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Abstract: The environmental disaster in Kamchatka in the autumn of 2020 was caused by an exten-
sive bloom of harmful microalgae of the genus Karenia. A spectral shape algorithm was used to
detect algae. The algorithm calibration of in situ species composition data made it possible to iden-
tify areas where harmful algae dominated in biomass. Satellite images of chlorophyll-a concentra-
tion, turbidity, specific fluorescence, and spectral shape parameter were computed. The images
were used to recognize the stages of algal bloom: intensive growth, blooming, and change in the
dominant algal species. Cases of an increase in the concentration of harmful substances in the coastal
zone due to wind impact were analyzed. The following explanation of events has been offered. After
the stage of intensive growth of microalgae, nutrient deficiency stimulated the production of me-
tabolites that have a harmful effect on the environment. The change of the dominant alga species in
the second half of September and the past storm contributed to a sharp increase in the concentration
of metabolites and dead organic matter in the coastal zone, which caused an ecological disaster. The
subsequent mass bloom of alga species of the same genus, and the regular wind impact leading to
the concentration of harmful substances in the coastal zone, contributed to the development of this
catastrophic phenomena.

Keywords: satellite monitoring; spectral shape algorithm; Karenia bloom evolution; harmful algal
bloom

1. Introduction

The environmental disaster off the coast of the Kamchatka Peninsula at the end of
September and into October 2020 was accompanied by the mass death of marine aquatic
organisms. Apparently, the pronounced harmful effects of blooms were first noted on
September 20, when a surfer suffered serious eye damage after contact with seawater in
the Avacha Gulf (Accessed November 2, 2021 from  https://green-
peace.ru/news/2020/10/02/na-kamchatke-proizoshla-jekologicheskaja-katastrofa/). A rea-
sonable hypothesis explaining the phenomenon was the hypothesis of extensive harmful
phytoplankton bloom [1], which is recorded in the HEADAT international list of HABs
[2]. Algal blooms, including harmful ones, occur annually in the waters off the Kamchatka
coast. Satellite monitoring is the main tool for analyzing the causes of the disaster due to
rare field observations in this region.

Detection of harmful algae blooms (HAB) is an urgent task of ecological control of
water areas. This phenomenon causes significant economic damage to coastal maritime
farms. It leads to the death of fish and benthic aquatic organisms, as well as the accumu-
lation of toxins in shellfish. Effective methods for detecting HAB, monitoring, and predic-
tion techniques are required to successfully solve the problem. Significant efforts have
been made to solve the problem based on satellite remote sensing data. Detailed reviews
of modern satellite remote sensing methods are given, for example, in [3-5]. The methods
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are based on the spectral characteristics of the sea brightness Rrs (remote sensing reflec-
tance) for the recognition of blooming alga species. The key products of color data pro-
cessing are also usually used: chlorophyll-a concentration, turbidity, fluorescence, etc.
However, there are not many successful examples of solving the problem. The solution of
the following main tasks is required: recognition of the species of blooming algae; identi-
fication of blooming stages causing harmful effects; improving the accuracy of atmos-
pheric correction of satellite images, especially in the northern regions; and detection of
the conditions leading to the increase in the concentration of harmful substances in the
coastal zone.

Recognition of a harmful blooming alga species on remote sensing reflectance is the
main task. Features of the Rrs spectrum are formed as a result of the interaction of solar
radiation with all components of sea water —phytoplankton, detritus, dissolved organic
matter, and terrigenous suspensions. The similarity of the Rrs spectra is shown for differ-
ent species composition of phytoplankton [6]. Thus, in general it is difficult to recognize
algae from the Rrs spectra. Therefore, current advances in species identification of algal
blooms are related to the blooms of a particular alga species in a particular season and
area.

