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Purpose. The purpose of the study is to determine the trends and the spatio-temporal features of
interannual changes in the sea surface temperature (SST) and in the upper 1000-meter layer in
the extratropical zone of the northwestern Pacific Ocean, and to analyze their possible causal
relationships with the large-scale and regional processes in the ocean and atmosphere over the certain
phases of the modern period of global warming.

Methods and Results. To analyze the NOAA climatic data sets, the methods of cluster, correlation and
regression analysis, and also the apparatus of empirical orthogonal functions were used. The results
obtained made it possible to characterize the trends in interannual dynamics of thermal characteristics
of the upper, intermediate and deep layers in certain areas under various conditions of the 20-year
phases of the 40-year period of modern climate changes, and to quantify their features and statistical
significance.

Conclusions. In general, in the above region during both phases of the modern period of climate
changes, positive statistically significant trends were observed in the annual average SST, the values of
which in 1982-2000 were 1.3-1.5 times higher than those in 2000-2021. During the second period, the
area of positive SST trends decreased significantly and was localized in the northwestern part of the
area under study. In contrast to the SST, at the same period, positive trends of the water column
temperature in the upper 1000-m layer were traced over most of the area under study. The correlations
between the variations in the ocean upper layer heat content and the processes in the ocean and
atmosphere are most extensively manifested through the climatic indices NPGO, PDO, WP, PTW, and
the anomalies in the geopotential field AHsoo.
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Introduction
In the conditions of modern global warming, the main trends in the interannual
and interdecadal variability of the thermal characteristics of ocean waters are both
areflection of the natural cyclicity and internal dynamics of the ocean -
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atmosphere — continent climate system and a consequence of its energy imbalance
as a result of increasing anthropogenic impact on these geospheres, leading to
the excess heat accumulation [1, 2]. One can observe separate phases with different
warming rates, formed during changes in climatic regimes, characteristics of large-
scale atmospheric and oceanic circulation, remote impact and under the influence of
local physical and geographical conditions [3, 4].

Some decades, called accelerated warming phases, are characterized by a rapid
increase in the global mean surface air temperature (T,) and sea surface temperature
(SST), others are characterized by a weakening of warming trends, or phases of a
break in this process [5]. Thus, at the turn of the 20th —21st centuries there were
shifts in climate regime of the planet towards accelerated warming in the late 1970s
[3]. It was followed by a pause (hiatus), which started in the late 1990s and global
warming during the first decade of the 21st century slowed down or even stopped [3,
5, 6]. At the same time, this pause is the result of the heat redistribution within and
between the oceans, and not an indicator of changes in the warming rate of the entire
Earth [7], the trends of which keep dominating [1]. Approximately from 2012, global
surface temperatures have started to rise above climate norms  again. The area under
consideration covers the waters of the western Bering Sea in the north, the cells of
the western subarctic cyclonic gyre in the center, the Kuroshio-Oyashio energetically
active zone (EAZO) in the southwest, and the areas of the transitional interstructural
zone and the Kuroshio Extension in the south. It contains zones of subarctic and
subtropical water structures and their modifications, separated by a subarctic front
and a mixing zone, the characteristics of which, as well as the scheme of the main
currents of the area, are well-studied [8-11]. Long range, atmosphere and ocean
circulation features are the causes of significant differences in weather and climate
conditions in this area. Here they mainly depend on the interaction of three main
baric formations that are seasonal atmospheric action centers (AAC): the Aleutian
minimum (Aleutian depression), the North Pacific (Hawaiian) maximum and
the Siberian winter anticyclone, which determine the characteristics of the wind field
and the state of the upper layer of the ocean. An important role in the formation of
large-scale anomalies in the thermal characteristics of the atmosphere and ocean and
in the thermal regime of the study area belongs to the Kuroshio-Oyashio EAZO. It
is associated with an increase in heat and moisture fluxes from the ocean surface as
a result of heat advection from the tropics to temperate and high latitudes and its
redistribution between different regions. EAZO has the most important influence on
the processes taking place not only in the adjacent areas of the ocean, but also in the
Earth’s climate system [4, 12].

