ISSN 1573-160X, PHYSICAL OCEANOGRAPHY, Vol. 32, Iss. 4, pp. 446-463 (2025)
Original Russian Text © I. D. Rostov, E. V. Dmitrieva, I. A. Zhabin, 2025,
published in Morskoy Gidrofizicheskiy Zhurnal, 2025, Vol. 41, Iss. 4, pp. 417-435

Original article

Extreme Events of Marine Heat Waves off the Eastern Coast
of Kamchatka Peninsula and in the Adjacent Areas
under Conditions of Modern Global Warming

I. D. Rostov ™, E. V. Dmitrieva, I. A. Zhabin

V. I. II’ichev Pacific Oceanological Institute, Far Eastern Branch of Russian Academy of Sciences,
Vladivostok, Russian Federation
™ rostov@poi.dvo.ru

Abstract

Purpose. The purpose of the study is to determine the characteristics and trends of inter-annual
variability of marine heat wave parameters off the Kamchatka Peninsula eastern coast and in
the adjacent areas over the past four decades and to analyze their cause-and-effect relationships with
the large-scale and regional processes in the ocean and atmosphere in the context of global warming,
as well as to investigate the possible role of coastal wind upwelling in the chain of events of a large-
scale environmental disaster in the study region in the fall 2020 under conditions of intensification of
marine heat waves and outbreak of harmful algal blooms.

Methods and Results. Standard methods for identifying the variability of marine heat waves and for
determining the amplitude-frequency parameters at the regular grid nodes were used to analyze
the NOAA climate data array. The results enabled detailed characterization of the spatiotemporal
variability of marine heat waves in the region under study including the frequency of events, their
duration, intensity, integral indicators (cumulative intensity and composite intensity index), as well as
the trends in inter-annual and seasonal variations. The cases of wind-driven upwelling of deep-sea
waters in the coastal zone accompanied by a surge in chlorophyll a concentration on the ocean surface
during the harmful algal bloom outbreak were also identified.

Conclusions. The marine heat wave events developed against the background of stable positive trends
in sea surface temperature. During the last two decades of global warming, a significant increase in all
the marine heat wave indicators has been observed. Statistically significant correlations were
identified between fluctuations in various marine heat wave parameters and changes in characteristics
of anomalies of the surface air temperature field, geopotential height of the 500 mbar isobaric surface
as well as climate indices indicating the local and remote influence of large-scale atmospheric
processes. During the outbreak of harmful algal bloom off the Kamchatka coast observed after
the marine heat waves impact, an increase in wind upwelling in the coastal zone was noted that
facilitated the entry of nutrients and dinoflagellates into the photic layer, and also an increase in their
numbers and chlorophyll a concentration. The conducted studies confirm the assumption about
the role of extreme marine heat waves in the chain of events of the environmental disaster that took
place in the region under study in the fall 2020.
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Introduction

Amid ongoing global warming, extreme climatic phenomena in both
the atmosphere and ocean are becoming increasingly frequent, prolonged, and
intense. In the ocean, such phenomena include marine heatwaves (MHWS),
recognized as one of the most serious extreme events caused by climate change [1].
These waves can be defined as prolonged, discrete, anomalously warm events
characterized by duration, intensity, rate of evolution, and spatial extent [1, 2].
Qualitatively, MHWs are defined [3] as discrete periods of prolonged anomalously
warm surface water in a specific location, while quantitative definitions are based
on ocean temperatures exceeding fixed seasonally varying or cumulative thresholds
that differ across regions. Based on a standardized methodology [2], most studies
define an MHW event as a prolonged anomalously warm period at the ocean
surface lasting at least five consecutive days with temperatures above the 90th
percentile for a chosen time period.

The occurrence of MHWSs can be triggered by a combination of local oceanic
and atmospheric processes, such as air-sea heat fluxes and horizontal advection.
These processes can be modulated by large-scale climate variability through
teleconnections and interactions [3, 4]. MHWs are typically identified using sea
surface temperatures (SSTs), although they can extend to greater depths. Alongside
extreme thermal anomalies, the opposite phenomena — extreme marine cold
spells — are also periodically observed, with their metrics decreasing in most
regions [1, 5], though their intensity may increase in some locations.