The list of successfully recognized algal bloom species is small [7,8]. Algae of the ge-
nus Karenia are included in it. A review of methods for detecting blooms of the algae Kare-
nia brevis, and assessing the probability of detection, are discussed in detail in [9]. Algae
of the genus Karenia have a high level of light absorption in the blue spectral range. This
is used to recognize them. Algorithms that determine the bloom species are adjusted in
accordance with the general species composition of phytoplankton. Ground truthing the
cell abundance is used for the algorithm verification. Algorithms verified on the basis of
cell density in samples have a significant drawback. The species composition is heteroge-
neous; a significant number of cells in a sample may contains some species. At the same
time, the volumes of cells of different species can differ by several orders of magnitude.
Satellite measurements depend not so much on the number of algae cells, but on the den-
sity of the algae biomass and its share in the samples. Therefore, the indicator of algal
blooming used for setting up satellite algorithms in the form of cell density does not guar-
antee the dominance of radiation reflection by cells of a given species and, accordingly,
high detection quality. If we use algae biomass for the satellite algorithm verification, then
the problem becomes significantly simpler. Our research has shown the domination of a
single alga species in most of the species composition samples [10]. On average, the single
dominant species accounts for about 60% of the biomass in the samples, and four domi-
nant species account for more than 90% of the biomass of a sample. This was used to con-
firm the assumption of the phenomenon of HABs off the coast of Kamchatka in the au-
tumn of 2020.

Harmful substances are mainly metabolites produced by microalgae. They have a
wide range of effects on living organisms. Harmful substances tend to both accumulate
and decompose over time. There may not be a direct correlation between such a key pa-
rameter as chlorophyll-a and the concentration of harmful substances [11,12]. A harmful
effect can also be observed in cases when microalgae do not produce specific phycotoxins.
It is usually assumed that the algal bloom cycle has the following stages: intensive growth,
blooming, and death of algae [13]. Dying off is accompanied by the decomposition of the
mass of organic matter, which can lead to the death of fish and benthic aquatic organisms.
There are works describing the physiology of phytoplankton and their life stages [14,15].
However, these features are rarely used in satellite monitoring of HABs.

There are a number of unsolved problems in satellite data processing, in addition to
the biological features of harmful phytoplankton blooms that complicate its monitoring.
First of all is the atmospheric correction of the data. The main algorithm used is near-
infrared (NIR)-based correction of the atmosphere’s influence. It is based on the assump-
tion that there is no diffuse radiation rising from the water in the near-infrared spectral
range. The algorithm operates well in open seawater (no river runoff and no reflection of
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rays from the bottom) at a chlorophyll-a concentration of up to 10 mg m= [16]. It is recom-
mended to use the Management Unit Mathematics Model’s (MUMM) correction algo-
rithm [17] at higher concentrations of chlorophyll-a. The algorithm is based on a stable
spectral shape of sea radiance in the NIR range. MUMM and NIR correction algorithms
show close results already at a chlorophyll-a concentration of about 1 mg/m3 or more [18],
provided that the aerosol is marine and the sun angles above the horizon are high. A
number of problems of atmospheric correction of satellite images have not yet been
solved, which does not allow us to hope for obtaining high-quality products under arbi-
trary observation conditions [19], in particular because of the small angles of the sun above
the horizon, a characteristic of Kamchatka in autumn. Formally, it is not recommended to
calculate bioparameters, when the zenith angle of the sun is more than 75° [20]. However,
errors in calculations also appear at lower angles of the sun above the horizon. For this
reason, for example, the data from the GOCI radiometer located on a geostationary satel-
lite, which make it possible to survey the Sea of Japan every hour, are not used at obser-
vation times earlier than 9:00 or later than 16:00 local time. Even for this time interval,
though, it is necessary to make measurement corrections depending on the local time [21].
Errors in bioparameter calculations using NIR correction at low sun angles can be signif-
icant. The concentration of chlorophyll-a in northern seas can be grossly overestimated
[22]. The sun angle at the beginning of November is already at the 75° limit in the area of
the Kamchatka Peninsula. It is preferable to use the MUMM correction under these con-
ditions, since it is based on the physical properties of water leaving radiance and, in some
cases, gives more accurate results [23,24].

