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Abstract: Human activities coupled with climate change impacts are becoming the main factors
in decreasing inland surface water quantity and quality, leading to the disturbance of the aquatic
ecological balance. Under such conditions, the introduction and proliferation of aquatic invasive alien
species are more likely to occur. Hence, frequent surface water quality monitoring is required for
aquatic ecosystem sustainability. The main objectives of the present study are to analyze the seasonal
variation in the invasive plant species water hyacinth (Pontederia crassipes) and biogeochemical water
quality parameters, i.e., chlorophyll-a (Chl-a) and total suspended matter (TSM), and to examine
their relationship in Lake Tana (Ethiopia) during a one-year study period (2020). Sentinel-2A/B
satellite images are used to monitor water hyacinth expansion and Chl-a and TSM concentrations
in the water. The Case 2 Regional Coast Colour processor (C2RCC) is used for atmospheric and
sunglint correction over inland waters, while the Sen2Cor atmospheric processor is used to calculate
the normalized difference vegetation index (NDVI) for water hyacinth mapping. The water hyacinth
cover and biomass are determined by NDVI values ranging from 0.60 to 0.95. A peak in cover and
biomass is observed in October 2020, just a month after the peak of Chl-a (25.2 mg m−3) and TSM
(62.5 g m−3) concentrations observed in September 2020 (end of the main rainy season). The influx of
sediment and nutrient load from the upper catchment area during the rainy season could be most
likely responsible for both Chl-a and TSM increased concentrations. This, in turn, created a fertile
situation for water hyacinth proliferation in Lake Tana. Overall, the freely available Sentinel-2 satellite
imagery and appropriate atmospheric correction processors are an emerging potent tool for inland
water monitoring and management in large-scale regions under a global change scenario.

Keywords: Copernicus programme; invasive alien species; water hyacinth; chlorophyll-a; total
suspended matter; inland water monitoring

1. Introduction

Inland water bodies are valuable resources that provide multiple economic, social,
and ecological services for domestic, industrial, and agricultural uses. However, agricul-
tural inputs (pesticides, herbicides, and fertilizers), domestic wastewater (organic matter,
nutrients, personal care, and pharmaceutical pollutants), and industrial effluents from the
freshwater body’s catchment area [1–3], in addition to surface water overutilization for
irrigation and industry, decrease both the quantity and quality of inland waters [4]. Good
water quality is crucial for long-term aquatic ecosystem health and functioning [5]. Its
deterioration can lead to the disturbance of the ecological balance, the loss of biodiversity,
and a significant negative impact on the abundance and distribution of native species in
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the system [6,7]. In this way, the introduction and proliferation of aquatic invasive alien
species are facilitated [8], which can further modify the structure and functions of these
aquatic ecosystems.

The water hyacinth Pontederia crassipes Mart. (formerly Eichhornia crassipes (Mart.)
Solms) is a free-floating and fast-growing perennial aquatic species, and one of the invasive
species provoking most concern to freshwater ecosystem managers [9,10]. It is a native
species of South America (Brazil), which has, however, dispersed rapidly throughout the
world during the last century [11,12]. The water hyacinth shows its fastest growth and
expansion in warm climate lakes that receive large amounts of nutrients (eutrophic). Thus,
the water hyacinth has expanded in the majority of tropical freshwater bodies all over the
world. It can form dense floating mats on the water surface, increasing water loss due
to higher evapotranspiration and decreasing water clarity and light penetration depth,
oxygenation levels, phytoplankton growth, and biodiversity [10,12,13].