Over the past few decades, MHWSs have been observed in all ocean basins
[1, 2, 4], and their frequency and intensity are projected to increase throughout
the 21st century [5]. Notably, over the last 40 years, the average intensity of
MHWs in the Arctic marginal seas has become comparable to that observed in
other regions of the World Ocean [6]. MHW events can last from several days to
several months and cover tens to hundreds of kilometers of water area. They pose
a significant threat to marine ecosystems, coastal biological communities, and
the economies of coastal regions [2, 6, 7], but can also create favorable conditions
for the spread of invasive species.

The factors determining the onset and termination of individual MHW events
are diverse and can vary depending on the region, season, and event scale [4].
Oceanic advection plays a key role in regulating the characteristics of small-scale
MHWSs, while atmospheric processes are the primary driver for larger-scale MHW
events. Generally, as the spatial scale increases, MHWSs become less intense, occur
less frequently, and last longer [8]. During periods of extreme warming,
a weakening of vertical water mixing processes and enhanced stratification are
observed, reducing thesupply of nutrients to the surface, causing water
acidification, and decreasing dissolved oxygen levels to critical values [9, 10].

The main risks associated with the impact of MHWSs on marine biota [10] arise
from disruptions to natural habitat conditions and life cycles of aquatic organisms
when their adaptive limits are exceeded. This also leads to disruptions in food
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chains, deterioration of oxygen conditions, and the emergence of toxicological
threats associated with harmful algal blooms (HABs) [11]. Temperature and
nutrient supply are key factors controlling ocean productivity [12, 13]. According
to research [14], MHWs can both decrease chlorophyll concentration (an indicator
of phytoplankton biomass) [9] and promote its increase across different latitudes.
The magnitude of the chlorophyll response to temperature rise increases with
the intensity and duration of the MHWSs and the rate of nutrient supply to the upper
mixed layer. However, the links between these processes are complex and
ambiguous.

Numerous studies have shown that MHWs have caused mass HAB events in
various regions around the world [15]. Such events have become increasingly
frequent in recent decades and have expanded both temporally and spatially,
exerting unprecedented impacts on marine ecosystems [1, 16, 17]. In some cases,
these phenomena have led to catastrophic consequences for coastal aquaculture and
fisheries. For instance, in late September — early October 2020, an ecological
disaster occurred in the waters of Avacha Gulf and other areas along
the southeastern coast of Kamchatka. It was accompanied by massive
phytoplankton development and an anomalous increase in chlorophyll
a concentration. These changes led to the appearance of foam, films of biogenic
surfactants on the water surface, and mass mortality of marine organisms (up to
95% of benthos) [18, 19]. Research indicated that the cause was a massive and
prolonged bloom of the dinoflagellate species Karenia selliformis [19], whose
abundance closely correlated with chlorophyll a concentration but was not linked
to anthropogenic eutrophication [18, 20], characteristic of Avacha Bay adjacent to
Avacha Gulf. The HAB lasted two months and covered an extensive area
exceeding 300 x 100 km [19].

Among the probable factors contributing to this phenomenon were strong
positive water temperature anomalies, which can be regarded as intense MHWSs
[15]. Other contributing factors include the supply of nutrients from deep water
layers due to wind-wave mixing triggered by the passage of three deep cyclones
between September 19 and October 7, 2020 [21], as well as the influence of
Typhoon Dolphin, which may have intensified these processes. Additionally,
the influence of wind-driven upwelling, promoting the rise of dinoflagellates to
the surface, was considered as a possible cause of the HAB outbreak [19], but this
hypothesis was not conclusively confirmed during the study. Similar phenomena
associated with massive HABs are known as “red tides” and have been recorded in
Kamchatka bays before [21]. A year later, in September — November 2021, similar
events occurred in the southern part of theregion, off the Pacific coast of
Hokkaido, where intense MHWSs were also observed [16]. A massive dinoflagellate
bloom [20] was recorded in this region as well, accompanied by marine organism
mortality. These events were linked to features of mesoscale water dynamics and
intensification of horizontal and vertical mixing processes that followed intense
and extensive MHW manifestations in the area [15]. Overall, the retrospective

448 PHYSICAL OCEANOGRAPHY VOL.32 1SS.4 (2025)



analysis of toxic HAB events and laboratory experiments confirm the link between
sharp water temperature increases and increased toxin production rates [17].