To successfully recognize the blooming algal species, it is necessary to restore the
optical properties of all water components. There are methods that calculate the absorp-
tion and backscatter spectra for each component, together with the main bio-optical pa-
rameters [25-27]. This task is more challenging than the assessment of a specific bio-opti-
cal parameter by color indices. The number of bands used should be greater than, or equal
to, the number of parameters estimated. Therefore, it is necessary to reduce the number
of model coefficients by introducing simple relationships between unknown parameters,
or by setting some of them as optimal constants. These algorithms are more sensitive to
errors of atmosphere correction than empirical ones [28]. However, knowledge about the
optical properties of recognizable harmful algae makes it possible to successfully detect
their blooms [29].

Significant errors arising from the atmospheric correction of satellite data have led to
the development of algorithms that use only part of the visible spectral range. These in-
clude the SS algorithm, which analyzes the shape of the spectrum in the near-infrared
range [30]; the MCI algorithm, which calculates the maximum chlorophyll index [31]; and
the RBD algorithm, which analyzes channel differences in the red spectral range [32].
Since the spectral range is small, atmospheric correction errors and the presence of DOM
have little effect on the results. However, such algorithms do not allow the identification
of the species of blooming algae without a priori information about the dominant algae in
a given region and season.

Harmful algal blooms do not always lead to significant ecological disaster. Condi-
tions are required that lead to an increase in the concentration of harmful substances in
the coastal zone. The waste products of phytoplankton are usually lighter than seawater.
Surface current convergence leads to an increased concentration of harmful substances. A
large-scale concentration of harmful substances near the coastline is usually due to the
wind effect on the sea surface. These are wind-induced surge and downwelling [33]. A
number of works note the significant effect of wind on an increase in the concentration of
the harmful substances in the coastal zone [34,35].

The purpose of this work is to consider the dynamics of variability of sea bioparam-
eters calculated from satellite data in the vicinity of the Kamchatka Peninsula in Septem-
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ber-October 2020, assess the stages of blooming, determine the dominant species of phy-
toplankton and mechanisms to concentrate harmful substances in the coastal zone, and
identify the main causes of the environmental disaster.

2. Materials and Methods

The main sources of satellite data were Moderate-resolution Imaging Spectroradiom-

eter (MODIS) images of the AQUA satellite (spatial resolution: 1 km). The MODIS data of
level 0 were obtained from the NASA Goddard Space Flight Center and processed using

the SeaDAS package (OCSSW package 7.5).

Table 1. Sampling stations (1 m level). Abundance and biomass of total phytoplankton and percent-
age of Karenia spp. ones off the east coast of Kamchatka in autumn 2020.

Station | Date Coordinates | Faeg Total phytoplankton Karenia spp.
Abundance Biomass Abundance Biomass Species!
(cells L) (mg m-?) (cells L) (mg m-)
2 Sept. | 52°51.095'N, | 1.20 434,000 4755 369,000 4551 (96%) KA (98%),
22 159°32.190' (85%) Kp (1%), Ks
E (0.5%), Km
(0.5%)
3 Sept. | 53°01.531'N, | 1.12 647,000 2825 203,000 2499 (88%) Kp (98%),
22 158°57.354' (31%) Km (1.5%),
E KA (0.5%)
4 Sept. | 52°59.095'N, | 1.03 299,000 2705 187,000 2319 (86%) Km (98%),
22 158°51.594' (63%) Kp (1.5%),
E KA (0.5%)
5 Oct. 4 | 52°59.717'N, | 1.28 125,000 1585 105,000 1302 (82%) | Kl (90%), Kp
158°57.450' (84%) (10%)
E
6 Oct. 4 | 52°55.600'N, | 1.02 73,000 617 20,000 (27%) 248 (40%) K1 (100%)
158°41.333'
E
7 Oct. 4 | 52°55.991'N, | 1.03 247,000 2274 152,000 1885 (83%) | Kl (98%), KC
158°41.151" (61%) (1.5%), KB
E (0.5%)
8 Oct. 4 | 52°49.737'N, | 1.13 83,000 974 66,000 (79%) 819 (84%) K1 (100%)
158°36.567"'
E
12 Oct.9 | 53°12.900'N, | 0.86 8320 181.5 3039 (36%) 24.3 (13%) | Km (5%), Ks
159°33.420' (95%)
E
13 Oct. 9 | 53°11.220'N, | 1.16 27,512 354.9 11,477 (42%) | 94.7 (27%) Km (92%),
159°26.040' Kp (8%)
E
14 Oct. 12 | 50°51.067'N, | 1.24 165,000 2028 162,000 2004 (99%) Ks (100%)
156°41.100' (98%)
E
15 Oct. 12 | 51°06.117'N, | 1.27 485,000 5999 482,000 5981 (99%) Ks (100%)
157°04.067' (99%)
E