Lake Tana is the largest freshwater lake in Ethiopia and provides multiple ecosystem
services for the local, regional, and global community, having been declared a world
heritage site (Biosphere Reserve, UNESCO) [14] due to its high biodiversity [15,16]. The
Ethiopian government has also identified it as one of the growth corridors for economic
development [17]. However, several recent studies have indicated that Lake Tana is one
of the most affected basins in Ethiopia due to human activities [18–20]. Water diversion
from the lake, as well as its tributaries, for irrigation and hydropower generation purposes
is responsible for water quantity reduction and increased nutrient concentration [21,22].
Nutrient inputs from agricultural activities and urban areas and sediment load from the
catchment area also contribute to increased nutrient concentrations and turbidity, leading
to further water quality deterioration [23,24]. These conditions favored the expansion
of the water hyacinth in Lake Tana, which was first observed in the lake in 2011 [13].
Between 2013 and 2017, water hyacinth showed a 66% increase per year, essentially in the
northeastern part of the lake [25–27]. Overall, water bodies infested by water hyacinth are
characterized by lower water quality than noninfested areas including higher turbidity,
chlorophyll-a (Chl-a), total suspended matter (TSM), and chemical oxygen demand, and
lower pH, dissolved oxygen, and nitrate concentrations [11,13].

Frequent monitoring and assessment of water quality, e.g., Chl-a and TSM, and water
hyacinth expansion in Lake Tana are essential for designing both short- and long-term
management plans to sustain its resources and ecosystems. Collection of in situ data
is extremely labor-intensive and time-consuming and tends to be limited in time and
space. Satellite remote sensing plays a significant role in overcoming such bottlenecks for
researchers working in dynamic and complex water bodies [28,29], to capture the spatial
and temporal heterogeneities, particularly in freshwater bodies where historical data are
highly scarce, such as Lake Tana. Satellite images have been used previously to study the
water quality and water hyacinth cover in African inland waters [12,30–36], and in Lake
Tana in particular, during the last few years [26,27,37]. To achieve this, various approaches
and vegetation indices have been applied to evaluate the cover or biomass of aquatic plants
and water hyacinth [12,34,35,38,39]. Among them, the Normalized Difference Vegetation
Index (NDVI), initially developed and applied for terrestrial systems, is often used as a
proxy of biomass in aquatic systems as well [12,40–42]. NDVI has been demonstrated to
provide robust and consistent spatiotemporal time series of vegetation that can be used to
monitor change detection in support of accurate seasonal and inter-annual variation, states,
and processes [43].

Studies exploring the water hyacinth cover and its expansion rates using remote
sensing techniques and data sources have increased throughout the past years worldwide,
including Africa. Several works have been conducted in Lake Victoria and other tropical
and subtropical water bodies on the African continent [31–33,36,44–47] (Supplementary
Material, Table S1). For Lake Tana, Asmare et al. (2020) used Landsat 8 images with 30 m
resolution from 2013 to 2017 and applied a supervised classification technique for the detec-
tion of water hyacinth expansion in the lake [27]. Worqlul et al. (2020) used the PlanetScope
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imagery to map, also by supervised classification, the distribution of water hyacinth in Lake
Tana from 2017 to 2018 [26]. The Moderate-Resolution Imaging Spectroradiometer (MODIS)
data product with 250 m spatial resolution monitors the water temperature and turbidity.
Dersseh et al. (2020) combined Sentinel-2 Level-1C Top of Atmosphere (TOA) images at
10 m resolution for classifying water hyacinth and estimating the areal cover from 2015 to
2019 [37]. However, one aspect that is not often considered for inter-comparison between
data is the atmospheric correction procedure. Atmospheric correction over inland water
environments is one of the major remaining challenges in aquatic remote sensing, often
hindering the quantitative retrieval of biogeochemical parameters and evaluation of their
spatio-temporal patterns [48]. Robust and consistent atmospheric correction is crucial for
the retrieval of aquatic downstream science products from remotely sensed imagery [48].
Most previous studies on water hyacinth monitoring did not report on the atmospheric
corrections algorithms applied, if any [34,35,49]. For example, the water hyacinth coverage
in Lake Tana was processed using Sentinel-2 level 1 (TOA) products by Dersseh et al.
(2020) and using PlanetScope level 1 TOA products by Worqlul et al. (2020) [26,37]. Thus,
the majority of these studies in Lake Tana used level 1 TOA imagery (no atmospheric
correction applied).

