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Abstract 
Purpose. The study is purposed at revealing the regional features of modern climatic changes in water 
temperature in the northeastern extratropical zone of the Pacific Ocean, at assessing the characteristics 
of temperature trends on the ocean surface and in its upper layer and their relationship with the large-
scale processes in the ocean and atmosphere. 
Methods and Results. Based on the NOAA climatic data sets, and using the statistical methods of 
analysis and the apparatus of empirical orthogonal functions, the characteristics of the interannual 
variability of water temperature on the surface and in the upper 1000-meter layer were determined in 
different regions of the area under study. Temperature trends, correlations with the influencing factors 
and their statistical significance for some 20-year periods of previous 40 years were quantitatively 
assessed. 
Conclusions. In the first decades of the 21st century, the warming trends are explicit on the surface and 
in the upper 200-meter layer of the northeastern and central regions of the area. As compared to 
the previous 20-year period, the magnitude of positive SST trends increased, on average, by about 
4 times over the entire water area. In course of the past two decades, the heat content of the upper 200-
meter layer increased by 5% and that of the whole 1000-meter layer – by 2%, which is 1.5 times less 
than in the northwestern sector of the Pacific extratropical zone where, unlike the surface, the rate of 
water column warming was higher. As for the area under study, on the whole, the correlations between 
the heat content fluctuations in the upper 200-meter ocean layer and the changes in influencing factors 
are manifested through the climatic indices NPGO, PDO, NP, PNA, SOI, AD and the atmospheric 
pressure gradients between the leading centers of the atmosphere action. 

Keywords: northeastern part of the Pacific Ocean, extratropical zone, modern climate changes, 
regional features, water temperature, heat content, warming trends, climate indices, correlations 

Acknowledgments: The work was carried out within the framework of the state assignment of POI 
FEB RAS on theme 0211-2021-0008. State registration No. 121021700346-7. The authors are 
thankful to the program developers for the possibility to use the climatic data posted on the 
NOAA sites. The authors are grateful to the reviewer for constructive comments. 

For citation: Rostov, I.D., Dmitrieva, E.V. and Rudykh, N.I., 2023. Trends and Regional Features of 
Variability of the Northeast Pacific Ocean Thermal Conditions North of 30°N over the Last Four 
Decades. Physical Oceanography, 30(4), pp. 410-427. 

© I. D. Rostov, E. V. Dmitrieva, N. I. Rudykh, 2023 

© Physical Oceanography, 2023 

Introduction 
The study area of the Pacific Ocean is bounded in the north by the arc of 

the Aleutian Islands, in the eastern and northeastern parts – by the North America 
coast, in the west – by the 180° meridian, and in the south – by 30°N. Its northern 
part is located in the area of distribution of the transformed subarctic water structure, 
the southern part is subtropical, and the central part belongs to the transitional 
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region, where between 40–45°N there is a zone of the subarctic (northern polar) 
front, which extends to 57°N in the Gulf of Alaska [1] and gradually erodes from 
the west to the east. In this band, a transition from warm and saline subtropical 
waters to cold, fresher subarctic waters [2] takes place, and the Subarctic and North 
Pacific currents directed to the east are traced [3–5]. As they move towards the coast 
of North America, their general flow bifurcates. The northern branch forms 
the cyclonic Alaska Gyre, which includes the Alaska Current, which moves 
northwest off the coast of Alaska and further southwest along the Aleutian Islands. 
The other branch deviates to the southeast, forming the flow of the coastal California 
Current in the system of the subtropical gyre [3]. Under the effect of strong 
stratification, seasonal changes in water temperature (Tw) at different levels in this 
area are observed mainly in the upper layer of 100–250 m. At a depth of 100 m, 
the phase of the seasonal cycle of temperature fluctuations lags behind the phase at 
the surface by two to three months [6, 7]. As noted earlier [8], the weather and 
climate conditions in this area depend on the interaction of three main baric 
formations that are seasonal atmospheric centers of action (ACA): the Aleutian Low, 
the North Pacific (Hawaiian) High, and the Siberian winter anticyclone, which 
determine the characteristics of heat exchange between the ocean and 
the atmosphere, pressure fields, wind and the state of the upper ocean layer. Global 
warming affects pressure distribution in the atmosphere and in individual ACAs, as 
well as strength and location of jet streams above the polar frontal zone, an area of 
sharp thermal contrast between cold polar and warm tropical air. The characteristics 
of ACA and jet streams are driving factors of weather in mid-latitudes [9]. 