In the interannual variability of SST anomalies (SSTA), the heat content of
the upper layers of the ocean and atmospheric pressure, the influence of several main
dominant modes, large-scale modes of oscillations in the ocean-atmosphere system,

L Portner, H.-O., Roberts, D.C., Masson-Delmotte, V., Zhai, P., Tignor, M., Poloczanska, E.,
Mintenbeck, K., Alegria, A., Nicolai, M. [et al.], eds., 2019. IPCC Special Report on the Ocean and
Cryosphere in a Changing Climate. 755 p. In press. Available at: https://www.ipcc.ch/report/srocc
[Accessed: 9 June 2022].
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caused by both its internal variability and remote influence, is traced [2, 4]. They are
parameterized by the corresponding climate indices (Cl): AMO, IPO, NP, NPGO,
PDO, SOI and WP [13, 14]. The Kuroshio Extension flow fluctuations and the
position of the frontal zones make a significant contribution to the water temperature
(Tw) variations at the surface and in the underlying layers [2, 15, 16]. The internal
variability of these modes, as well as individual CI, is a combination of various
processes [2] and is determined by the AAC position and severity in different
seasons, while the remote impact is determined by planetary-scale processes [14].

The area under consideration is a specific indicator and a key to understanding
current ecosystem trends observed in the Pacific Ocean, where climate signals can
be detected earlier than subsequent changes in the climate regime [11, 17]. In the past
four decades, the highest rate of T, and SST increase within the entire Pacific Ocean
basin was noted in its water area, and the trend contribution to the total dispersion of
the average annual SST reached 30-40% [4, 18]. The greatest trends in these
parameters were observed in the western Bering Sea and near the eastern coast of
Kamchatka. At the same time, in a number of regions of the northwestern Pacific
Ocean, there were trends of the T, increase at different horizons [17] and in the heat
content of the upper 700-m layer [2].

Recent years have become the warmest in the history of observations, which
could not but affect the state of the region ecosystems. In the autumn of 2020,
an ecological disaster occurred in the Avacha Bay waters and in other areas of
the southeastern coast of Kamchatka, accompanied by a change in color and
the appearance of foam on the water surface and led to the mass death of marine
hydrobionts (up to 95% of benthos)? [19]. Similar phenomena, caused by
an outbreak of mass blossom of harmful algae and called "red tides", were observed
in the Kamchatka bays in some years and earlier; in 2021 they repeated again in the
area of the Southern Kuril Islands and near the east coast of Hokkaido Island. In the
era of modern climate change, the frequency and scale of "red tides" have
significantly increased, and the dynamics of these relationships requires further
comprehensive study [11]. Regional features, quantitative characteristics and three-
dimensional structure of climatic trends of interannual changes in the thermal
characteristics of the study area are currently underestimated based on the totality of
available observational data, modern assimilation models and reanalysis. In recent
years, along with the deployment of remote autonomous observing systems and
buoys, promising oceanographic data assimilation systems, such as SODA and
GODAS [2], are being created, improved and increasingly used in ocean climate
research. Thus, for 2000-2021 in the northwestern Pacific Ocean, the share of
information entering the databases and the GODAS system from the observation
network of ARGO diving buoys has sharply increased to 314,000 profiles (excluding

2 Ministry of Natural Resources and Ecology of the Kamchatka Territory, 2021. [Report on
the State of the Environment in the Kamchatka Territory in 2020]. Petropavlovsk-Kamchatsky, 385 p.
Available at: https://kamgov.ru/files/6175d246¢c94f93.62211833.pdf [Accessed: 20 February 2023].
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marginal seas) [20]. Further, in this work, the GODAS data precisely for this period
were used.