In this study, we advanced the inspection of the Sentinel-2 imagery by applying the
Sen2Cor and Case 2 Regional Coast Colour processor (C2RCC) atmospheric corrections to
generate level 2 Bottom-of-Atmosphere (BOA) reflectance, as neither of the two processors
have been applied yet to this environment. In other water masses, these models have
been applied satisfactorily to process from TOA to BOA reflectance, a step required for
monitoring emerged intertidal, benthic, or coastal ecosystems [50–53]. Sen2Cor was applied
to generate the NDVI to detect water hyacinth coverage. In addition, the C2RCC processor
was used to estimate the main water quality parameters, such as TSM and Chl-a [51–54].
These two parameters are widely used to monitor ecological water quality standards in
turbid water bodies such as Lake Tana [55–57]. Therefore, we proposed to: (1) apply
the atmospheric correction processing (Sen2Cor; C2RCC) of Sentinel-2A/B multispectral
images for an inland water body, (2) investigate the seasonal variation in water hyacinth
biomass and cover using NDVI, and (3) estimate Chl-a and TSM concentrations as proxies
of water quality and examine their relation with the water hyacinth extension in Lake Tana
during 2020.

2. Materials and Methods
2.1. Study Area and In Situ Data

Lake Tana, located in the northwestern region of Ethiopia (Figure 1), has a surface area
of about 3600 km2 and an average depth of 9 m. It has four major tributary rivers, namely,
Ribb, Megech, Gummara, and Gilgel Abbay, collecting water from a total catchment area of
15,000 km2 [58]. Lake Tana lies under the tropical highlands with a mean annual rainfall of
1280 mm. The rainfall pattern is unimodal with wet and dry seasons from June to September
and October to May, respectively, whereas an additional light rainy season (February–May)
has also been reported occasionally [59]. The annual average temperature is 20 ◦C with a
range of 9◦ to 25◦ (Figure 2). Rainfall and temperature data for 2020 were obtained from the
Ethiopian Meteorological Agency Bahir Dar branch (http://www.ethiomet.gov.et, accessed
on 23 October 2021). The data were collected from different gauged stations near Lake Tana
(Figure 1). Daily temperature and rainfall data were averaged for each month (Figure 2).

http://www.ethiomet.gov.et
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Figure 2. Monthly average temperature (◦C) (dash-dotted line), and monthly mean precipitation
(mm) (solid line) in Lake Tana during 2020.

2.2. Satellite Data

In order to examine the dynamics of the water hyacinth, we focused our study on the
northeastern part of the lake where this invasive species is currently observed, although
additional suitable areas for its growth have been suggested previously in the lake [25].
Sentinel-2A/B cloud-free images (Level-1C and Level-2A) were selected and downloaded
from the Copernicus Open Access Hub (https://scihub.copernicus.eu/dhus/#/home,
accessed on 28 October 2021) for the study period (2020), one per month (Table 1). A one-
month time interval was sufficient to capture general patterns of water hyacinth cover and
biomass changes. The spatial resolution is 10-20-60 m depending on the band and spreads
over the visible, near-infrared (NIR), and short-wave infrared regions of the electromagnetic
spectrum [60]. The images used for the estimation of Chl-a and TSM concentrations were
initially resampled using the bilinear resampling method to 10 m spatial resolution within
the open-access Sentinel Application Platform (SNAP) software that is suited to Sentinel
data products [50]. Level-1C data were converted to Level-2 data products using the Case 2
Regional Coast Colour processor (C2RCC) as recommended by the European Space Agency
and other studies [50–53,61,62].

https://scihub.copernicus.eu/dhus/#/home
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Table 1. Acquisition date of the Sentinel-2A/B satellite images used during 2020 in Lake Tana.
Acquisition time ~07:50 am is referenced in Coordinated Universal Time (UTC).