It should be noted, however, that the multifactorial biological impacts on
marine ecosystems associated with various MHW characteristics can vary
significantly. The mechanisms of these processes, as well as their causal
relationships, remain insufficiently studied [15, 22]. It has been established that
the ecosystem response depends significantly on the duration, intensity, and timing
of extreme events [23]. At the same time, reliable data on the frequency of HAB
occurrences and on MHW characteristics off the eastern coast of Kamchatka,
similar to those available for the Bohai Sea [16], are lacking. Overall, in recent
years, acertain dependence of HAB occurrence and dynamics on MHW
characteristics has been observed in both the northeastern and northwestern Pacific
Ocean.

Several key factors influencing HAB development can be highlighted:

— more frequent HAB outbreaks are associated with anomalously warm
thermal conditions arising from MHW influence [17, 20]. However, subsequently,
these conditions can exert a negative impact on sustaining such algal populations,
acting as a stressor for their growth [24];

— in years with “red tides” (HAB period), the total number of days with
MHWs is generally higher than in years without them. “Red tides” occur more
frequently in areas with higher MHW frequency and duration compared to
neighboring waters [25];

—even in locations where such algae are rare, recurrent HAB events can occur
in subsequent years following an outbreak [20];

— formation of areas of extreme temperature anomalies on the ocean surface
and enhanced stratification caused by MHWs one month [15] or more prior to
the onset of HABs facilitate the initiation and acceleration of HAB development
processes;

— HAB outbreaks occur when algae encounter optimal ecological conditions
[15]. Processes such as wind-wave mixing, upwelling, horizontal advection, and
mesoscale water dynamics, leading to the influx of nutrients from deep layers into
the photic zone, are necessary for phytoplankton nutrition and sustaining HABs
[17, 18];

— expansion of the area affected by HABs is linked to the deepening of
the mixed surface layer and the entrainment of nutrients from river runoff
[15, 18, 21] and adjacent waters.

The marine areas adjacent to the eastern coast of the Kamchatka Peninsula
represent one of the most dynamically active and productive regions of the Pacific
Ocean, providing essential conditions for the reproduction and fishery of numerous
fish species and other aquatic organisms. At the turn of the 20th — 21st centuries,
the study area was dominated by unidirectional trends in thermal conditions
towards increasing water and air temperatures, primarily due to changes in heat
exchange with the atmosphere, manifested in ice cover characteristics,
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thermohaline structure, and water heat content [26]. These processes are
characterized by significant spatiotemporal variability and exert anoticeable
influence on the ecological state and biota of the region. The waters of the region
exhibited the highest warming rate within the entire Pacific basin, with the trend
contribution to the total variance of annual mean SST reaching 30-40% [26].
The largest trends in air temperature (T,) and SST were observed in the western
Bering Sea and off the eastern coast of Kamchatka [27]. The features of their
interannual variability are determined by surface forcing and the internal dynamics
of the ocean. They include seasonal changes, as well as decadal and multidecadal
oscillations superimposed on monotonic trends under changing climatic regimes
and specific phases of global warming.

Currently, the metrics of MHW events — quantitative indicators (such as intensity,
duration, frequency, spatial coverage [2]), their statistical characteristics, as well as
cause-and-effect relationships with atmospheric and oceanic processes in
the northwestern Pacific region off theeastern coast of Kamchatka remain
insufficiently studied.

The aim of this work is to determine the characteristics and trends of interannual
variability of MHW parameters off the eastern coast of Kamchatka and adjacent areas,
analyze cause-and-effect relationships with large-scale and regional processes in
the ocean and atmosphere over the past 40 years, and investigate the potential role of
coastal wind-driven upwelling in the chain of events of the large-scale ecological
disaster in the study region amid intensifying MHWSs and the HAB outbreak.