The aim of the present research is to determine the trends and spatio-temporal
features of interannual SST changes and water temperature of the upper 1,000-meter
layer in the study area and to analyze their possible causal relationships with large-
scale and regional processes in the ocean and atmosphere over certain phases of the
modern 40-year global warming period. The use of a set of available observational
data, modern assimilation models and reanalysis allowed to describe the three-
dimensional structure of water temperature variability in different areas, to
characterize the heterogeneity degree of the response of the water areas of the studied
regions to ongoing global climate changes and to quantify their regional features.

Data and methods

To analyze interannual changes in water temperature, the data from optimal
interpolation of sea surface temperature (SST on a 1°x1° grid) NOAA OI SST V2
for 1982-2021 was used (available at:
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html), as well as potential
temperature at different horizons from the GODAS oceanographic data assimilation
system  model [21] at 03°x1° grid nodes (available at:
https://www.esrl.noaa.gov/psd/data/gridded/data.godas.html) for 2000-2021 and
materials from the constantly updated WOD18 database [20]. Data from reanalysis
of pressure fields, wind and heat fluxes on the ocean surface and a series of climatic
(circulation) indices [14]: AMO, NP, NPGO, PDO, SOl and WP, taking into account
their seasonality, was also used. The data listed was obtained from the NOAA
websites: https://psl.noaa.gov/data/gridded/index.html and
https://psl.noaa.gov/data/climateindices/list/.

The statistics were calculated and the fields of anomalies of the studied series
were decomposed into the main EOF components according to a unified method [4],
supplemented by regression analysis. Also, according to the GODAS data,
the anomalies of the integral temperature (AQr) (proportional to the heat content
anomalies without taking into account the corresponding constants and volumetric
characteristics) at the grid nodes for different layers from the surface to 950 m depth
were calculated [18]. Taking into account the duration of summer and winter
monsoons and the intraannual T, and SST variation, conditionally warm summer
(June — September), and conditionally cold winter (November — March) seasons
(periods) of the year were chosen. Using data on the interannual variability (AQr) of
the upper 5-200 m layer in the winter season, cluster analysis methods for the three
main EOF components were used to identify four isolated areas located in different
parts of the region water area: northeastern (NE), central (C), southeastern (SE) and
southwestern (SW) (Fig. 1, d). Subsequently, by simple averaging of grid data in
these areas, the long-term course of water temperature anomalies at each of the 31
GODAS horizons and the integral mean temperature in individual layers — upper,
subsurface (5-200 m), intermediate (200-460 m) and deep (460-950 m) was
calculated.
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Fig. 1. Values of the SST, °C/10 years (a, b) and the normalized heat content anomalies (AQT) trends
in the layers 5-200 m (c, d), 200-460 m (e, f) and 460-950 m (g, h) in the warm (left) and cold (right)
seasons for 2000-2021. Here and below, crosses denote the grid nodes in which the estimates are
statistically significant at the 95% level. Fragment b shows the location of sections (I-V), and fragment
d — the identified areas (NE, C, SW, SE)

