear relation between SSC
and turbidity with water reflectance and nonlinear relation
between Secchi disc depth with water reflectance are tested
for Lake Tana.+is study also found that water reflectance of
MODIS-Terra daily (MOD09GQ) Band 2 (NIR) showed a
linear relationship with the range of 107.6–1661.3 mg/l for
SSC, 7.3–558 NTU for turbidity, and a nonlinear relation-
ship for SDD within the range of 0.06–1.5m.

+e result of this study is consistent with the results of Kaba
et al. [7] which reported the water reflectance of MODIS NIR
with a linear relationship to TSS and turbidity and the rela-
tionship for SDD as nonlinear at the inlet of Gumara river. In
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Figure 4: Scatter plot of measured turbidity (NTU) against MOD09GQ surface reflectance bands: (a) turbidity vs. red band; (b) turbidity vs.
NIR band; (c) turbidity vs. (red +NIR) band; (d) turbidity vs. (red-NIR) band; (e) turbidity vs. (NIR/red) band; (f ) turbidity vs. (red-NIR/
red +NIR) or NDVI band.
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addition to a single band, reflectance ratios between band 1 and
band 2 of Landsat-7 ETM+have also been proposed to indicate
turbidity for Lake Tana near Gumara River [8]. Doxaran et al.
[18] pointed out that the use of reflectance ratios could reduce
skylight reflection and the influence of particle grain-size and
refractive index variations. However, in this study, the red band
along with band sum, difference, and ratios was used to exploit
any advantage in improving the model, and in this study, it did
not show a good relation with SSC, turbidity, and SDD. It
resulted in a lower R2 value as compared with a single NIR
band. A possible reason may be that atmospheric correction
was not as effective at the NIR band, such that more residual
atmospheric effects may remain [15].

A strong correlation between observed SSC and turbidity
(R2 � 0.76) was observed (Figure 8), and this suggests that
turbidity in the lake is mainly due to suspended sediment
and not the inflow of color causing dissolved materials. As
the upper watersheds are predominantly intensively culti-
vated lands [8], the inflow of color causing agents is minimal
[7]. However, continued cultivation practice and subsequent
flow into the lake will facilitate the rapid growth of mi-
croscopic algae or cyanobacteria in water resulting in bio-
logical turbidity. Nevertheless, during the rainy period, it
was observed that Lake Tana is relatively free of algal par-
ticles [5].

3.3. Generating SSC Time Series Data for Lake Tana. A 10-
year time span of MODIS NIR image was downloaded from
2008 to 2017 from USGS site via AppEEARS corresponding
to the sampling dates. Cloud contaminated MODIS daily
surface reflectance NIR images were excluded from the
analysis. +e time series plot of SSC estimated over Lake
Tana for the month of May-August from 2008–2017 images
is shown in Figure 9.+e seasonal effect of the estimated SSC
time series was removed with decomposition of a time series
using R software. +e Mann–Kendall nonparametric Trend
Test [31, 32] was used to analyze the data estimated over time
either for consistently increasing or decreasing trends
(“monotonic trends”). Peak concentration in the lake
showed an increasing trend in the 2008–2017 periods. As the
computed p value 0.03 is lower than the significance level
alpha� 0.05, the null hypothesis was rejected and the al-
ternative hypothesis is accepted in favor of the increasing
trend in the series during the rainy seasons. +e result of the
trend test was consistent with a study conducted by Moges
et al. [8], which found an increasing trend in turbidity from
the period 1999 to 2014.

+e occurrence of SSC peak before flow peak is attrib-
uted to the soil properties that are loose erodible sediment at
the beginning of the rainy season because of ploughing (see
Zimale et al. [3]). At the start of the rainy season, the loose
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Figure 5: Scatter plot of observed SDD (m) against MOD09GQ surface reflectance bands: (a) SDD vs. red band; (b) SDD vs. NIR band; (c)
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soil in the watersheds that are easily washed off cause the
sediment concentrations peak before the rainy season gets
fully underway. Sediment concentrations in rivers at the
beginning of the monsoon season are high and then decrease
gradually [33, 34]. Zimale et al. [3] also reported that sed-
iment concentration decreases at the end of the monsoon
rainy season. Moreover, as the rainy season continues, the
soil becomes more cohesive and base flow begins to con-
tribute to streamflow, diluting the sediment [33, 34]. +e
runoff water then spreads over the river delta dropping the
sediment load and contributes to delta development along
the lakeshore [3, 8, 25, 35].