Data and methods

The study area is bounded by coordinates 51-63° N, 156-180° E, and
the temporal period covers four decades from 1982 to 2023. Optimally interpolated
daily SST data (NOAA-OI SST V2) on a0.25° x 0.25° grid, available at
https://www.psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html, and
the standard MHW identification method [2] are used in the present paper. An
MHW event was defined as an anomalously warm phenomenon on the ocean
surface lasting at least five consecutive days (two consecutive events separated by
less than three days are considered a single event) with SSTs exceeding the 90th
percentile, based on a 30-year baseline climatological period (1988-2018) using
Matlab software [28]. According to the method [2], the 90th percentile was
calculated for each calendar day using daily SST values within an 11-day window
centered on the data across all years within the climatological period and smoothed
by applying a 31-day moving average. To describe, comparatively analyze, and
classify MHW characteristics in each grid cell and averaged over the region,
various metrics [2] were calculated, defined based on the extent to which actual
temperature values exceed the local climatology of the 90th percentile for
the baseline period [22]:
— frequency — the number of MHW events per year (F);
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— duration — the number of days between the start and end of an MHW event period
when SST exceeds the 90th percentile threshold (D, days);

— intensity — the deviation of the daily mean SST relative to the 90th percentile of
the baseline period on a selected day (I, °C);

— mean intensity, representing the average intensity (temperature anomaly) for
the entire MHW event under consideration (Imean, °C);

— maximum intensity — the largest temperature anomaly during the MHW event
period (Imax, °C);

— cumulative intensity — an indicator summing the temperature anomaly values
over the MHW event duration (lcum, °C);

— cumulative intensity (composite) index, which integrates the frequency (number)
of events, their intensity, and duration over the entire period (ICI, °C-days).

Reanalysis data for surface air temperature (T,), pressure, and wind, along
with time series of ClI (AMO, NPGO, PDO, SOI, WP, NINO.WEST) [26, 29] were
obtained from NOAA websites: https://psl.noaa.gov/data/gridded/index.html and
https://psl.noaa.gov/data/climateindices/list/.  Satellite data on chlorophyll
a concentration and high-resolution SST were taken from the ERDDAP NOAA
CoastWatch server at https://coastwatch.noaa.gov/erddap/griddap/index.html?page=
1&itemsPerPage=1000.

Statistical calculation and analysis of the spatio-temporal variability of
the used data characteristics were carried out according to a unified methodology
[29]. Taking into account the duration of the summer and winter monsoons and
the intra-annual cycle of T, and SST, conditionally warm, summer (June —
September), and conditionally cold, winter (November — March), seasons (periods)
of the year were selected. Calculations were carried out both for the entire 42-year
period of 1982-2023 and for its first (1982-2002) and second (2003-2023) halves.
The 95% significance level for trends in time series and correlation coefficients
was assessed using Student’s t-test with effective degrees of freedom.

A wind-based upwelling index allowing for quantitative estimates of
the offshore-directed Ekman transport in the surface friction layer [30] was used to
study the possibility of manifestation and characteristics of seasonal coastal
upwelling in the study area. The index was calculated from the wind field in
coastal ocean areas using the data obtained from satellite scatterometers, which
capture the short-period variability of the wind field [31]. For the coastal areas of
the southeastern coast of Kamchatka and Avacha Gulf, the equation for calculating
the wind-based upwelling index can be presented as follows:

Ul = —Qqsin (a — m/2) + Qycos (a — m/2),

where a is the angle between the corresponding parallel and the straight line
approximating the average coastline; Qx and Qy are the values of the zonal and
meridional components of the wind-driven transport. In this case, Qx = t/pf,
Qy = —t./pf, where 1, and 1y are the values of the zonal and meridional components
of the wind stress, p is the density of seawater (1025 kg-m™), f is the Coriolis
parameter. Wind stress was calculated using the equations proposed in [32].
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Warming trends in the waters off the eastern coast of the Kamchatka
Peninsula and adjacent areas

Overall, a statistically significant positive trend in mean annual SST anomalies
(AT) was observed for the region during 1982-2023, amounting to 0.31°C per
decade. The anomaly and cumulative anomaly plots reveal two distinct phases
(periods) of climatic change: 1982-2002, characterized by predominantly negative
SST anomalies, and 2003-2023, characterized by predominantly positive
anomalies (Fig. 1, a, b).