Features of spatial and interannual variability of water temperature
The location of the distinguished regions is generally consistent with
the position of structural zones, frontal boundaries and the scheme of the main near-
surface currents [9-11]. Thus, within the northeastern (NE) region boundaries, there
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is a subarctic structure of waters, and within the southwestern (SW) region
boundaries — a subtropical one. The central (C) region boundaries approximately
correspond to the subarctic current and front location; the southeastern (SE) region
corresponds to the transition zone or the mixing zone of subarctic and subtropical
waters [9, 15]; the northern boundary of the southwestern (SW) region in the west is
the mixing zone of the Oyashio and the northeastern branch of the Kuroshio [8], and
to the east — to the Kuroshio Extension core, which passes into the North Pacific
Current going to the east [16].
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Fig. 2. Interannual variability of the annual average SST (A7) and the cumulative (3A7) anomalies
in the identified domains: NE (a, b), C (c, d), SE (e, f) and SW (g, h) in 1982-2021. The ranges of intra-
year fluctuations, mean values over the region and linear trend (bold lines) are shown
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The interannual changes in SST anomalies (SSTA) and accumulated SSTA in
some areas over the entire 40-year period differ in the amplitude composition and
synchronism of fluctuations (Fig. 2). In general, in both phases (periods) of climate
change (1982-2000 and 2000-2021) in the region, positive statistically significant
trends in the mean annual SST were observed. Their value in the first phase was 1.3—
1.5 times higher than in the second one (Table 1). During the first phase, in the warm
season, the areas of maximum positive statistically significant trends (~ 0.5-
1.2 °C/10 years) were located along the entire western boundary of the considered
area and in the southwestern part of the water area; in the cold season, mainly in its
southern sector, east of the coast of Japan (no Figure shown).

Table 1

Trends of interannual changes of the SST anomalies in the identified domains for two
periods: 1982-2000 and 2000-2021

Area o2 b | D ‘ tr ‘ b./bw b/be
1982-2000
NE 0.11 0.14 6 0.3 0.33 0.08
c 0.11 0.35 35 0.7 0.48 0.45
SE 0.24 0.42 23 0.8 0.45 0.57
SwW 0.24 0.54 40 1.0 0.56 0.59
Whole area 0.09 0.36 45 0.7 0.45 0.42
2000-2021
NE 0.13 0.41 52 0.9 0.57 0.34
c 0.07 0.24 34 0.5 0.27 0.18
SE 0.15 0.24 17 0.5 0.10 0.27
SW 0.12 0.17 9 0.4 0.12 0.15
Whole area 0.06 0.26 50 0.5 0.26 0.23

N o t e. o? is variance of the average annual SST; b is the slope coefficient of the average annual
temperature linear trend, °C for 10 years; D is the trend contribution to the total variance, %; tr is
the trend over the observation period, °C; bw, be are the values of b for the warm and cold seasons. Here
and in the other tables, the statistically significant (95%) estimates are highlighted in bold.

During the second period, the value of positive trends on average over the entire
water area decreased and the growth of SST slowed down (Table 1).

Unlike the SSTA trends, positive statistically significant trends in the warming
of the 5-1000 m water column are observed over most of the study area (Fig. 1, c
— h), which corresponds to modern regional and global trends * [2, 22]. The spatio-
temporal features of the distribution of trends (AQr) in different layers are formed as
a result of a complex interaction of various processes on the surface and in the depth
of the ocean. The first three modes of expansion into the EOF field of interannual
fluctuations of the integral temperature in the 5-200 m layer reflect the main features

ISSN 1573-160X PHYSICAL OCEANOGRAPHY VOL.30 ISS.2 (2023) 147



of the internal structure of this field and describe most (~ 60%) of the total dispersion
AQr.

The areas with negative and positive trends in AQr, located in the southwestern
part of the study area, can be associated with the influence of local features of the
hydrological regime and varied water exchange with the adjacent areas of the
Philippine, Japan and Okhotsk seas. During this period, in the Kuroshio EAZO area,
south of Japan, the largest fluxes and trends of sensible and latent heat on the sea
surface and entire water column cooling of the 1000-m layer [12] were observed, as
can be seen in Fig. 1, ¢ — h. Another area with negative trends in AQr, located in the
region of the central and southern Kuril Islands, could have formed as a result of an
increase in the Oyashio Current and the inflow of colder waters from the Sea of
Okhotsk [8, 11]. The area with positive trends in AQr, located south of Hokkaido
Island and adjacent to the Sangar Strait was formed as a result of water exchange
with the adjacent areas of the eastern Sea of Japan, where in recent decades an
anomalous increase in heat content in the water column of the upper 300-m layer and
an increase in discharges through the straits have been observed [23].