Number Sensing Date Mission

1 17 January 2020 Sentinel-2A
2 16 February 2020 Sentinel-2A
3 22 March 2020 Sentinel-2B
4 16 April 2020 Sentinel-2A
5 11 May 2020 Sentinel-2B
6 30 June 2020 Sentinel-2B
7 10 July 2020 Sentinel-2B
8 19 August 2020 Sentinel-2B
9 18 September 2020 Sentinel-2B
10 23 October 2020 Sentinel-2A
11 12 November 2020 Sentinel-2A
12 7 December 2020 Sentinel-2B

The C2RCC is developed for optically complex waters. The processor relies on an
extensive database of simulated water-leaving reflectance and TOA radiances and it is
based on neural network technology trained in extreme ranges of scattering and absorption
properties [61]. The inversion of the water signal and satellite signal is performed by neural
networks, which determine the water-leaving radiance from the TOA and retrieve inherent
optical properties (IOPs) of the water body. A characterization of optically complex waters
through its IOPs is used along with the coastal atmospheres to parameterize radiative
transfer models for the atmosphere over the water body. The C2RCC has been improved to
cover extreme ranges of scattering and absorption, now using a 5-component bio-optical
model. The C2RCC outputs are surface reflectance, IOPs, and water quality, both chl-a
and TSM, and provides the possibility to add additional background information such as
salinity, elevation, ozone, temperature, and air pressure. At the time of the research, C2RCC
included two versions: a version called the normal net (C2RCC), with typical ranges of
IOPS, and an extreme net version (CX), for extreme ranges of absorption and scattering.
The images were processed here according to the default processing parameters of C2RCC.
According to Pereira-Sandoval et al. (2019), who evaluated several atmospheric correction
algorithms for inland waters, C2RCC performed better for optically complex water bodies
(i.e., mesotrophic to hypertrophic), similar to Lake Tana [51]. The average concentrations of
Chl-a and TSM were calculated using the Statistics Analysis tool in SNAP. All the pixels
within the study area identified as a water surface were considered in estimating the
average concentration of Chl-a and TSM.

Reflectance values of Sentinel-2 data products before (Level-1C TOA) and after atmo-
spheric correction (Level-2A BOA), the latter from both C2RCC and Sen2Cor processors,
were compared across the visible and NIR bands to evaluate the atmospheric effect on the
spectrum’s signature. Four control points were selected to qualitatively inspect the water
reflectance: water hyacinth (P1), near the water hyacinth (P2), at the mouth of the tributary
river (P3), and at the center of the lake over clear waters (P4) (Figure 3a). The reflectance
spectrum (Level-1C TOA, BOA Sen2Cor, and BOA C2RCC) was extracted using the tool
“pin manager” and “spectrum view” in SNAP software.

The Normalized Difference Vegetation Index (NDVI) was calculated in the QGIS
software using the reflectance spectral bands (Level 2A BOA Sen2Cor): band 4 (red) and
band 8 (NIR), as follows:

NDVI = [band 8 − band 4]/[band 8 + band 4]

to investigate the seasonal variation in water hyacinth’s biomass and cover. The water
hyacinth cover was determined by NDVI values ranging from 0.6 to 0.95, using spectral
reflectance image analysis, a true color composite overlaid for comparison, visual supervi-
sion, and field information. The average biomass, expressed in mean NDVI, and cover at
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the northeastern part of Lake Tana in every image were measured using the QGIS “Zonal
statistics” plugin. The water hyacinth biomass was multiplied by the total cover per image,
and the total biomass cover change between images during 2020 was calculated.
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Figure 3. (a) Control points (in red) of water hyacinth (P1) and water (P2-P4) from a Sentinel-2 image
on 18 September 2020; comparison of values between (b) BOA reflectance derived from C2RCC and
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3. Results
3.1. In Situ Data: Precipitation and Temperature

A clear seasonal variability in precipitation and temperature was observed during
2020. The wet season lasted from April to October, showing the maximum monthly mean
precipitation value in July (20 mm), and the dry season during the rest of the year (Figure 2).
In accordance with this, the temperature was lowest from June to September, during the
wet season, and started to increase in November. Maximum mean values were observed in
April and May (~23 ◦C), although maximum and minimum monthly mean values did not
vary noticeably (between 18 and 23 ◦C).