The mean annual SST trend value in the first phase was 0.02 °C per decade
and was not statistically significant, whereas in the second phase it increased to
a significant 0.36 °C per decade. During the warm period of the year in the first
phase (1982-2002), a moderate increase in SST of up to 0.12 °C per decade was
observed across the entire region. However, in the subsequent period (2003-2023),
the SST trend sharply intensified, reaching 0.64 °C per decade. This is associated
with a transition to a new climatic regime and changes in atmospheric circulation
characteristics in the region. Moreover, as previously shown [26], the identified
trends also differ in the northern and southern sectors of the waters throughout
the extratropical zone of the northwestern Pacific Ocean. As seen in Fig. 1, ¢ —f, in
the last two decades, the sign of the SST trend in the waters of the western and
northwestern parts of thestudy area changed from negative to positive.
Furthermore, during the warm period of the year, a band of extreme SST trends
formed off the coast of the eastern part of the Kamchatka Peninsula (Fig. 1, f),
which, according to our estimates, reached unprecedented values for the entire
Pacific basin — up to 1.45 °C per decade.

Average characteristics of marine heat waves

Fig. 2 shows the temporal changes in some MHW characteristics across
the entire region. Over the last 40 years, the figure indicates a gradual increase in
the area of the water body affected by this process (number of grid points, Ng —
Fig. 2, ¢). These events are recorded throughout all months of the year; however,
a sharp increase in their number was observed mid-period (Fig. 2, d, €). Overall,
the total number of MHW events (N¢) at grid points over this period increased from
213 in 1987 to 19.7 thousand in 2018 (an average of ~ 6.5 thousand events per year
occurred during the period), showing a significant trend of ~ 3.5 thousand events
per decade. The amplitude-frequency characteristics of the intra-annual dynamics
of these events also vary across the region and exhibit specific features depending
on the year within each period (Fig. 2, a, b). The interannual course of the N, curve
reflects the general warming trends in the region and two main periods marking
key climate changes (Fig 1, a; 2, d).

The main peaks on this curve correspond to peak El Nifio values that occurred
in recent decades, and the overall trend coincides with global climate changes [1,
29, 33]. Further analysis of MHW characteristics in the region focused on the most
recent 20-year time interval (2003-2023). Fig. 3 shows the frequency of events,
their duration, intensity, and integral indices, highlighting significant regional
differences in these indicators over the last two decades.
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The zone with the lowest frequency of MHW events (fewer than two per year)
is located southeast of Kamchatka in the open ocean part, while the highest
frequency (more than four per year) was observed near the shelf edge of the Bering
Sea (Fig. 3, a), as previously noted [34]. The mean event frequency (F) was 3.4 per
year. The mean duration of each MHW event (D) in the region’s waters was
16 days. However, the duration of these events increases with distance from
the continent. In the northwest, the duration is 10-12 days, whereas in the deep-
water areas of the southeastern part of the region, it is 20-25 days (Fig. 3, b).

Over 20 years, the mean and maximum mean of MHW intensities in the study
area were 1.8°C and 5.2°C, respectively. The mean cumulative intensity was
28.2°C. The highest values of these characteristics (Imean ~ 3.4 °C, lmax ~ 11.5°C
and leym ~ 50 °C) were recorded in a narrow coastal zone in the northeastern part of
the Kamchatka Peninsula and in adjacent ocean waters near the continent
(Fig. 3, d = f). The composite intensity index (ICI), which combines the three main
MHW variables (F, D, Imean), provides a more comprehensive picture of MHW
manifestation. The spatial distribution of the ICI (Fig. 3, c¢) shows higher index
values in the western Bering Sea basin and lower values in the southern region.

These general trends in the dynamics of daily MHW characteristics, on the one
hand, are an expected consequence of rising mean ocean surface temperature under
global warming [33], and on the other hand, reflect selective sensitivity to sea
surface temperature changes and may serve as both precursors to and causes of
interannual temperature fluctuation trends [34].
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Interannual and seasonal changes in MHWs
Fig. 4 shows the interannual changes in the main characteristics of MHWs,
averaged across the entire study area. MHW indicators exhibit peak values towards
the end of the 1982-2023 period. A positive linear trend is clearly visible (Fig. 4,
table). The relationships between changes in MHW characteristics, anomalies of
various regional climate indicators, and climate indices demonstrate relatively
close correlations.
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F i g. 4. Regionally averaged annual mean values of frequency F (a), duration D (b), composite
intensity index ICI (c), mean Imean (d), maximum Imax (€) and cumulative leum (f) intensities of MHW
events for 1982-2023. Legend: solid line denotes MHW index, dashed line — linear trend