https://doi.org/10.20944/preprints202212.0464.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 December 2022 d0i:10.20944/preprints202212.0464.v1

50f 16
16 Oct. 12 | 51°30.730'N, | 1.11 262,000 3194 254,000 3146 (98%) | Ks (99%), KD
157°44.870' (97%) (1%)
E
17 Oct. 13 | 52°43.930'N, 14 968,000 7959 622,000 7715 (97%) | Ks (99%), KC
158°32.653' (64%) (1%)
E

1 Karenia species identified based on morphological characters are K. cf. cristata (Kc), K. cf. longicanalis
(K1), K. mikimotoi (Km), K. papilionacea (Kp), K. selliformis (Ks), Karenia sp. A. (KA), Karenia sp. B (KB),
Karenia sp. C (KC), and Karenia sp. D (KD).

The MUMM atmospheric correction algorithm was used. Images of the following pa-
rameters were built: chlorophyll-a concentration, calculated by the OC3 algorithm; sea
surface temperature (SST); turbidity characteristic—the attenuation coefficient of radia-
tion with depth for a wavelength of 488 nm (Kd490); normalized fluorescence line height
(flh); and remote sensing reflectance (Rrs). RGB images of SkySat-C satellites (Planet Labs
Inc.) were used for coastal foam detection. An analysis of the wind was carried out using
data from the WindSat satellite (http://www.remss.com/missions/windsat). The data for
September and October were analyzed.

To verify satellite algorithms, measurements of the species composition of water
samples were used. Phytoplankton 1-L samples were collected using a bathometer from
September 4 to November 4, 2020, and fixed with Lugol’s solution or formalin (2% final
concentration) for phytoplankton enumeration. Samples were counted in a 1 mL Sedge-
wick Rafter chamber under an Olympus BX-41 light microscope (Tokyo, Japan). The wet
biomass of phytoplankton (mg-m=?) was determined by the volumetric method based on
the original published data on the geometric shape and dimensions of the cells [36]. A
detailed description of the measurements is presented in [37]. There were 13 samples that
corresponded to satellite images with a one-day time interval (Table 1). The last three col-
umns of the table indicate the percentage composition of the samples: the proportion of
Karenia spp. in the sample, their proportion of biomass in the sample, and the proportion
of a particular algae among the Karenia algae.
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Figure 1. A characteristic of water turbidity — light attenuation coefficient (Kd490) MODIS/AQUA,
Sept. 9. Boxes = zones for assessing the average values of bio-optical parameters for coastal (1) and
open ocean waters (2); black dots = station locations. Here and later on in the paper, pixels that are
not related to the water surface are in white.

The research was carried out in the Avacha Gulf. The variability of the water bio-
optical parameters was computed for zone 1, which covers the main part of the gulf and
does not include the waters of the open ocean. Figure 1 shows an image of the light atten-
uation coefficient at a wavelength of 488 nm, which characterizes the turbidity of the wa-
ter. Coastal and open ocean waters have a clear boundary corresponding to a sharp
change in the values of bioparameters.