In the study area, there is a habitat and feeding area for various species of Pacific 
salmon, which spawn in the rivers of the Subarctic Pacific Ocean coastal zone and 
are the most important object of fishing. Modern climatic changes occurring in 
various geospheres can cause a devastating impact on marine ecosystems and 
negative economic consequences. Thus, since 2013, after the end of the pause in 
global warming [10, 11], the so-called marine heat waves, local areas with extremely 
high ocean surface temperatures related to atmospheric effects [12–15], have become 
a common and widespread phenomenon in the northeastern part of the Pacific Ocean 
[12–15]. In 2014–2016 and 2019–2020, these areas with SST anomalies up to 2.5–
3°C propagated along the western coast of North America and to the most of 
the northeast Pacific Ocean, forming three-dimensional thermal structures covering 
the upper layer of the ocean several hundred meters thick and persisting for a long 
time [12]. During these events, the phase of Tw variations at 200–300 m levels lagged 
behind the SST changes by several months [14, 15]. These phenomena have had an 
unprecedented biological impact on the numerous trophic levels of marine 
ecosystem, the number of different zooplankton taxa and, as a result, on the biomass 
of fish stocks [15, 16]. 

The relationships between the intensity, duration, and scale of this phenomenon 
with the characteristics of the atmospheric pressure field, wind, and the phases of 
such large-scale atmospheric-ocean interaction processes as the El Niño – 
the Southern Oscillation (ENSO), decadal (PDO), and interdecadal (IPO) Pacific 
Ocean Oscillations are complex and ambiguous, as they have many overlapping 
spatial and temporal scales [17] and are the subject of ongoing research. They note 
that the past 6–7 years have become the warmest in the history of observations in 
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the study area. By this time, a pause in global warming was over, after 2016 
the Aleutian Low weakened, and the intensity index of the large-scale North Pacific 
Gyre Oscillation (NPGO), which reflects the trends in oscillations in the wind 
regime, ocean level, and SST, passed into a negative phase. 

In general, in the region of the Subarctic Pacific Ocean, the warming patterns 
over the past 4 decades are expressed in the trends of interannual variability of air 
temperature and SST (on average ~ 0.20 °С/10 years) with significant regional 
differences (by 1.5–2 times) of the ongoing changes [8, 18]. At the same time, in 
the west of the region, the warming rate is higher than in the east, where temperature 
trends over the specified period were minimal or statistically insignificant. At 
the same time, under effect of shifts in the climate regime observed in recent 
decades, separate phases with different warming rates are distinguished [19], 
therefore, estimates of temperature trends for these periods, as well as interpretation 
of their causes, are sensitive to the calculation period and may differ from estimates 
for long-term period [20, 21]. Thus, in the 1998–2013 interval the rate of the global 
mean surface temperature increase slowed down compared to the second half of 
the 20th century, which was the subject of targeted research [14]. The characteristics 
of the vertical structure of water temperature and heat content trends, which are not 
well understood due to the relatively small number of oceanographic observations in 
this area, are closely related to this phenomenon. In recent years, promising systems 
(models) for the assimilation of oceanographic data, such as SODA and GODAS [22], 
have been increasingly used in ocean climate research. So, over the 2000–2021 period 
in the study area, the share of information entering the databases [23] and the GODAS 
system from the observation network of ARGO profiling floats increased to 127.1 
thousand profiles (excluding the Bering Sea). Further, in this work, we used 
the GODAS data on Tw exactly for the last 20-year period. 

The purpose of the research is to reveal the regional features of modern climatic 
changes in water temperature in the northeastern part of the extratropical zone of 
the Pacific Ocean over separate 20-year periods, to determine the quantitative 
characteristics of temperature trends at the surface and in the upper layer of 
the ocean, and to assess their relationship with large-scale processes in the ocean and 
the atmosphere. 

This paper is a continuation of the research by the authors on the features of 
the interannual variability of the water and air thermal characteristics in the waters 
of the Subarctic Pacific Ocean and the northwestern part of the extratropical zone of 
the Pacific Ocean, which are observed under the conditions of modern global 
warming [8, 18, 24]. 

