Remote Sensing Report on Harmful Algal Blooms in Varna
Lake and its Bay, and Their Link to Wastewater Spills
B Y C HRISTINA A. O RIESCHNIG , K RISTOF H ORVATH
chrstina.orieschnig@icloud.com
S UMMARY
This report provides a summary of the remote sensing analyses carried out in order to track
algal blooms in Lake Varna and its bay on the Bulgarian Black Sea coast, linking their dynamics
to the occurrence of waste water spills in the lake. To assess the temporal distribution, intensity,
and extents of algal blooms, a time series of multispectral optical Sentinel-2 images provided by
the European Space Agency was analyzed on the open-access cloud computing platform Google
Earth Engine. In addition to the 12 optical bands available by default, six spectral indices were
calculated for each image to better detect the extents of algal blooms: the Normalized Difference
Chlorophyll Index (NDCI), the Floating Algae Index (FAI), the Adjusted Floating Algae Index
(AFAI), the Algal Bloom Detection Index (ABDI), the Normalized Difference Vegetation Index
(NDVI), and the Enhanced Vegetation Index (EVI). Subsequently, the extents of algal blooms
was determined through a simple thresholding approach, and the average NDCI value, indicating
the concentration of chlorophyll in the water, were calculated. In addition, the dynamics of these
metrics were statistically compared to in-situ measurements of chlorophyll concentrations, and
nutrient concentrations, as well as remotely sensed surface temperatures and precipitation events.
Finally, the analysis targeted ﬁve locations of aquaculture farms in Varna lake and along its
bay to determine whether algal blooms could pose a danger for the ﬁsh and mussels produced
there. The results show that the dynamics of algal incidence in the area are dominated by regular
annual variations, with peaks in spring and late summer. However both 2019 and 2020 show
deviations from this pattern in terms of the magnitude and duration of NDCI values, as well
as their spatial distribution. This could be attributed to the wastewater spill in the Eastern part
of the lake. Furthermore, the results show that algal incidence is principally limited to the lake
itself, probably due to the limited, narrow connection between the bake and the lake. Finally,
the analysis of aquaculture farms showed that those located in the western part of the lake itself
faced regular algal blooms, while those along the coast were relatively unaffected.

1. I NTRODUCTION
Lake Varna is located at the Bulgarian Black Sea Coast. It has a surface of 21.5 km2 and is
connected to the Black Sea through two narrow channels at its eastern end. There are several
popular beaches along the lake’s shores, as well as in the bay that lies just downstream of it. In
addition, there are several aquaculture farms in the area, both in the lake and along the bay’s
coastline.
The motivation for this study lies in a wastewater spill that occurred in the eastern part of lake
Varna. A pipeline to conduct wastewater through the lake was built starting in 2007. Contrary
to planning guidelines, this pipeline was constructed above ground, leaving it vulnerable to mechanical damage. Such damage occurred ﬁrst in 2015, when a ship had to lower anchor under
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Fig. 1: Location of the area of interest, Lake Varna, on the Bulgarian Black Sea coast.
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unforeseen circumstances. A similar incident occurred four years later. Structural damage leading to wastewater spilling into the bay was reported to the mayor of Varna in August 2019. The
question this study seeks to answer is whether this wastewater spill has triggered or aggravated
algal blooms in the area - and, if so, to what extent.
To a certain degree, algal blooms are a regular phenomenon in the region, particularly since
extensive environmental degradation occurred in the 1970s and 80s. This degradation was due to
the alteration of nitrogen, phosphorus and silicon ﬂuxes in the area. Increased concentrations of
N and P can be traced back to extensive fertilizer use, resulting in eutrophication (Yunev et al.,
2007; Mee et al., 2005). In general, elevated concentrations of nutrients allow for the proliferation
of opportunistic species of algae, leading to potentially harmful blooms. These blooms can cause
damage either through the secretion of toxic substances by certain species of algae, or through the
depletion of oxygen in the water, which can lead to the death of other aquatic species. However,
since the turn of the millennium, a trend towards ecosystem recovery has been noted (Klisarova
et al., 2019).
In lake Varna, this trend might have been interrupted by the input of nutrients, speciﬁcally N
and P, from the wastewater spill. Untreated wastewater contains these nutrients in high concentrations and their release into surrounding lake water could lead to the proliferation of various
algal species. Since the wastewater pipeline was damaged, bloom events as well as their adverse
impacts were reported, such as mass ﬁsh death from oxygen deprivation in May 2020 (Novinite.com, 2020).
However, these bloom events have also been reported to occur on a regular basis. For example,
widespread ﬁsh death was also reported in May 2018, as well as in late August every year from
2011 to 2016 (Novinite.com, 2020). Similarly, Klisarova et al. (2019) reported regular peaks in
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algal species numbers in the Bulgarian marine areas in May and September between 2014 and
2017, though biomass values were observed to peak in November and February.
The objective of the present study is to assess the impact of waste water spilling from the
damaged pipeline at the bottom of lake Varna on the algal bloom dynamics in the lake and
its bay. In particular, the impact of a possibly increased incidence of harmful algal blooms on
aquaculture farms in the area will be discussed.