3.2. Atmospheric Correction for Sentinel-2 Imagery

Comparison of Sentinel-2 reflectance values of the water and water hyacinth at dif-
ferent locations in Lake Tana using three distinct image levels and products showed clear
differences. The water reflectance values derived from the Sen2Cor product at the BOA
level (BOAsen2cor) at points P2, P3, and P4 were higher compared to the BOA reflectance
values derived from C2RCC (BOAC2RCC) for the full range of wavelengths (Figure 3b).
The lower values of reflectance determined after atmospheric corrections compared to
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TOA were due to the removal of atmospheric effects (e.g., Rayleigh scattering, water vapor,
and aerosols). Moreover, both C2RCC and Sen2Cor products at the BOA level showed a
lower reflectance value for water (P4) compared with Sentinel-2 images at TOA Level-1C
(Figure 3c,d). The C2RCC processor did not produce a value for P1, a water hyacinth zone,
as it was considered as land (masked data) (Figure 3b,c). In contrast, the Sen2Cor processor
did return a value for water hyacinth reflectance at P1. This value was lower (<0.1) than
the values from other processors all the way up to the 704 nm wavelength. However, above
that wavelength, over the red-edge and NIR spectrum, the reflectance of water hyacinth
was much higher (~0.6). Similar results were obtained after evaluation of other, different
control points over the lake (not included in this study).

3.3. Water Quality Monitoring

A significant variation in Chl-a and TSM was observed over the one-year study period
in Lake Tana. The Chl-a concentration varied between seasons with the highest values
at the end of the wet season (August–October 2020). The minimum Chl-a concentration
was recorded in February 2020 (4.45 mg m−3) during the dry season (Figure 4b). In that
period, the highest concentration was observed at the northeastern and eastern part of
the lake where the mouths of the three major and other small tributary rivers are located
(Figure 1). Concentrations increased progressively along the entire east shore and the
southwestern part during the rainy season, reaching values over 40 mg m−3 by the end of
August (Figure 4h). TSM concentrations also varied in space and time during the study
year (Figure 5), showing a spatial pattern similar to that of Chl-a. However, the lowest
mean values were observed in May (30.1 g m−3, Figure 5e) and the highest during the
late wet season, in September (62.5 g m−3, Figure 5i). Generally, higher TSM values were
encountered near the northeastern and eastern shores of the lake.
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Figure 5. (a–l) Total suspended matter concentration (TSM, g m−3) in Lake Tana from January 2020
to December 2020 estimated from the Sentinel-2 satellites after the C2RCC processor.

3.4. Water Hyacinth Monitoring

Water hyacinth was identified and mapped by computing NDVI values (0.6–0.95)
derived from the Sentinel-2 Level-2 images using the Sen2Cor products. Figure 6a indicates
an example of a RGB composite scene on 17 January 2020 of the northeastern part of Lake
Tana, whereas Figure 6b shows the water hyacinth coverage at 10 m spatial resolution
on the same day, highlighting the accurate performance of these NDVI settings. NDVI
maps showed that water hyacinth expansion varied both in space and time during the
study period. The water hyacinth cover and biomass started to decrease in February 2020,
reaching its lowest values in July 2020 (Figure 7g). From then onward, water hyacinth
proliferated rapidly in the northeastern part of the lake and expanded continuously until
the end of October 2020 (Figure 7j). Peaks in cover and biomass were observed in October,
just a month after the peak of Chl-a and TSM concentrations observed in September
(end of the main wet season) (Figure 8a,b). A significant positive correlation was found
between the temporal series of water hyacinth coverage and Chl-a concentration (Pearson
coefficient = 0.53; n = 12; p = 0.05). Both cover and biomass showed the same trend and
started to decrease in November 2020. The average biomass ranged from 0.66 to 0.94
(Figure 8b). Overall, the one-year analysis results showed that water hyacinth cover and
biomass were higher in the late wet season (spring) and lower in the dry and early wet
season. The changes in biomass and cover went in parallel, i.e., the highest biomass
(average NDVI) per pixel and total biomass were observed when the cover was also highest
(Figure 8b). The greatest rate of decrease was observed in July 2020 in just over two weeks,
whereas the highest increase was observed in August (both roughly 4% d−1).
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and data points are shown based on the actual date of sampling, whereas bars are set at the midpoint
between two consecutive samplings.