Interannual variability of thermal characteristics of
the upper 1000-meter layer

Fig. 3 shows the vertical Ty distribution, its variability range and temperature
trend at different horizons, averaged within the selected areas. The maximum values
of seasonal Ty changes (2.6 °C) were observed in the cold season (Fig. 3, h) in the
upper 50-meter layer of the SE region. As in other areas [12], the relationship
between temperature changes at different horizons is manifested in the vertical
profiles of Tw trends (Fig. 3, ¢, f, i, I). In the NE and SE regions, the entire water
column warming of the upper 1000 m is observed in both seasons. Within the upper
and intermediate layers, the trends have maximum values of 0.4-0.6°C/10 years,
which exceed the corresponding SST values (Table 1).

In other areas, the Ty trend signs alternate depending on the depth (Fig. 3, f, I).
The maximum warming of the upper and intermediate layers occurred in
the northeastern region and somewhat less in the southeastern region (increase by
18-20% and 5-8%, respectively), which is shown in Fig. 1 and Fig. 3. In general,
over the past two decades, the heat content of the upper 1000-meter layer has
increased by 3% in the study area.

Comparison of Fig. 1 and Fig. 4 allows to consider the features of the three-
dimensional structure of temperature anomalies and warming/cooling trends both
within each region and throughout the entire water area.

The northern zonal section IV along 53°N (Fig. 1, b) is entirely located in
the northeastern region. In the water column of this section (no Figure shown), only
positive Ty trend values were expressed in both seasons, which is fully consistent
with the trend maps of the heat content of individual layers (Fig. 1) and the curves
of the vertical distribution of the trend (Fig. 3). On the southern zonal section V at
40°N (Fig. 4, a) areas of warming of most of the water column in the SE and SW
regions and a local cooling zone of the upper 300-m layer in the C region between
them are observed.
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Fig. 4. Joint vertical distribution of the average annual Tw (dotted lines) and the temperature anomaly
trends (highlighted in color) at the zonal V (at 40 °N) (a) and meridional I (at 150 °E) (b) and Il (at
170 °E) (c) sections for the warm period in 2000-2021. The section locations are shown in Fig. 1, b

The meridional section I along 150°E (Fig. 4, b) crosses the C and SW regions.
At the boundary of these regions, in the central part of the section, where
the subarctic front zone is located, in the upper layer, the largest horizontal
temperature gradients and the area of negative Ty, trends, up to -0.8 ... —0.9 °C/10
years, are observed. Another area of greatest cooling is localized in the 300-600 m
layer in the SW region, which significantly exceeds the penetration depth of seasonal
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fluctuations from the surface [17]. The reason for this anomaly formation may be the
advection of waters from the west. In this layer, negative T trends were noted in the
water column of the Kuroshio EAZO south of Japan [12]. Positive statistically
significant warming trends are not expressed in this section. The meridional section
Il along 170°E (Fig. 4, c) crosses the water area of all four identified areas. In the
800-m layer of its southern part, there is also an area with weakened negative Tw
trends compared to those shown in section 1. To the north of it, throughout the SE
region, there is an area of maximum warming of the water column of the upper and
intermediate layers, up to 0.5-0.7 °C/10 years. The data from both sections are in
good agreement with the trend maps of the heat content of individual layers (Fig. 1).

Correlations of thermal characteristics variability
with large-scale and regional processes in the ocean and atmosphere