2. M ETHODOLOGY
The core of this approach is to derive a time series of algal extents and chlorophyll concentrations in lake Varna and its bay from Sentinel-2 images made available by the European Space
Agency. Sentinel-2 images have a spatial resolution of up to 10 m and a return frequency of 5
days or less. They are provided by the Sentinel-2A satellite, launched in 2015, and the Sentinel2B satellite, launched in 2017. The constellation delivers multispectral optical images with 12
bands recording reﬂectance values at different wavelengths (cf. Table 2 in the Appendix).
This approach has the advantage of delivering information on the spatial extents, patterns, and
distributions of algal presence in all of Lake Varna and its bay. Unlike in-situ sampling, which is
punctual and expensive, this enables a broad overview of the dynamics of algal blooms. However,
a downside is that it is not possible to determine the exact species of algal present in the water
without in-situ bio calibration data (Ansper & Alikas, 2018; Smith & Bernard, 2020).
To derive algal extents and chlorophyll concentrations, this paper makes use of several spectral
indices. These are calculated by performing arithmetic operations on the different spectral bands
of satellite images, which highlights reﬂectance differences resulting from biophysical processes
on the earth’s surface. One of the most illustrative examples of this application is the Normalized
Difference Vegetation Index (NDVI, Rouse J.W. et al. (1974), Equ. 1).
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This index exploits a discrepancy of the reﬂectance values in the red (Red) and near infra-red
(NIR) spectrum depending on the presence of vegetation. If healthy vegetation is present, far
more NIR than Red light will be reﬂected, since the former is not needed for photosynthesis.
Consequently, the more healthy vegetation is present, the higher the NDVI will be.
In addition to the NDVI, this paper uses the Enhanced Vegetation Index (EVI, Huete et al.
(2002), Equ. 2), the Floating Algae Index (FAI, Hu (2009), Equ. 3), the Adjusted Floating Algae
Index (AFAI, Fang et al. (2018), Equ. 4), the Algal Bloom Detection Index (ABDI, Cao et al.
(2021), Equ. 5), and the Normalized Difference Chlorophyll Index (NDCI, Mishra & Mishra
(2012), Equ. 6). The latter index can serve as a proxy for chlorophyll concentrations in the water
(see Table 3).
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Fig. 2: Extents of areas of interest studied in this analysis.
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As a ﬁrst step in the analysis, all available Sentinel-2 images in the area of interest were ﬁltered
for cloud cover, and clouds were masked. Only those showing 90% or more of the area as cloudfree were retained. Out of these, daily mosaics were constructed. Overall, 789 images that completely or partially covered the study area were available between 2015-07-01 and 27/06/2021.
Of these, 212 images were retained for the analysis and processed, which makes for an average
return frequency of 10 days. Subsequently, each of the indices was calculated for every image.
Then, the average value of the NDCI over the area of interest was calculated for each image in
the time series, to determine an approximate average chlorophyll-a concentration. To determine
algal presence, a threshold value was set for each individual index. If a pixel showed an index
value above that threshold, it was classiﬁed as having algal presence. To test the sensitivity of
this approach, it was repeated once with a threshold of 0 and once with a threshold of 0.01. Next,
the total area of all pixels classiﬁed as exhibiting an algal presence was calculated.
This process was repeated for a total of eight overlapping areas of interest, allowing a comparison of algal dynamics at different scales, both in the lake and the bay. The areas are centered
on the wastewater spill and progressively expand to include active ﬁsh farms and mussel farms
(see Figure 1).
Subsequently, the time series of algal extents and NDCI values was statistically examined for
trends and change points using the modiﬁed Mann-Kendall test (Hamed & Ramachandra Rao,
1998) and Buishand’s range test (Buishand, 1982). These tests were performed on the average
values of chlorophyll concentrations and extents of each month.
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Fig. 3: Concentrations of nutrients and chlorophyll measurements at the bays in Varna bay, from SeaDataNet.