Trends in MHW indicators across theregion are characterized by
the following features. The number of MHW events per year increases by 1.2 per
decade (table). The mean duration of each event increased by 3.7 days per decade,
reaching a record 49 days in 2022 (Fig. 4, b). This explains the presence of peaks
in the distribution of cumulative intensity (Fig. 4, f) and the composite MHW index
for that year (Fig. 4, c). On average, the largest water temperature anomalies
relative to climatic norms increased by 1.5°C per decade (table), consistent with
the findings of other studies [33]. The dependence of MHW event duration on their
frequency and maximum intensity is characterized by a high correlation (R = 0.6).

The data in the table show the presence of average statistically significant
correlations between the interannual fluctuations of various MHW indicators and
the characteristics of changes in surface air temperature anomalies (overall for
the region (R = 0.61), T. anomalies at the nearest coastal meteorological station
(R = 0.61), geopotential height at the 500 mb level (R = 0.50)), as well as with
various climate indices. Trends in interannual changes of Cls are mainly
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determined by the position, intensity, and interaction of the main baric formations,
which are seasonal centers of atmospheric action, and depend on the selected time
period. Correlations between fluctuations of AMO - IPO indices reflect
the influence of various large-scale processes, which are part of the global climate
variability regime, on the structure of pressure, wind fields, and thermal conditions
in the subarctic region through long-range relations [26].

Inter-annual trend (b/10 years) values of annual average MHW indicators,
and correlation coefficients (R) of MHW events with climatic parameters
for 1982-2023

Parameters F D ICI Imean Imax lcum
b 1.2 3.7 12.5x10° 0.1 15 6.4
R/SSTa 0.81 0.57 0.76 0.33 0.55 0.59
R/Ta 0.76 0.63 0.74 0.36 0.52 0.65
R/Hso0 0.52 0.47 0.51 0.38 0.57 0.53
R/AMO 0.35 0.53 0.38 0.44 0.50 0.44
R/SOI 0.22 0.36 0.32 0.29 0.38 0.42
R/NINO.W 0.61 0.45 0.57 0.39 0.69 0.52
R/INPGO —-0.47 -0.31 —-0.35 0.12 -0.19 -0.22
R/IPO -0.21 —-0.38 —-0.40 —-0.23 —-0.38 —0.42

N o te. SSTa is annual average anomalies of surface air temperature based on reanalysis data; Ta
is annual average anomalies of air temperature at the coastal weather station Apuka (Olyutorka) taken
from the website http://portal.esimo.ru/portal; Hsoo — anomalies of geopotential height of
the 500 mbar surface; AMO — IPO are climatic indices [26, 29]. Statistically significant (95%)
estimates are highlighted in bold

As shown in Fig. 5, the maximum number of MHW events on individual days
at the region’s grid points, on average for 2003-2023, corresponds to events of
short duration (5-10 days per year) (Fig. 5, a). The largest number of events of
various durations is observed during the warm period of the year. In the intra-
annual dynamics, the total number of MHW events averaged over the region
increased sharply during the second phase of the study period (Fig. 5, a — d).

Thus, local atmospheric influences are a key factor in MHW variability in
the region under consideration. These influences can be modified by large-scale
climate variability regimes.

Marine heat waves and the 2020 HAB off the Kamchatka coast
As mentioned earlier, a trend of accelerated warming has been observed in
the study waters over the last two decades, and marine heat wave events have
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spread throughout the entire region (Figs. 1-4). By the end of this period, MHWSs
and anomalously high temperatures had severely impacted the biota of the coastal
zone and adjacent marine areas. In the context of the Kamchatka ecological
disaster of late September — early October 2020, these processes were accompanied
by the mass development of microalgae and a significant increase in chlorophyll
a concentration [18, 19, 21], which apparently contributed to the HAB outbreak.
Processes of mixing in the upper ocean layer, which promote the supply of
nutrients and dinoflagellates to the photic layer, were also considered among
the causes of this phenomenon [18, 19, 21]. One such process is coastal upwelling,
which is the rise of deep waters to the surface caused by wind forcing.