Correlations characterizing the influence of various circulation mechanisms and
large-scale anomalies of baric and thermal fields in the ocean and atmosphere on the
regional features of the thermal regime of the considered area are complex and
diverse [4, 12, 24]. A cross-correlation and regression analysis of the time series of
interannual SST anomalies and integral temperature anomalies (AQr) in the 0-200
m layer was carried out with climate indices and other parameters characterizing the
state and dynamics of the climate system for two periods: 1982-2000 (the first
period) and 2000-2021 (the second period).
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One of the important climatic indicators characterizing the baric system state is
the geopotential field of the isobaric surface of 500 hPa (ATsw) in the middle
troposphere. Variations in the main EOF modes of geopotential anomalies (4Hsu)
in the region are closely related to SST fluctuations, the wind field and various
climatic indices [4, 12]. In both seasons in 1982—2021 during the transition from the
first to the second period, in most of the extratropical zone of the ocean, a trend sign
change of 4Hsq anomalies and the formation of an area of its positive values in the
region center, up to 3-4 dam/10 years, were observed (Fig. 5). During the transition
from the first to the second period in the northern part of the study area during the
cold season, a statistically significant weakening of the northern winds was observed
and, as noted above, a decrease in SST trends in the entire water area by about 1.5
times.

Due to the atmospheric circulation restructuring, the value and sign of the trends
in climate indices (b), as well as the nature of the correlations between SST
fluctuations and the most significant Cl, also changed (Table 2).

Table 2

Correlation coefficients of SST in the identified areas with climate indices (Cl) for the
warm and cold (in brackets) seasons for two periods during 1982-2021

;?gae: and KiAHso0 PDO NP | AD AMO | NPGO IPO
1982-2000

b 01(04) 05(-07) -(06) -02() 02(01) 01(00) -0.4(04)

NE 04(01) 02(02) -(01) 01() 01(01) -03(-04) 01(0.2)

c 02(03) -07(-07) -(0.3) -05() 02(05) 04(0.0) -0.6(0.1)

SE 06(05 -09(-09) -(05 -05() 03(03) 04(0.0) -0.7(03)

sw 06(0.1) -08(-06) -(03) -06() 05(06) 07(03) -0.6(0.2)

Wholearea | 0404) -0.8(-08 -(04) -05() 04(05) 04(0.0) -0.6(-02)

2000-2021

b 07(06) 03(04) -(14) 00() 00(00) -15(-1.6) 0.0(02)
NE 03(06) 02(03) -(04) 00() 03(02) -04(-08) -0.1(0.2)
c 02(06) -03(-05 -(0.6) 00() 02(-01) 00(-04) -0.4(-0.3)
SE -0.1(06) -07(-06) -(0.6) 03() 01(0.0) 04(-0.2) -0.4(05)
sw 05(02) -01(03) -(01) 02() -02(02) -02(01) -0.4(0.1)

Wholearea | g306  03(04) -(07) -03() 02(01) -01(05) -05(-03)

N ot e. b is the slope coefficient of the CI linear trend, conv. units/10 years; (KiAHso0) are the EOF
time coefficients of the first mode of geopotential anomaly variations.
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Table 2 data indicates a significantly heterogeneous nature of the relationships
between the interannual SST variability and large-scale processes (CI), which in
different regions are consistent only in the sign of the correlation coefficients. In
general, in the region during the second period (2000-2021), the influence on SST
of such indicators of atmospheric and ocean dynamics as KiAHsq, NP, WP and
NPGO increased. However, the impact of PDO, AD, AMO and IPO weakened
during this period. The mechanisms of these processes involved in the formation of
anomalies in the SST fields, heat content and their anomalies are the subject of
independent and numerous studies, during which it was shown that the thermal
structure of the upper layer is determined mainly by the heat budget on the surface,
fluctuations of wind, currents, and remote influence. In the intermediate and deep
layers, the influence of advection and water mixing is reflected to a greater extent
[2, 12, 13, 22, 25]. Compared with SST, the most significant (in terms of area of
influence, duration and the correlation coefficient value) in the last two decades, the
corresponding correlations of variations in the integral temperature in the 5-200 m
layer and various indices are manifested with the following Cl: NPGO, PDO, WP,
PTW and also with KiAHsg (Fig. 6).

It is interesting to note that statistically significant correlations of SOI with
fluctuations in heat content and SST are not expressed in the considered area.