Fig. 4: Concentrations of dissolved oxygen (DO), total organic carbon (TOC), oxygen saturation (OS) and chlorophyll
in the lake.

In addition, local measurements of nutrient and chlorophyll-a concentrations were used to validate the remotely sensed algal extents and chlorophyll-a concentrations. Some of this data was
made available by the Black Sea Basin Directorate via SeaDataNet (seadatanet.org). Furthermore, measurements from buoys in lake Varna and Varna bay were directly extracted from the
directories of the Bulgarian Oceanographic Institute. The buoys used to measure the parameters
are shown in Figure 1. In particular, ﬁve dates for which both chlorophyll-a in-situ measurements
and Sentinel-2 images are available are used for comparisons: 2016-04-28, 2016-07-17, 201608-16, 2017-10-10, 2018-06-12, and 2020-09-10 (see Figures 3 and 4). The concentrations of
nutrients and chlorophyll-a measured at buoy 16 (BG2PR00155MS016) are shown separately in
Figure 5 because this buoy is the closest in the lake to the leak location.
Furthermore, trends in water temperatures and precipitation events were analysed in parallel
to the algal extents and NDCI-derived chlorophyll-a concentrations. This was done to exclude
the possibility that sudden spikes in algal blooms are due solely to temperature aberrations or
high-intensity precipitation events leading to increased ﬂuxes of N and P to the lake and bay
areas. Since in-situ data was not readily available, remotely sensed daily measurements from
CHIRPS (Funk et al., 2015) and ERA-5 Copernicus Climate Change Service (C3S) (2017) were
used.
Finally, once the validity of the approach had been assessed for the entire area of interest, it
was zoomed in onto active aquaculture farms in the region. These are shown in Figure ??. As this
ﬁgure illustrates, there are ﬁve clusters of active farms in the area - one located in the western
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Fig. 5: Concentrations of nutrients and chlorophyll in the lake at buoy 16, closest to the leak location (870 m).

Fig. 6: Clusters of aquaculture farms in the study area.

part of the lake and four along the coastline of Varna bay. For the analysis, ﬁve polygons were
drawn around these clusters and the algal indices and NDCI calculated for the entire time series
for each location.
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3. R ESULTS
3·1. Results of Algal Detection, Temporal, and Spatial Dynamics
The results show parallel dynamics of chlorophyll-a concentrations and algal extents throughout the entire study area, with peaks each year in late winter and spring, as well as late summer.
However, there is variation in the magnitude and density of the peaks. As Figures 7 and 8 show,
the incidence of algae is much higher in the study areas that include the lake (a, b, c, d, e, g) than
in those that encompass only the fully marine part of the region of interest (f, h). Overall, the
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study area that stretches over the entirety of the lake (c) registers the largest algal extent values.
Interestingly, it also registers higher values than the study areas that are centered speciﬁcally on
the leak area (a and b). Generally, the lowest algal extent values are recorded for the bay-only
areas.
In terms of comparing the sensitivity of the threshold used to detect algal presence, it can
be noted that it has relatively little impact for the lake-focused areas. For those that encompass
mostly maritime areas, though, it can be noted that at the 0.00 threshold, the ABDI detects much
larger algal extents in periods during which other indices fail to register algal presence. Cao et al.
(2021) used the Otsu algorithm to determine an ideal threshold for the newly developed ABDI.
However, this approach was beyond the scope of this analysis.