The zenith angle of the sun in the region reaches significant values, which can lead
to errors in the calculations of bio-optical parameters due to inaccuracies in the atmos-
pheric correction procedure. Therefore, to control the accuracy of calculations, zone 2 was
used in the area of open ocean. Bio-optical parameters in zone 2 had small variations in
time. Significant variability in bioparameters in this area may indicate inaccuracies in the
atmospheric correction of satellite images.

In the coastline zone, the border of the area is separated from the coast at a certain
distance to reliably exclude pixels, into which parts of the land and shallow water may
fall. The position and size of zone 1 were steady (Figure 1). The location of zone 2 could
change due to cloudiness. To analyze the state of phytoplankton, we used image frag-
ments of the Avacha Gulf located in the central part of the satellite images, which is rec-
ommended in [38].
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To detect the phytoplankton state, we will use the normalized fluorescence line
height flh, the calculation algorithm that is described in the SeaDAS package document
ATBD_MOD22 [39]. Flh characterizes the intrinsic fluorescence of phytoplankton in the
near-infrared band. It was shown in [40] that the efficiency of phytoplankton photosyn-
thesis is inversely proportional to the fluorescence value. It is mentioned in [41] that pho-
tochemical energy conversion is physiologically limited by nutrients, and the flh value
reflects the photophysiological state of phytoplankton. Fluorescence is affected by nutri-
ent deficiency [42]. The deficiency leads to an increase in fluorescence. To monitor the
state of phytoplankton, the SeaDAS package has an algorithm for calculating the photo-
synthesis efficiency (chlorophyll fluorescence efficiency), but the algorithm is not included
in the list of standard products and shows low accuracy. Instead, we will use specific flu-
orescence —the ratio of the height of the fluorescence line (flh) to the concentration of chlo-
rophyll-a (chl-a). A low value indicates that the cell is actively using the incoming light
for photosynthesis.

The bloom species can be successfully recognized by satellite data when the alga is
dominant in the species composition samples. The authors of [9] provide an overview and
detailed analysis of satellite algorithms for recognizing a Karenia brevis algal bloom. The
brightness spectra of the sea surface Rrs during the bloom of the alga Karenia brevis are
presented in [43]. A specific spectral shape in the blue band is observed when the algae
concentration is high. The Rrs value for a wavelength of 488 nm is less than the neighbor-
ing ones. To identify this kind of algae, we use a spectral shape algorithm [44], written in
dimensionless form with other spectral channels (a wider spectral range is used):

Fa= (Rrs(A2) - (A = A1) + Rrs(A1) - (A2 — A)) / (A2 — A1) / Rrs(A), (1)
where A =488 nm, A1 =412 nm, A2 =555 nm.

3. Results
3.1. Bloom scale

The phytoplankton bloom in the autumn of 2020 occurred over a vast extensive
coastal zone with a cross section of about 100 km. It covered the waters of the Kamchatka,
Kronotsky, and Avacha Gulfs and the southern bays of the peninsula. Figure 2 shows the
concentration of chlorophyll-a in Avacha Gulfs. The average values of the chlorophyll-a
concentration and the turbidity parameter in the water area of the Avacha Gulf are shown
in Table 2. The concentrations changed over the month, but not dramatically. It can be
noted that, for the observation period, there was no high chlorophyll-a concentration [45],
which could be associated with catastrophic events in the coastal zone. On the contrary, it
can be noted that on September 21, there was a significant drop in the concentration of

chlorophyll-a (near 30%) with the stable turbidity parameter Kd490.
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Figure 2. Chlorophyll-a concentration (mg-m=3) in the Avacha Gulf for the following dates: (a) Sept.
9, (b) Sept. 21, (c) Sept. 25, (d) Oct. 3, (e) Oct. 9, (f) Oct. 12. MODIS/AQUA.

Table 2. Variability of average values of bio-parameters in the Avacha Gulf in coastal and the open-
ocean zones.