In the southwestern part of the water area, there are also statistically significant
relationships between variations in AQr (5-200 m) and the values of sensible (SH)
and latent (LH) heat fluxes on the surface in the Kuroshio EAZO area in the northern
Philippine Sea [12], as well as relationships of thermal conditions with the Kuroshio
axis position, its intensity and thermal characteristics [2, 15, 22, 25-27]. Here, in the
latitude band between 25° and 45°N, the ocean transfers to the atmosphere through
these streams ~ 70% of the heat accumulated in the equatorial zone [24].

In general, the first three EOF modes of interannual fluctuations in the field of
anomalies of the integral temperature of the upper 5-200 m layer (AQr) describe the
main features of its structure, 60% variability (less than for SST) and are closely
related to large-scale processes in the ocean and atmosphere (Table 3).

Correlations of interannual fluctuations in AQt in the upper layer with different
Cl weaken as the mode number and its contribution to the total variance of the
integral temperature variability increase. In the underlying layers, these relationships
appear with a time lag of 6-12 months or more, which is associated with large-scale
features of the ocean and atmosphere circulation in the study area [2, 28]. Estimates
of the values of the multiple regression (the proportion of the explained variance D,
%) coefficients of the contribution of the set of various climatic variables’ (CI)
fluctuations for the warm and cold (in parentheses) seasons and the first — third EOF
modes of the average annual anomalies of the integral heat content in the 5-200 m
layer are given below:

—KlAQTZ NPGO, (KlAHsoo), PNA, WP, KzAHsoo, (NP)Z D= 79%,

—KzAQTZ PDO, (KzAHsoo), (EP-NP), LH, K3AH500, PTW: D = 70%,
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~KsAQr: (WP), (SH), (LH): D = 63%.
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Fig. 6. Linear regression coefficients (Reg) of fluctuations in anomalies of the annual average values
of the integral temperature (AQt) in the 5-200 m layer with the climatic indices: NPGO (a, b),
PDO (c, d), WP (e, f) and K1iAHsoo (g, h) in the warm (left) and cold (right) seasons, 2000-2021
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Table 3

Correlation coefficients of the EOF modes of average annual integral temperature
anomalies in the 5-200 m layer with different CI in 2000-2021

Index PDO WP | NP(x) | NPGO PNA | KiAHsoo | KaAHso0
KiAQT 03(03) -05(02) -(04) -0.7(-0.7) 05(04) 05(0.6) -0.5(0.4)
K2AQT -0.6(-0.6) 00(0.2) -(03) 04(0.3) 01(-02) -01(01) 03(05)
KaAQr 01(00) 00(08) -(01) -01(-01) 03(04) 0.2(04) -0.3(0.1)

N o te. Ki, Kz, and K3 are the time coefficients of the EOF first modes of decomposition of the AQt
and AHsoo fields.

Here, the ClI are arranged in descending order of the statistical significance of
the regression relationships with each of the modes. The greatest contribution to the
first mode variability is provided by the processes parameterized by NPGO [13], the
second by PDO and the third by WP [14]. The mechanisms of these connections are
complex and ambiguous. Several studies have noted that since the 1990s in the
northern Pacific Ocean, the subarctic (subpolar) circulation intensification took
place, as well as expansion and poleward shift of the subtropical circulation and the
trajectories of cyclones and typhoons ! [10, 16, 25], which are becoming more
frequent [29]. One of the indicators of the ten-year dynamics of the system of
currents in the region is the NPGO index. In its trends, significant negative trends in
the last two decades were monitored (Table 2). The NPGO fluctuations reflect the
change in the intensity of the large-scale North Pacific cyclonic gyre [13]. Its
fluctuations are due to variations in wind upwelling and horizontal advection on
regional and basin scales and are part of the climate variability regime, which is
manifested in the trends in ocean level fluctuations [25], SST and heat content
(Tables 2, 3, Fig. 6, a, b). The NPGO variability has a remote and delayed effect on
the Kuroshio-Oyashio Current system and adjacent areas of the Western Pacific
Ocean with some phase delay.