(a) over the small study area surrounding the leak

(b) over the big study area surrounding the leak

(c) over the entirety of the lake area

(d) over the lake area and its bay

(e) over the lake and the extended bay area

(f) over the extended bay area only

(g) over the lake and full bay area

(h) over the full bay area only

Fig. 7: Dynamics of algal extent according to all indices, 0.00-threshold
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(a) over the small study area surrounding the leak

(b) over the big study area surrounding the leak

(c) over the entirety of the lake area

(d) over the lake area and its bay

(e) over the lake and the extended bay area

(f) over the extended bay area only

(g) over the lake and full bay area

(h) over the full bay area only

Fig. 8: Dynamics of algal extent according to all indices, 0.01-threshold

The mean NDCI values, shown in Figure 9, exhibit similar tendencies. The threshold value of
-0.05 (which corresponds to a chlorophyll-a concentration of ca. 10 mg/m31 ) is exceeded almost
continuously when looking at the entirety of lake Varna (c), but only occasionally when the study
area includes the bay as well (g).

1

This is at the threshold between meso- and eutrophic lake status (Anthwal et al., 2018)
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(a) over the small study area surrounding the leak

(b) over the big study area surrounding the leak

(c) over the entirety of the lake area

(d) over the lake area and its bay

(e) over the lake and the extended bay area

(f) over the extended bay area only

(g) over the lake and full bay area

(h) over the full bay area only

Fig. 9: Mean NDCI values per date over the areas of interest

The temporal dynamics of the algal extents detected at threshold 0.00 and 0.01, as well as
the mean NDCI values can be seen in Figure 10. Averaged out over the study areas, two main
peaks in algal extents become visible: one in May 2017, and one in May 2019. Smaller peaks
are registered during the summer months of the other years as well, with the spring peak of 2020
being particularly broad. Looking at the NDCI, however, larger and more prolonged peaks are
visible in 2019 and 2020 than in the previous years. For all parameters, the lake-only study area
exhibits the highest values. Consequently, the rest of the analysis focuses on this area.
Statistically, a signiﬁcant increase in NDCI value in January and February can be found, while
the average September value decreased. However, no other statistically relevant trends or break
points could be identiﬁed. To a certain extent, this could be due to the relatively short duration
of the time series of this analysis.
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(a) Mean algal extents (0.00 threshold) over the study areas.

(b) Mean algal extents (0.01 threshold) over the study areas.

(c) Mean NDCI values over the study areas.

Fig. 10: Dynamics of algal extents and NDCI values across the study areas.
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Finally, Figure 11 shows the spatial distribution of NDCI values across Lake Varna on the
days of the maximum average value measured. Figure 12 illustrates the FAI values for the same
date. Respectively, these dates are 2016-08-06, 2017-10-18, 2018-05-18, 2019-05-03, and 202004-25. The images show that in all years except 2019, the intensity of the algal incidence seems
to be concentrated in the western part of the lake. In 2019, the center seems to have shifted
eastward, towards the leak location. The ﬁgures also illustrate the severity and intensity of the
algal blooms in 2019 and 2020. In addition, they highlight a possible shortcoming of indices
such as the FAI. Here, the highest values are registered in the immediate vicinity of the shore.
While this may really indicate the very concentrated presence of algae, it is equally likely that
aquatic vegetation such as seagrass is interfering with the detection process.
To a certain extent, this is concordant with in-situ measurements in Lake Varna. Buoy 13,
located at the western end of the lake, registers higher chlorophyll values on average than buoy
16, located at the eastern end.
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Fig. 11: Distribution of NDCI values throughout lake Varna and its bay at peak levels 2016-2020.