Date and time (UTC) month.day (hours:minutes)

Parameter 09.09 09.21 09.25 10.03 10.09
(02:40) (1:30) (2:40) (01:55) (01:15) 10.12 (01:45)
Zone 1 Chl-a (mg m?) 1.60 1.14 1.80 1.62 1.82 1.45
Kd490 (m™) 0.14 0.14 0.17 0.17 0.18 0.17
Fass 0.84 1.17 1.07 1.16 1.37 1.22
flh/chl-a (mW cm? pum* sr! mg'-m?) 0.06 0.15 0.16 0.23 0.17 0.20
Zone 2 Chl-a (mg m?) 0.58 0.74 0.74 0.89 0.74 0.81
Kd490 (m™) 0.08 0.10 0.10 0.11 0.10 0.09
Fass 0.89 0.98 0.96 0.95 1.01 0.92
flh/chl-a (mW cm? pm! sr! mg'-m?) 0.14 0.09 0.16 0.11 0.09 0.09

Figure 3 shows the specific fluorescence, which will be used to estimate the intensity
of photosynthesis in the phytoplankton cells. Comparing the dynamics of variability of
chlorophyll-a concentration with specific fluorescence, the following features can be
noted. In open waters, phytoplankton is usually in stagnation, where the fluorescence per
unit of chlorophyll-a concentration fluctuates in the range of 0.09-0.14 (Table 2). Specific
fluorescence in the Avacha Gulf was significantly less than in the open ocean in early Sep-
tember, especially in the coastal parts of the gulf. On September 9, low values of specific
fluorescence were observed. On September 21, immediately after the passage of a cyclone
with a storm wind, favorable conditions for the growth of phytoplankton biomass were
observed in a narrow strip along the coast only. High values were observed in the main
part of the coastal zone. On October 3 and the following days, the specific fluorescence in
the Avacha Gulf was higher than in the open waters.
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Figure 3. Specific fluorescence (mW cm? um? sr!' mg?'-m3) in the Avacha Gulf for the following
dates: (a) Sept. 9, (b) Sept. 21, (c) Sept. 25, (d) Oct. 3, (e) Oct. 9, (f) Oct. 12. MODIS/AQUA.

3.2. Karenia spp. monitoring

To monitor the Karenia spp, we used the deflection of the diffuse scattering brightness
spectrum above the water surface Fass. Figure 4 shows the variability of the Fiss parameter.
The parameter value ranged from 0.7 to 1.5. The images have some “banding”, which
leads to fluctuations in the parameter in the range of 0.1. The suitability of the parameter
for monitoring was ground-truthed using the species composition of the water samples.
Samples were taken that had a time mismatch with satellite data of about a day (Table 1).
Only three samples coincided with satellite measurements in space and time. The rest of
the samples were taken a day later or in the vicinity of the station locations. A relationship
between F488 and Karenia biomass was considered to assess the threshold by which the
presence of the Karenia spp. in water can be determined. Figure 5 shows that, when the
Fiss parameter exceeds 1.1 and the biomass is more than 1000 mg m?, the Karenia spp. are
confidently identified and present in significant quantities (above 50% of the sample bio-
mass). It should be noted that different species of algae of the genus Karenia dominate in
the samples. This indicates the closeness of the optical characteristics of different species
of Karenia. Approximately the same results are obtained if we use the data presented in
[43], where Figure 5a,b shows the spectra of the Rrs parameters of the MODIS at the points
of the Karenia brevis alga blooming at different concentrations. In situ measurements pre-
sented in the article were taken from the NOAA HABSQOS database. At a cell density of 62
cells mL-, Fass = 1.06, which corresponds to a Karenia biomass of 770 mg m?, and at a den-
sity of 245 cells mL" Fags = 1.2, which corresponds to a biomass of 3040 mg m3. An analysis
of field measurements of Rrs obtained in the Far Eastern seas of Russia (nearly 350 sam-
ples), and available to the authors, showed that the Fiss parameter rarely exceeds 1.1—in
less than 5% of cases. The Rrs measurements were carried out on an ASD spectroradiom-
eter and processed using a technique close to that in [16] and described in [17]. Thus, a 1.1
threshold of the Fass parameter was used for the Karenia spp. monitoring.
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Figure 4. The variability of the Fass parameter in Avacha Bay for the following dates: (a) Sept. 9, (b)
Sept. 21, (c) Sept. 25, (d) Oct. 3, (e) Oct. 9, (f) Oct. 12.
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Figure 5. Relationship between spectrum shape parameter Fiss and biomass of Karenia spp.
Circle = biomass of Karenia spp. >50% in total phytoplankton. Triangle= <50%. Filled circles= co-
incidence measurements in space and time.