Data and methods 
The following data from NOAA climate arrays were used: 
– ocean surface temperature for 1982–2021 

(https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html); 
– Tw at different levels of the GODAS oceanographic data assimilation system

[22] (https://www.esrl.noaa.gov/psd/data/gridded/data.godas.html) for 2000–2021; 
– reanalysis data of pressure fields, wind and heat fluxes on the ocean surface

and series of climate indices (CI) [24] (https://psl.noaa.gov/data/gridded/index.html, 
https://psl.noaa.gov/data/climateindices/list/). 
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F i g.  1. Values of the SST trend (°C/10 years) (a, b) and the normalized heat content anomalies ∆QT, 
(non-dimensional units/10 years) 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 in 2002–2021. Here and below, crosses denote the grid nodes 
where the estimates are 95% statistically significant [8]. Fragment b shows the locations of sections, 
and fragment c – the selected warm-season areas (NE, C and SW) 
 

Additionally, the index of the difference in atmospheric pressure at sea level 
between the ACA (atmospheric centers of action) – the Hawaiian High and 
the Aleutian Low (H-NP) was calculated. Statistical analysis and decomposition of 
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the anomaly fields of the studied series into principal components of empirical 
orthogonal functions (EOFs) were carried out according to a unified method [8, 24] 
for warm, summer (June – September) and cold, winter (November – March) seasons 
(periods) of the year. Also, the values of the integral temperature anomalies (∆QT) – 
an indicator of heat content [25] at the grid nodes of 0.3° × 1° for different layers 
from near-surface to 1000 m were calculated. According to the data on the ∆QT 
interannual variability in the 5–200 m layer, using the EOF methods and cluster 
analysis, three regions were identified within the study area: northeastern (NE), 
central (C), and southeastern (SE) (Fig. 1, c). As a result of grid data averaging 
within these areas, series of interannual fluctuations of Tw anomalies at different 
levels and integral temperature in separate layers were formed: upper (5–200 m), 
intermediate (200–460 m), and deep (460–950 m). 

 
Features of spatial and interannual variability of water temperature 

The system of waters of the Alaska Gyre, as well as the cold Alaska and 
California currents, is located within the boundaries of the northeastern region. 
In the sector of the central region, a transitional area (or water mixing area) of two 
structural zones is distinguished, and in the southwestern region, predominantly 
subtropical waters are distributed [3, 5] (Fig. 1, c). 

When comparing Fig. 1, a, b and 2, it can be seen that, despite the slowdown in 
the SST growth rate and the pause in global warming since the late 1990s, 
the current 20-year period of the beginning of the 21st century was characterized by 
a higher warming rate than at the end of the 20th century. This is confirmed by 
the corresponding quantitative estimates given in Table 1. 

 

 
 
F i g.  2. Values of the SST trends (°C/10 years) in warm (a) and cold (b) seasons in 1982–2001 

 
In the first decades of the 21st century, warming trends in the upper 1000 m layer 

both in the warm and cold seasons are expressed the best at the surface and in 
the upper 200 m layer of the northeastern and central regions (Fig. 1, a – d). In some 
years of this period (2014–2016 and 2019–2020), extreme anomalies in the average 
annual SST values were observed (on average for the regions ~ 1.3 ºC). 
In comparison with these years, in the previous 20-year period (1982–2001), 
the trends in the interannual SST variation were significantly weakened (Fig. 2). 
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T a b l e  1 

 
Trends in interannual changes of the SST anomalies in the identified domains 

for two periods: 1982–2001 and 2002–2021 
 

Area σ2 b D tr bw bc 
1982–2001 

NE 0.12 0.02 0 0.0 0.13 -0.13 
C 0.20 0.02 0 0.0 0.24 -0.11 
SW 0.20 0.30 16 0.6 0.47 0.23 
Whole area 0.06 0.10 5 0.2 0.28 0.00 

2002–2021 
NE 0.37 0.41 20 0.8 0.41 0.48 
C 0.35 0.56 39 1.1 0.73 0.53 
SW 0.18 0.34 15 0.7 0.35 0.30 
Whole area 0.17 0.44 40 0.9 0.49 0.44 

 

N o t e. σ2 is the variance of the average annual SST; b is the slope coefficient of the average 
annual temperature linear trend (°C/10 years); D is the trend contribution to the total variance (%); tr is 
the trend over the observation period (°C); bw, bc are the values of b for the warm and cold seasons. 
Here and in the other tables, statistically significant (95%) estimates are highlighted in bold. 