Fig. 12: FAI values for dates of peak NDVI average 2016-2020.
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3·2. Comparison with In-situ Data
A comparison with in situ data reveals that the dynamics of algal extents and chlorophyll concentrations in the lake are not directly correlated with temperature or rainfall. Figure 14 shows
that high-intensity precipitation events are not followed by increased algal densities - as they
would be if algal blooms were due to increased nutrient input due to erosion of surrounding agricultural areas, for example. This is underlined by Figure 13, which plots precipitation against
the deviation of the average NDCI values across the lake from the mean of -0.004, which corresponds to approximately 16 mg/m3 . It shows no correlative effects.
Similarly, no direct relation between temperature anomalies and algal growth in Lake Varna
could be observed. While patterns emerge on an annual basis (see Figure 16) due to the seasonal
variations in algal growth, deviations from the mean temperature are not correlated with deviations from the mean NDCI value (see Figure 15), as would be the case if increased algal growth
were largely due to the effects of global warming, for example.

Fig. 13: Precipitation values, plotted against the deviation of NDCI values from the mean.

Fig. 14: Comparison of temporal dynamics of rainfall and the deviation of NDCI values from the mean.
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Fig. 15: Temperature values, plotted against average NDCI values.

Fig. 16: Comparison of temporal dynamics of temperatures and the deviation of NDCI values from the mean.

In terms of comparing remotely sensed estimations of chlorophyll-a concentrations and in-situ
measurements, there is a broad correspondence, though satellite measurements tend to overestimate the concentrations slightly - by 3.20 mg/m3 on average. This is equally reﬂected by the
values given in literature. It can be noted that the agreement between estimated and measured
concentrations is better in the lake area than in the bay, with an overestimation of just 0.88
mg/m3 , rather than 4.19 mg/m3 , as shown in Table ??).
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14
Date

Location

NDCI

2017-10-10
2017-10-10
2016-04-28
2017-10-10
2016-04-28
2016-07-17
2017-10-10
2016-08-16
2018-06-12
2020-09-19
AVERAGE

bay
bay
bay
bay
bay
bay
bay
lake
lake
lake

-0,14
-0,12
-0,11
-0,11
-0,09
-0,07
-0,05
-0,08
0,01
-0,09
3,20

Chlorophyll [mg/m3 ]
Estimated Measured
4,17
2,36
5,83
3,46
6,67
4,52
6,67
3,53
8,35
7,05
10,05
1,29
11,75
1,93
9,2
9,22
16,9
16,23
14,3
12,31

Difference
1,81
2,37
2,15
3,14
1,30
8,76
9,82
-0,02
0,67
1,99

AVERAGE

4,19

0,88

Table 1: Comparison of chlorophyll concentrations, estimated remotely and measured in-situ
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3·3. Assessment of Algal Concentrations at Active Fish Farms in Varna Lake and Bay
The results of the analysis at the sites of the clusters of active aquaculture farms are shown in
Figure 17. Only values above 0 are shown. The ﬁgure illustrates that the cluster in the western
part of the lake is heavily affected by algal proliferation and high NDCI values, with a particularly
signiﬁcant spike in 2020. In contrast, the coastal stations all have a few disparate peaks, though
the total values are much lower (note the difference in the axis scaling).

205

(a) Results for the aquaculture farms in the western part of (b) Results for the aquaculture farms in the ﬁrst cluster along the
the lake.
coast.

(c) Results for the aquaculture farms in the second cluster (d) Results for the aquaculture farms in the third cluster along the
along the coast.
coast.

(e) Results for the aquaculture farms in the fourth cluster
along the coast.

Fig. 17: Dynamics of algal indices and NDCI values at the active aquaculture farms.