4. Discussion
4.1. Monitoring Lake Tana with the Sentinel-2 Satellites

We used high-resolution Sentinel-2 images to estimate both the cover and biomass of
water hyacinth in Lake Tana by calculating NDVI, to assess seasonal dynamics during 2020,
and to establish their relation with proxies of biogeochemical water quality parameters,
namely Chl-a and TSM. The water hyacinth is an aquatic invasive alien species that has
expanded rapidly across the planet in fresh water systems, resulting in serious problems for
the affected ecosystems [9,10]. Therefore, monitoring the temporal and spatial dynamics of
the water hyacinth is essential for managers to be able to adequately respond and implement
appropriate measures. Remote sensing tools are very useful for water quality management,
for implementing near-real-time monitoring strategies, and for mapping invasive species
especially in remote environments, areas with limited resources or in very dynamic systems,
as the one investigated in this study. Our multi-sensor approach might advance previous
studies that aimed to characterize water hyacinth and biogeochemical water quality over
inland water masses using coarser-spatial-resolution imagery [26,27,37,44,63] (Table S1), as
the complex variability in the inland water environment was revealed in all the synoptic
satellite-derived maps presented in this study (Figures 4–7).

In addition, compensation for atmospheric scattering and absorption and for surface
reflection at the air–water interface (sunglint) from the signal measured at the TOA is
mandatory over coastal and inland water masses [48]. Recognizing the differences in spa-
tial and spectral sampling under various atmospheric, sunlight, and aquatic conditions to
create a data record for coastal and inland water quality monitoring is a critical task [48,64].
This information is vital to ensure a precise near-real-time monitoring with Sentinel-2 satel-
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lites. Land and water surface reflectance values over Lake Tana are affected by atmospheric
conditions; thus, they need to be corrected using appropriate pre-designed algorithms [65].
However, only few studies have used satellite images properly corrected for atmospheric
issues when estimating water hyacinth cover or biomass (e.g., Ghoussein et al. (2019) using
Sen2Cor [66]). In this study, we applied two pre-processing processors, the C2RCC and
Sen2Cor atmospheric correction algorithms, to generate Level-2C products and compared
them with Level-1C reflectance values on water and water hyacinth pixels (Figure 3c,d).
Over inland waters, TOA products might lead to large uncertainties in satellite data prod-
ucts, thus limiting the detection of subtle variabilities in aquatic ecosystems [48,64]. The
C2RCC processor includes a sunglint correction in addition to the atmospheric correc-
tion [50,61], a significant advancement when mapping inland waters [48,64] compared
to Sen2Cor, which is a land-focused processor. Therefore, C2RCC is optimal for wa-
ter quality retrieval over complex water masses. Sen2Cor, aimed at performing over
land cover, allowed us to identify and map water hyacinth and characterize its expan-
sion. In order to achieve higher-quality downstream products in freshwater or marine
ecosystems, atmospheric correction is mandatory, as already demonstrated in several
studies [48,50–53,62,64].