 
During the cold season of 1982–2001 period, an anomalous cooling was 

observed at the ocean surface in the NE and C regions (Table 1, Fig. 2, b) in the area 
of the cyclonic Alaska Gyre, which occurred simultaneously with its intensification 
[4]. During the second period, against the background of an increase in the variance 
of fluctuations in the SST anomalies (SSTA), the value of positive trends on average 
over the entire water area increased by about 4 times, i.e. the SST increase 
significantly accelerated (Table 1). This is the difference between the water area 
under consideration and the region of the northwestern part of the Pacific Ocean 
extratropical zone [24], where the opposite trend was observed. As it was 
demonstrated earlier [18], the interannual fluctuations of SSTA in these areas are in 
antiphase. A preliminary analysis of the interannual variability of baric topography 
field characteristics revealed that one of the possible causes for the difference in 
the warming rate in these areas are changes in the position and intensity of 
the Aleutian Low [24, 26]. 

In the underlying intermediate and deep layers in different domains of the study 
region, extensive areas of statistically significant trends of the integral temperature 
anomalies (∆QT) are observed with a maximum positive value up to 1.2 non-
dimensional units/10 years in the Alaska Gyre region and negative values up to            
–1.2 non-dimensional units/10 years in the intermediate and deep layers along 
the edges of the coastal shelf (Fig. 1, e – h). Here, in the areas of the North American 
continent coastal zones, a variation in the wind regime characteristics causes coastal 
upwelling of colder deep waters to the surface, which has a significant effect on 
the heat content of waters and the state of marine ecosystems [3, 27]. Another area 
of significant negative trends in ∆QT is traced in the north of the NE region in 
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the Alaska Current water system, and the third one is in the SW region. It should be 
noted that the total area and volume of the intermediate and deep layers, where 
the warming of the study area water column is observed, is much smaller than in 
the area of the northwestern part of the ocean [24], where this process proceeds at 
a higher rate. 

The main features of the spatial structure of integral temperature interannual 
fluctuations in the upper layer of 5–200 m over the past 20 years are characterized 
by the following specifics. The first three modes of the EOF expansion of ∆QT field 
both in the warm and cold seasons describe ∼ 70% of its total variance. The first, 
most energy-carrying mode (37% of the dispersion) reflects the main feature, i.e. 
antiphase fluctuations of the integral temperature in the NE – C and SW regions, 
while the second and third (33% of the dispersion) reflect smaller features of 
the trend field ∆QT in the 5–200 m layer (Fig. 1, c; 3). 

 

 
 
F i g.  3. Spatial distribution of the coefficients of the first (a), second (b) and third (c) EOF modes of 
the integral temperature anomalies ∆QT (non-dimensional units) in the 5–200 m layer for the warm 
season in 2002–2021 
 

Subsequently, the obtained results of the fluctuation field ∆QT decomposition 
into components were applied to identify correlations between the variability of 
the thermal conditions of the water area under study and the characteristics of large-
scale processes in the ocean and atmosphere. 

 
Interannual variability of upper 1000-meter layer thermal characteristics 

A visual representation of the features of Tw vertical distribution interannual 
variability, the range of its oscillations and the trend at different levels in the central 
regions of the identified areas is given in Fig. 4. The seasonal cycle can be traced 
mainly in the upper 100 m, which was also noted before the onset of the modern 
warming phase [6]. The maximum values of Tw fluctuations (> 2 °С) were observed 
in the upper 50–100 m layer of all regions (in the SW region – in the cold season 
down to 150 m depth) (Fig. 4, b, e, h), and the relation between the temperature 
variations at different levels is manifested in the vertical profiles of the Tw anomaly 
trends (Fig. 4, c, f, i). In all areas, in different parts of the upper 300–350 m layer, 
warming is observed in both seasons. In the underlying layers of 200–400 m 
thickness, the sign of the temperature trend changes to the opposite one, and deeper 
than 600–800 m it again becomes positive. As noted earlier [14, 15], the phase of Tw 
changes at the 200–300 m horizons lags behind the SST changes by several months 
or more. At the same time, due to the limited length of the series and the nature of 
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the amplitude-frequency composition of oscillations, statistically significant trends 
in Tw are distinguished only within the upper 200–300-m layer and in individual 
layers of the water column lower sections. 

Over the past 20 years, in the water column of the upper 5–200 m layer in 
the identified areas, the average integral temperature (as well as heat content) 
increased by 4–8%, and in the entire 1000 m layer by 2%, which is 1.5 times less 
than in the northwestern sector of the Pacific Ocean extratropical zone [24]. 