4. D ISCUSSION
4·1. Strengths and Weaknesses of the Methodology
All in all, the approach outlined above seems to deliver results with satisfactory accuracy in
terms of chlorophyll concentrations using the NDCI, especially in the lake area. However, at this
point the limited nature of the data available for validation needs to be highlighted. While some
data is available via the EU and the web directories of the Bulgarian Institute for Oceanography,
these are by no means temporally consistent, and scattered across buoys located at various places
in the bay and the lake. With a consistent time series of chlorophyll-a measurements, or even
proxies such as oxygen saturation, it would be possible to perform a local calibration of the
matrix used to convert NDCI values into chlorophyll-a concentrations. Since only a very limited
number of dates during the period of interest offer both in-situ measurements and remote sensing
data, such a calibration is not possible as of now. For this reason, the correspondence table given
in the original publication by Mishra & Mishra (2012) was used.
In addition, a certain discontinuity between the indices used in this study must be noted. For
the ABDI, an issue is the lack of availability of standardized thresholding values. Since the in-

210

215

220

16
225

230

235

240

245

250

255

260

265

270

dex was only published in March 2021 (see Cao et al. (2021)), it has not yet seen widespread
application. With a limited number of use cases, and approaches such as Otsu thresholding challenging to implement, its usefulness in the study area remains in doubt. In contrast, established
indices such as the FAI and AFAI are in sync with each other, indicating a certain amount of
inter-reliability. However, due to the possibility of interference by natural vegetation in areas
close to the shore, it appears that the NDCI provides the best spatial overview of the distribution
of algal presence throughout Lake Varna and its bay.
An additional challenge of the study area deserves mention at this point. Several of the areas of
interest discussed in this work present a mixture of marine and freshwater surfaces. For example,
while Lake Varna’s salinity is certainly higher than that of most inland freshwater lakes, it also
does not exhibit the same wave or tidal activity as its bay. All of these factors render the area
under investigation, once it encompasses both the lake and the bay, heterogeneous. This could be
one possible explanation for the discrepancy between the agreement values between estimated
and measured chlorophyll concentrations between the lake and its bay.
4·2. Dynamics of Algal Blooms in the Area
As for the dynamics of algal blooms and their relation to the wastewater spill in Lake Varna,
it can be noted that the the predominant dynamics are due to regular annual variations, with a
primary bloom occurring in spring and a secondary one in late summer to early autumn.
However, in 2019 and 2020, the annual dynamics of algal incidence exhibited several characteristics that might be attributed to the increased nutrient input from the spill. In terms of average
NDCI values (see Figure 9), these years exhibited higher peaks and longer durations of elevated
chlorophyll-a concentrations than previous years. In particular, the autumn peak of 2019 is pronounced and prolonged.The spring peak of 2019 is the highest in the series in terms of NDCI.
While the mayor of Varna was only notiﬁed of the leak in August, it might well be that the damage was done earlier on, inﬂuencing this increased magnitude of the spring peak. In addition, it
might be due to the spill at the Eastern end of take that the spatial distribution of algal incidence
shifted that year. As Figure 11 shows, 2019 is the only year in which the peak NDCI values
center on the Eastern part of the lake. It must also be noted, however, that it is uncertain to which
extent currents in the lake - especially due to tidal inﬂuence - distribute the nutrients released in
the Eastern section of the lake to other regions.
Lake Varna’s connection to the sea in general adds an additional layer of complexity to this
analysis. In general, the chlorophyll-a concentration and algal incidence is much higher in the
lake than in the bay. This was also noted by Klisarova et al. (2019), who found the bay to have a
"very good" ecological status, while the lake was classed as "very bad" according to the evaluation framework of the European Union’s Water Framework Directive. This discrepancy is further
apparent from the fact that the inclusion of maritime sections in the study area automatically lowers average NDCI values across all analyses. Part of the reason for these dynamics are certainly
the limited pathways for hydraulic exchange between the lake and the bay. It is only through two
relatively narrow channels (100 and 150 m wide respectively) at the lake’s Eastern end that a
connection is established with the sea. Conditions of internal currents in the lake as well as tidal
effects are unclear. However, an exchange of sea water with low nutrient concentrations between
the Black sea and the eastern part of the lake could also help account for the usual concentration
of algal incidence in the West.
Overall, for aquaculture activities in this area, this means that the ﬁsh and mussel farms that
are principally affected are located in the Western part of Lake Varna. Here, chlorophyll-a concentrations are regularly higher than in other areas of the lake, and its bay. According to the
current analysis, farms located along the coast have seen only relatively minor ﬂuctuations in
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algal incidence. The localised results reveal singular peaks, but few systematic variations in the
marine stations. Partially, this may be due to the fact that the marine environment provides a
more difﬁcult application for the indices, for instance due to waves. However, it is more likely
that the tidal inﬂuence as well as the currents along the coast dilute any nutrient input that passes
through the narrow strait that connects the lake to the sea. Since the clusters of aquaculture farms
are located between 14 and 45 km (aerial distance) upstream of the outlet of the lake, this dilution
effect was to be expected to a certain extent.
A ﬁnal point to be made is that the results indicate that neither high-intensity precipitation
causing increased nutrient input, nor temperature anomalies can be linked to the variations in the
pattern of algal incidence in the region in 2019 and 2020.