Few studies in Lake Tana used a similar spatial resolution as the one used here, 10 m,
and none with a known atmospheric correction. Dersseh et al. (2020) employed Sentinel-
2 with Level-1C (TOA) [37]. Worqlul et al. (2020) used the PlanetScope imagery with
higher spatial resolution (3–5 m) to identify water hyacinth by supervised classification;
however, the atmospheric correction was not defined [26]. Our results, in comparison
with other studies (Table S1), used BOA reflectance products from Sen2Cor, allowing us to
accurately and consistently monitor water hyacinth cover and biomass along the year and
improve the relationship with water quality parameters (i.e., Chl-a and TSM) estimated
with C2RCC. In our work, water hyacinth was identified and mapped by computing NDVI
values (range of 0.6–0.95) derived from the Sentinel-2 Level-2 images (Figures 6 and 7).
Dersseh et al. (2020) observed both lower NDVI levels and a range associated with water
hyacinth (range of 0.27–0.47) [37], much lower than those observed in this work, probably
due to the application of Sentinel-2 Level-1C (TOA) images without atmospheric correction.
The increased sensitivity offered by the approach used here is crucial to distinguish the
changes in both cover and biomass over different atmospheric conditions. To date, this
is the first work in which the NDVI was calculated from L2A BOA Sen2Cor to study the
water hyacinth cover in the lake. Due to absence of other macrophytes floating on the water,
the expansion of water hyacinth can be studied directly using NDVI from multispectral
satellite images without the need to apply machine-learning algorithms, which are complex
black-box models. Although remote sensing tools are accessible and cost-effective that
permit the monitoring of large water bodies, data should be processed adequately to obtain
appropriate and consistent results and allow efficient management.

4.2. Water Hyacinth Assessment

Our NDVI maps at 10 m spatial resolution showed that water hyacinth expansion
varied both in space and in time. In January 2020, the water hyacinth extended along the
entire eastern shore with the highest biomass observed in the northern part. The cover
progressively decreased, showing its lowest values in July 2020. Thereafter, the water
hyacinth started to proliferate rapidly along the shore, although the highest cover was
observed in the northeastern part of the lake. The highest cover and NDVI were observed
in October 2020 at the end of the wet season (Figure 8), subsequently decreasing from
November to December 2020. These results confirm the previous findings by Worqlul
et al. (2020), who found that the highest water hyacinth coverage was observed at the end
of the wet season (October–November 2017) [26]. However, Dersseh et al. (2020) found
that the highest cover shifted somewhat over the years from October in 2016 and 2017
to December in 2018 and 2019 [37]. Such peaks at the end of the wet season have been
observed elsewhere, such as in Lake Victoria [34,39,66,67] (Table S1).



Remote Sens. 2022, 14, 4921 12 of 17

Mechanical removal interventions carried out by the local communities and coordi-
nated by the Federal Government of Ethiopia were reported by the Lake Tana Protection
Agency for the study year (Figure 9). In December 2020, it was reported that about 80% of
the water hyacinth cover and biomass were removed from Lake Tana (Lake Tana Protection
Agency, 2020). Although we recorded a further decrease in cover and biomass, in contrast
to a previous study [37], our results did not confirm the reported amount of change in
December 2020, suggesting that the percentage of the removal in the report was overesti-
mated. If, however, the water hyacinth removed was indeed that high, the fact that, only
a month later, the biomass level had returned to previous levels only indicates the rapid
growth capacity of the water hyacinth and demonstrates that the management practices
are not effective.
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Figure 9. (a) Water hyacinth mechanical removal campaign in 2020; (b) water hyacinth collected from
water to dry land (Source: Lake Tana Protection Agency, 2020).

Removal practices have been employed since 2012 and yet the expansion rate of water
hyacinth has not been reduced [37]. In Lake Victoria and other areas, mechanical removal
of water hyacinth succeeded in reducing cover with increased labor and logistics costs,
however [11,68]. Dersseh et al. (2020) and Worqlul et al. (2020) suggested that the optimal
season for physical removal is during the dry season when its cover is minimal [26,37].
However, it should be noted that water hyacinth also acts as a nutrient filter. In fact, the
water hyacinth is being used as a eutrophication control tool [9,69]. Therefore, management
practices should also consider those aspects carefully. The application of satellite images at
higher temporal resolution (5 day-revisit with the Sentinel-2 mission) could allow more
precise short-term estimation of the extent and effectiveness of such management routines.