It should be noted that the beginning of the algal bloom in September was in the
seaward zone of the coastal waters. There is a complex vortex circulation of water in the
Avacha Gulf, mainly of anticyclonic character [43]. The parameter Fiss corresponds to this
circulation. It shows the increase in Karenia spp. biomass concentration from the beginning
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of September to September 21. We see a drop in Fiss on September 25 and an increase in
October.

3.3. “Beer tide” observations

The event, after which the harmful influence of the bloom began to be noted, most
likely occurred on September 19. There was a storm with a wind speed of 25 m s™. The
storm was caused by a cyclone passing from west to east. The center of the cyclone moved
along 53°N latitude. Wind forcing is usually the main factor in phytoplankton transport
to the coast [33-35].

Algae of the genus Karenia generate a significant amount of foam. In particular, in
[46] the bloom of the species Karenia mikimotoi in Kachemak Bay, Alaska, is called “beer
tide” due to the large amount of foam formed. Other researchers [15,47] have noted the
harmful effects of Karenia blooms. In the later stages of blooming, due to a lack of oxygen
in the water, various harmful substances are released, including ammonia and hydrogen
sulfide gases. Foam produced during a bloom of Karenia algae may be an indicator of the
harmful effects of the bloom. To detect the foam, images of SkySat-C satellites were used,
which clearly show the coastal white stripe. Figure 6 shows two images of Khalaktyrsky
Beach, immediately after the storm and before it, at approximately the same near-surface
wind speed. The second image was used to estimate the area of surf that could be confused
with phytoplankton foam. Since the white strip can be both from the vital activity of phy-
toplankton and the surf strip, the width of the strip was estimated depending on the char-
acteristic wind magnitude. Surf strip is generated by waves whose amplitude is propor-
tional to the wind speed. The characteristic strip width was usually 0-20 m, rarely 30 m.
The strip was not continuous, but consisted of fragments, the positions of which were
apparently determined by the bottom topography (Figure 6, right). The location of these
fragments was stationary. The exception was a few days in September and October, when
foam was observed off the coast. The strip was continuous and reached a width of 100 m.
Such a phenomenon was observed on September 20, from September 30 to October 2, and
on October 7 and 14.
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Figure 6. The width of the foam stripe on September 20 compared to the stripe width of a
randomly selected image before the storm at the same characteristic near-surface wind speed.
View of Khalaktyrsky beach on two SkySat-C satellite images docked along an arbitrarily cho-
sen vertical line for September 20 (left) and September 15 (right).

4. Discussion

It is noted in [48] that the average monthly concentration of chlorophyll-a in Avacha
Bay in 2020 exceeded the characteristic concentrations calculated over the past 20 years by
5-8-fold. At the same time, an analysis of the interannual variability of chlorophyll-a
showed that such concentrations are typical in recent years [45]. An upward trend in the
average monthly concentration has been observed since 2012. The authors suggest that
the increase in concentrations is due to changes in atmospheric circulation. Since no anom-
alously intense rains causing an increase in river runoff or atmospheric dust transport
were observed in this area, upwelling may be the main source of the nutrients.