5. C ONCLUSION AND O UTLOOK FOR F URTHER A NALYSES
Overall, this analysis showed that the major deﬁning factor of algal incidence in lake Varna are
regular annual variations, with peaks in spring and late summer. However, the years 2019 and
2020 showed several pattern-breaking characteristics, such as longer durations of high NDCI
values, higher NDCI peaks, and a concentration of algal incidence in the Eastern part of the lake,
which may be linked to the wastewater spill in the area. It further illustrated that algal incidence
are principally limited to the lake itself, which is only connected to the sea by two narrow straits.
As for the method itself, evaluation with the scant in-situ data indicates that the NDCI provides an acceptable proxy for in-situ chlorophyll-a concentrations, with an average deviation of 3
mg/m3 . However, additional local measurements could provide a ﬁrmer basis for both calibration
and validation.
Furthermore, analyses focusing on algal incidence around aquaculture farms in the bay area
showed that there is relatively little inﬂuence of nutrient input from the lake. This is likely due to
the narrow nature of the strait that connects the lake to the sea, as well as the diluting inﬂuence
of currents and tides.

275

280

285

290

295

C ODE AND DATA AVAILABILITY
The
Earth
Engine
analyses
are
freely
available
here:
https://code.earthengine.google.com/4f79bca5d5728046b84b9c920061cff1.
Additional ﬁles, as well as the Python scripts used for the statistical analysis can be found here:
https://drive.google.com/drive/folders/1bBsJbRbyO3QpW4llHKMRUlE8NS0eQKmb?usp=sharing.
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Table 2: Sentinel-2 bands, their resolutions, and wavelengths.
Sentinel-2 SR Band
B1
B2
B3
B4
B5
B6
B7
B8
B8A
B9
B11
B12

Description
Aerosols
Blue
Green
Red
Red Edge 1 (RE1)
Red Edge 2 (RE2)
Red Edge 3 (RE3)
Near Infrared (NIR)
Red Edge 4 (RE4)
Water vapor
Short-wave Infrared 1 (SWIR 1)
Short-wave Infrared (SWIR 2)

NDCI Range
< - 0.1
-0.1 to 0
0 to 0.1
0.1 to 0.2
0.2 - 0.4
0.4 to 0.5
0.5 to 1

Native Resolution
60 meters
10 meters
10 meters
10 meters
20 meters
20 meters
20 meters
10 meters
20 meters
60 meters
20 meters
20 meters

Wavelength
443.9nm (S2A) / 442.3nm (S2B)
496.6nm (S2A) / 492.1nm (S2B)
560nm (S2A) / 559nm (S2B)
664.5nm (S2A) / 665nm (S2B)
703.9nm (S2A) / 703.8nm (S2B)
740.2nm (S2A) / 739.1nm (S2B)
782.5nm (S2A) / 779.7nm (S2B)
835.1nm (S2A) / 833nm (S2B)
864.8nm (S2A) / 864nm (S2B)
945nm (S2A) / 943.2nm (S2B)
1613.7nm (S2A) / 1610.4nm (S2B)
2202.4nm (S2A) / 2185.7nm (S2B)

Chlorophyll-a Range [mg/m3 ]
< 7.5
7.5 - 16
16 - 25
25 - 33
33 - 50
>50
severe bloom

Table 3: Correspondence between NDCI ranges and Chlorophyll-a concentrations.