During the study period, the frequency of El Nifio and La Nifia events also
remains subject to internal ten-year variability, but without a pronounced long-term
trend in their intensity and statistically significant relationships with fluctuations in
thermal characteristics in the study area are not expressed.

The deepening of the positive anomalies’ area in the pressure field trend (ATseo
geopotential) in the northeastern part of the ocean in recent decades indicates a
weakening of the Aleutian depression, a restructuring of the atmospheric (NP index)
and oceanic (NPGO index, which is an oceanic expression of NP [2, 13]) circulation
and is accompanied by water column warming in most of the study area (Table 2,
Fig. 1).

The Pacific Decadal Oscillation (PDO) is also the dominant factor in the SST
variability in the North Pacific on a decadal time scale [30, 31]. Due to increased
stratification in the global warming process at the beginning of the 20th century
the decadal PDO variability is significantly suppressed, its amplitude decreases, and
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the decadal cycle shifts to a higher frequency band [32]. During this period, the PDO
effect on SST decreased and manifested only in relation to the second mode of heat
content (Tables 2, 3). Similar tendencies of weakening to statistically insignificant
correlations of SST and EOF modes of the heat content of the upper layer are
observed both for the AMO and IPO indices — the Atlantic and Pacific interdecadal
fluctuations, and for AD — the Asian depression.

Conclusion

At the turn of the 20th—21st centuries, separate periods with different rates of
warming are observed. They are formed during changes in climatic regimes, in large-
scale atmospheric and oceanic circulation and depend on remote influences and local
physical and geographical conditions. These processes led to a significant
restructuring of the SST fields and the heat content of various layers in the sea water
column, the formation of large-scale anomalies, and are differently expressed in both
phases of interannual variability and in individual parts of the water area of the
considered region.

In both phases of climate change (1982-2000 and 2000-2021) in the region,
positive statistically significant trends in the average annual SST were generally
observed, the value of which in the first phase was 1.3-1.5 times higher than in the
second. During the first phase, the maximum rate of sea surface warming was
observed in the warm season in certain areas of the western Bering Sea, near
the eastern coast of Kamchatka and the Kuril Islands and in the southwestern part of
the water area, in the cold season — mainly in its southern sector, to the east of the
Honshu Island coast. During the warm season of the second phase, the area of the
region with positive SST trends significantly decreased and localized in
the northwestern part of the considered water area.

Unlike the SST trends, positive statistically significant trends in water
temperature in different layers of the underlying 5-1,000 m water column can be
observed in most of the study area, which indicates a coincidence with modern trends
in other regions. East of 155°N in this depth range, warming of the entire layer is
observed. Here, temperature trends are positive in both seasons, and in the upper and
intermediate layers their values reach maximum values of 0.4-0.6 °C/10 years,
which was reflected in an increase in the heat content of these layers in the
northeastern part of the study area by 18-20%, in the southeastern part — by 5-8%.
In other areas, small negative Ty trends are observed in the near-surface layer and
cooling of the intermediate and deep layers.

Variations in the main EOF modes of the geopotential anomalies (AHsqo) in the
North Pacific Ocean are closely related to the SST fluctuations, wind field and
various climatic indices. In general, in the region during the second period (2000—
2021), the influence on SST of such indicators of the characteristics of the baric field
and the ocean state as geopotential anomalies AHsqp, NP, WP and NPGO increased.
During this period, the corresponding correlations of variations in the heat content
of the upper layer appear with the following CI: NPGO, PDO, WP, PTW, as well as
with the most energy-carrying EOF modes AHsw. In the intermediate layer, they
decay and remain only for WP and EOF AHsg. In the considered area, statistically
significant SOI relationships with both fluctuations in heat content and SST are not
expressed.
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