N, N,
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F i g. 5 Number of MHW events (Ne) of different durations for 1982-2002 (orange curve) and
2003-2023 (black curve) averaged for the entire region for different days and seasons of a year: 5-
10 days per year (a), 11-32 days (b), 33-62 days (c), and more than 62 days (d)

It should be noted that the influence of wind-driven upwelling on the thermal
structure of the waters off the eastern coast of the Kamchatka Peninsula during
the period of sharp environmental deterioration in September — October 2020 had
not been previously studied. To analyze this process, satellite maps of SST
distribution can be used. These maps highlight upwelling zones as areas of colder
waters near the coast. Additionally, results from calculating the wind-based
upwelling index (Fig. 6, b, d) can be used.

The wind-based upwelling index is used to evaluate the intensity of upwelling
in coastal waters. Positive index values indicate upwelling and negative values
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indicate downwelling (sinking of waters). Our calculations showed that favorable
conditions for the development of seasonal coastal upwelling can form during
the summer-autumn period when western and southwestern winds with an average
speed of 4-9 m-s7! [27] prevail over the coastal strip and the region’s waters.
Maximum positive upwelling index values in the coastal zone of Kamchatka within
the 52-53° N latitude band (Fig. 6, b) indicate intense upwelling and are observed
in fall, following spring-summer MHW events (Fig. 6, a). These events are
accompanied by the formation of abelt of colder waters in the coastal zone
(Fig. 6, d), as well as a sharp increase in chlorophyll a concentration in the intra-
annual course (Fig. 6, ¢) and a change in its spatial distribution (Fig. 6, f) compared
to periods without pronounced wind-driven upwelling (Fig. 6, €). It should be
noted that besides the impact of toxins on biota causing the death of marine
organisms during HAB outbreaks, another negative factor is the decrease in
dissolved oxygen levels to critical values in the bottom layers [11] during the death
and decomposition of microalgal biomass. In the context of the Kamchatka
ecological disaster, such cases of hypoxia have not been sufficiently studied.
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Fig. 6. Changes in daily average SST (1), climatological average SST (2), and the 90th (3) and 10th
(4) percentile threshold values in temperature seasonal variation in the study area off the coast of
Avacha Gulf in 2020 (a); temporal variability of daily upwelling index values in the same area in
summer — fall, 2020 (b); intra-annual variability of surface chlorophyll a concentration off the coast of
Avacha Gulf in August — October, 2020 (c); SST for 10.28.2020 (d); distribution of chlorophyll
a concentration on the ocean surface on 08.15.2020 (e) and 10.15.2020 (f)
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Conclusion

1. During 1982-2023, extreme marine heat wave phenomena developed and
intensified amid positive sea surface temperature trends. Throughout the first 20-
year period (1982-2002), the linear trends in interannual changes of SST and
various MHW indicators were small and statistically insignificant. In the second
phase (2003-2023), these characteristics demonstrated significant positive
interannual trends, confirming the steady intensification of MHW phenomena in
terms of event frequency, duration, intensity, and integral indices, highlighting
significant regional differences in these indicators over the past few decades.

2. The number of MHW events increased from 213 in 1987 to 19.7 thousand
in 2018, corresponding to a significant trend of 3.5 thousand events per decade.
On average, ~ 6.5 thousand such events occurred per year in the region, with peaks
coinciding with El Nifio phases. The maximum number of MHW events on
individual days corresponded to a short duration (5-10 days per year). The mean
event frequency was 3.4 per year, and the mean event duration was 16 days.
In 2003-2023, the highest values of various MHW indicators were recorded in
the narrow coastal zone of northeastern Kamchatka and its adjacent waters.

3. Statistically significant correlations were identified between the fluctuations
of various MHW indicators and the changes in the characteristics of surface air
temperature anomalies, geopotential height of the 500 mb isobaric surface, as well
as climate indices (AMO, NINO.WEST, NPGO and IPO), indicating the influence
of air temperature field anomalies and large-scale atmospheric processes on MHW
development.

4. During the HAB outbreak off the Kamchatka coast, wind-driven upwelling
intensified in the coastal zone, promoting the supply of nutrients and
dinoflagellates to the photic layer. The conducted research supports the hypotheses
that upwelling played an important causal role in the chain of events that led to
the ecological disaster in the study region in fall 2020.
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