4. Discussion

4.1. Spatiotemporal Distribution of SSC in Lake Tana.
Spatial and temporal suspended sediment variation can be
driven by both anthropogenic and natural factors within the
lake basins and could also be affected by soil erosion within a
lake contributing basin through surface water inputs. +e
spreading of suspended sediment from river mouths to the
lake appears less turbid before the beginning of the rainy
season in May. Before the start of rainy season, discharging

rivers to Lake Tana (Gilgel Abbay river in the southwest,
Gumara and Rib river in the east, and Megech and Arno-
Garno river in the northeast) was relatively free of suspended
sediment and clean (Figure 10(a)). During this period, the
most likely turbidity plume was due to the shoreline erosion,
and when compared with other periods, the SSC observed
was lower. In the dry monsoon season, sediment concen-
trations are low [3]. As the rainy season begins and con-
tinues, reddish turbid plumes at the entry location of Gilgel
Abbay river in the southwest and Gumara and Rib rivers in
the east are seen in June (Figure 10(b)). At the start of the
rainy season, the turbidity plume was due to suspended
sediment load from draining rivers. Elevated sediment
concentration occurs during the rainy season (June, July,
and August) [3]. +e reddish plume due to suspended
sediment spreads as the rainy season continues along the
shore of the lake over a wide area as seen in July and August
(Figures 10(c) and 10(d)). In addition, flood plains all
around the lake were flooded and drained into the lake
during the rainy season [2] contributing to the suspended
sediment load to the lake. Hence, the increase in SSC reduces
the primary productions [2] and enhances the siltation of the
reservoirs and lakes [3]. As the rainy season concludes, the
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turbid plume spreading decreases over the surface area of the
lake as shown in Figures 10(e) and 10(f)

+e importance of sediment deposition in streams and
on its bank is attributed to land degradation in the upper
catchment [25]. Moges et al. [36], Steenhuis et al. [37],
Tilahun et al. [38], and Zimale et al. [3] reported that

degraded and saturated areas were the main contributing
runoff areas and hence were found to be sources for
sediment concentrations. Moges et al. [36] and Zimale
et al. [3] reported that most of the sediments were gen-
erated from degraded areas. +e sediment that is lost from
the saturated area is likely from the gullies that are found
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Figure 7: Validation of SSC, turbidity, and SDD for August 2018 data sets and associated residuals: (a) observed vs. predicted SSC; (b)
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Figure 10: Continued.
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in the gradually saturated bottomlands especially at the
end of the rainy season [33, 38]. In the rainy season, the
sediment coming from both degraded and saturated
runoff source areas of the lake basins has higher impacts

on the water quality of Lake Tana causing higher turbidity
or SSC. Relatively higher suspended sediment concen-
tration was observed in the west and east part of the lake
during the rainy season (Figures 11(a), 11(b), and 12). +e
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Figure 10: MOD09GA band 1, 4, and 3 false color image combinations showing turbid plume spreading from rivers to Lake Tana on and
around the sampling dates: (a) 13 May 2018; (b) 10 June 2018; (c) 14 July 2018; (d) 15 August 2018; (e) 27 September 2018; (f ) 27 October
2018.
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Figure 11: Continued.
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higher sediment concentration was contributed by major
tributary rivers of the Lake Tana Basins (Gilgel Abbay,
Gumara, Rib, and Megech rivers). Moderate suspended
sediment concentrations were observed in the central part
of the lake.

Lake Tana has importance for the local and aquatic
community as much of the people and aquatic life

surrounding the lake depends on it. However, the findings
of this study indicated that the water quality of the lake is
deteriorating in space and time. Management measures
need to be implemented in the upper part of the water-
sheds to reduce the sediment inflow to the lake. Measures
also need proper study according to the degree of deg-
radation. Soil and water conservation interventions
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Figure 11: Spatiotemporal distribution of mean monthly SSC from (a) Jan-Jun 2014 and (b) Jul-Dec 2014 generated by the developed
retrieval model.
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including the physical, biological, and agronomic mea-
sures should be installed to reduce sediment load inflow to
the Lake. In addition, the integrated use of these three
measures benefits the most in reducing sediment
deposition.

5. Conclusion

Availability of MODIS-Terra daily remotely sensed im-
agery makes it possible to monitor the sediment dynamics
of Lake Tana especially during the rainy or wet season,
during which peak sediment concentration arrives at the
lake. A strong statistical relationship was observed between
SSC, turbidity, and SDD and MODIS-Terra daily remotely

sensed reflectance over Lake Tana. +e established retrieval
models can be used to provide water quality monitoring.
+us, the application of MODIS-Terra daily imagery takes
the place of other satellite images due to its much higher
temporal resolution. +e constructed regression equations
were used to retrieve SSC time series for 10 years, and it was
found that the peak concentration of suspended sediment
has an increasing trend, deteriorating the water quality of
Lake Tana.

Data Availability

+e data used for the research are available from the cor-
responding author upon request (fasikaw@gmail.com).
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