In [37], the distribution dynamics of the Karenia algae in the bays of the Kamchatka
Peninsula was analyzed. The key role of the East Kamchatka current in the distribution of
harmful algae is shown. The results obtained allow us to make the following assumptions
about the development of a catastrophic harmful bloom in the waters of Kamchatka. In
early September, from the seaward zone, the East Kamchatka current brought waters con-
taining significant concentrations of harmful algae of the genus Karenia into the Avacha
Gulf (Figure 4a). At this time, low values of the specific fluorescence parameter were ob-
served in the coastal region, which indicates the intensity of photosynthesis by phyto-
plankton cells. By mid-September, the algae filled the water area of the Avacha Gulf and
dominated a huge area. At the same time, an increase in specific fluorescence was ob-
served, which indicates a decrease in the biomass growth rate. A drop in the concentration


https://doi.org/10.20944/preprints202212.0464.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 December 2022 d0i:10.20944/preprints202212.0464.v1

13 of 16

of chlorophyll-a with constant turbidity of the water (September 21) indicates the start of
a change in the dominant algal species. The subsequent drop in the Fass parameter (Sep-
tember 25) confirms the change. A change in the dominant species of algae is usually ac-
companied by the death of its cells. Thus, in mid-September, a situation developed when
a significant amount of harmful substances and dying cells accumulated in the water. On
September 18-19, the storm brought an atmospheric cyclone. The southern part of the
cyclone passed over Avacha Bay. The direction of the wind changed from southeast to
northeast. The configuration of the coastline of the bay contributes to the fact that the wind
generates upwelling. Detailed information on the influence of this phenomenon can be
found in [35]. Due to upwelling, the cold waters of higher density came to the surface near
the coast. This led to instability of water stratification, which was maintained by the wind.
The cessation of the storm contributed to the reverse process, downwelling. As a result of
coastal downwelling, water sinks, which causes the movement of phytoplankton waste
products to the coast. Since these substances are lighter than water and cannot sink, they
are concentrated near the coast. This concentration of harmful substances led to an eco-
logical disaster. The presence of foam in the coastal strip confirms this situation.

In early October, algae of the genus Karenia again began to dominate in the waters of
the Avacha Gulf. Their concentration was even higher. At the same time, the wind regime
was favorable for the intensification of catastrophic phenomena. After the storm on Sep-
tember 29, a wide strip of coastal foam was again observed, which lasted three days. Foam
also appeared near the shore on October 7 and 14. Furthermore, the Karenia bloom de-
creased both in terms of the concentration of algae in the samples, and according to satel-
lite data. Blooming was observed until early November. The large zenith angle of the sun
did not allow for reliable monitoring in November, since already in early November the
zenith angle exceeded 75°, the limiting angle for satellite calculations of bioparameters.

5. Conclusions

Efficient satellite monitoring of this phenomenon is possible provided that the fea-
tures of the formation of an ecological disaster are taken into account. This requires a
number of techniques that would allow us to: determine the dominant species of phyto-
plankton; assess the stages of blooming (intensive growth, blooming, and change in dom-
inant alga species); monitor the evolution; and analyze the mechanisms of concentration
of harmful substances in the coastal area. From the example of an ecological catastrophe
in the waters of the Kamchatka Peninsula (Russia), caused by a bloom of algae of the ge-
nus Karenia, similar methods are considered. The use of the remote sensing reflectance
(Rrs) spectrum analysis algorithm, and its calibration according to the data of samples of
the species composition of algae, made it possible to confidently identify areas where al-
gae of the genus Karenia dominated in terms of biomass. The specific fluorescence of phy-
toplankton allows us to assess the stages of blooming. High specific fluorescence may in-
dicate a lack of nutrients, which usually accompanies an increase in the excretion of me-
tabolites (harmful substances). The wide variability of chlorophyll concentration at stable
water turbidity, as well as the variability of the shape of the Rrs spectrum, makes it possi-
ble to determine the periods of the change of the dominant species. Analysis of near-sur-
face wind and monitoring of the coastal zone allows us to determine the moments of con-
centration of harmful substances near the coast.
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