The peak in water hyacinth, cover, and biomass occurred just one month after the peaks
of Chl-a and TSM. In addition, the spatial pattern of TSM, Chl-a, and water hyacinth was
similar, with the highest values in the same northeastern part of the lake during the same
periods. Previous studies in the lake showed a similar trend in TSM [26] with the highest
values coinciding with the rainy period and the influx of material from the watershed. In
terms of the primary producers, Lake Tana is a nutrient-limited fresh-water lake during the
dry season and receives a substantial amount of nutrients from its catchment in the wet
season [70,71]. This input of nutrients and sediment load from the upper catchment through
the main rivers, two of which discharge into the eastern part of the lake, could trigger
the proliferation of both water column phytoplankton and water hyacinth. In addition,
both the water hyacinth and phytoplankton could potentially benefit from the nutrients
stored in the soils of the cultivated land adjacent to the lake shores that are inundated
during the wet season, as previously suggested by Dersseh et al. (2020). Although no
direct measurements of nutrient release from the soil and sediments exist, the correlation
between lake level and water hyacinth cover supports this hypothesis [26,37]. Ultimately,
the rapid water hyacinth expansion at a certain time of the year in Lake Tana is likely a
combination of nutrient riverine inputs and sediment load, wind redistribution, water
level shifts diluting or concentrating nutrients, re-suspension of sediment and nutrient
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by turbulence, and possibly changes in light and temperature, creating the optimum
conditions for growth. Further studies are necessary to identify the precise factors driving
the water hyacinth changes throughout the year and across the lake and to offer insight
for appropriate management actions. The ability to process, using the correct tools, and
visualize both the short- and medium-term changes across the entire lake can aid greatly
for enhanced monitoring of water quality deterioration. This is essential in developing
countries with limited economic and logistic resources, such as Ethiopia, compared to the
traditional costly and time-consuming field analysis of water quality. However, in the
meantime, more in situ data are necessary in order to validate water quality parameters
to address potential algorithm uncertainties. In addition, a complete evaluation of the
seasonal dynamics on the whole Sentinel-2 time series (since 2015) should be carried out in
the future, supplemented with data from the Landsat satellites constellation.

5. Conclusions

In this study, we evaluated the spatiotemporal variation in the water hyacinth dynam-
ics and biogeochemical water quality variables, namely Chl-a and TSM concentrations,
in Lake Tana during 2020 using remote sensing imagery. The application of the Sen2Cor
and C2RCC processors to correct the Sentinel-2 satellite images successfully identified the
water hyacinth pixels and allowed evaluation of the plant cover and biomass, as well as
mapping of the Chl-a and TSM concentration. All variables showed remarkable spatial and
temporal variation within the period of the study. The highest values for water hyacinth
cover and biomass were observed in the northern and northeastern parts of the lake, where
major rivers discharge into the lake, in the late wet season, following the peaked Chl-a and
TSM values during the wet season. Although the exact drivers are not well known, and
more specific studies are necessary, this pattern suggests the importance of nutrient and
sediment load inputs from the catchment area and adjacent agricultural lands and the need
to control them in order to control water hyacinth growth and expansion. As the water
hyacinth also acts as a nutrient control mechanism, management practices should carefully
plan any actions to remove biomass or eradicate this invasive species from the system.
However, in the case of Lake Tana, where nutrients are historically limited, removal of
the water hyacinth is essential. Satellite images are a powerful tool to monitor in detail
this aquatic invasive alien species as well as water quality parameters, contributing to the
design of management plans in order to reduce its expansion and preserve aquatic ecosys-
tems services in the area. Consequently, the Sentinel-2A/B twin mission of the European
Commission’s Copernicus programme is a complementary, synoptic, and powerful tool
for inland water monitoring and assessment to improve current practices for managers, as
well as to provide insights during environmental crises under a climate change scenario.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/rs14194921/s1, Table S1: Previous studies related to water hyacinth detec-
tion using remote sensing. The parameters, sensor type, resolution, study period and methodology
used for the analysis are specified.
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