 

 
 

F i g.  4. Generalized curves of vertical distribution Tw (a, d, g), range of its changes (b, e, h) in the warm 
(dotted line) and cold (solid line) seasons, and trend of the average annual Tw (c, f, i) in 2000–2021. 
From top to bottom: the NE, C and SW areas. Hatching marks the layers with the 95% statistically 
significant values in the average annual water temperature trends 
 

Comparison of Fig. 1, c – h; 4 and 5 enables us to consider the features of 
a three-dimensional structure of warming (cooling) temperature trends on zonal and 
meridional sections in the study area. In all sections, the largest statistically 
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significant positive trends are observed in the upper 200–300 m layer, while negative 
trends are observed mainly within the intermediate layer (Fig. 5). 

F i g.  5. Joint vertical distribution of the average annual Tw (contrasting lines) and the trends in 
temperature anomalies (ºC/10 years) (highlighted in color) for 2000–2021 on the zonal section along 
50° N (a) and the meridional sections along 150° W (b) and 130° W (c). Section locations are shown 
in Fig. 1, b 

The zonal section along 50°N is located near the boundary of the NE and C 
regions on the southern periphery of the cyclonic Alaska Gyre. In the west, it crosses 
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one of the branches of the Alaska Current [5], which may be associated with an area 
of significant negative trends in Tw at 100–200 m depth between 160° and 170°W. 
In the eastern part of the section, negative trends are traced in the upwelling zone 
[27] (Fig. 5, a), and the area with the largest significant positive trends in Tw 
(~ 1 °C/10 years) throughout this entire section, as in the other zonal section at 30°N 
(other zonal sections are not demonstrated), is located in the upper 100–200 m layer. 
At the third section along 40°N, located in the subarctic front zone [1, 3], the lower 
boundary of this layer deepens to 300–400 m. At meridional sections along 170°, 
150° and 130°W, the warming trends are also well-manifested in the upper layer of 
the subarctic (polar) front (Fig. 5, b, c), and cooling trends – in the intermediate layer 
in the southwest and north of the water area, which is in good agreement with 
the integral temperature trend maps (Fig. 1, e, f). 

 
Correlations of thermal characteristic variability with large-scale and regional 

processes in the ocean and atmosphere 
A cross-correlation and regression analysis of interannual variations in the time 

series of SST anomalies with variations of climate indices and other parameters 
characterizing the state and dynamics of the climate system was carried out over two 
periods: 1982–2001 (period I) and 2002–2021 (period II), as well as ∆QT anomalies 
in separate layers for the second period. As noted earlier [8], one of the indicators 
characterizing the baric system state is a geopotential field of isobaric surface АТ500 
(hPa) in the middle troposphere, and variations in geopotential anomalies (ΔH500) in 
the region are closely related to fluctuations in SST, wind field, and various climatic 
indices. During 1982–2021, in most of the study area in both seasons, during 
the transition from the first to the second period, a change in the sign of the trend of 
ΔH500 anomalies and a deepening of the area of its positive values near the Aleutian 
Low were observed [24]. At the same time, due to the restructuring of 
the atmospheric circulation, the magnitude and sign of the trends in climate indices 
(b), as well as the nature of the correlations between SST fluctuations and the most 
significant CIs, also changed (Table 2). 

In the region overall, due to the atmosphere circulation variations, the signs of 
correlations between the variations in SST, leading modes of geopotential anomalies 
ΔH500 and PDO for both 20-year periods during the warm season changed to 
the opposite ones. At the same time, the remote effect of the Asian Depression (AD) 
and the dependence of SST variations on the trends in level surface fluctuations and 
ocean circulation characteristics (NPGO) increased, and in the winter season, 
the correlations with fluctuations of H-NP (an indicator of the atmospheric pressure 
gradient between the two leading ACAs) weakened. In addition, in the selected 
areas, noticeable and statistically significant correlation coefficients of SST 
fluctuations with other indices – IPO and EP-NP, the values of which are not given 
in Table 2, took place. At the same time, although the characteristics of the Aleutian 
Low (NP) are here one of the main indicators of the climate system state [28], 
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the changes in NP, IPO, PDO, and NPGO are interrelated and occur quasi-
synchronously through atmospheric connections. 

 
T a b l e  2 

 
SST correlation coefficients for the selected regions of the northeastern 
Pacific Ocean with climate indices in the warm and cold (in brackets)  

seasons for two periods during 1982–2021 
 

Index K1ΔH500 PDO NP NPGO H-NP PNA AD 

1982–2001 

NE -0.4 (-0.5) 0.5 (0.8) - (-0.5) 0.4 (-0.3) - (0.3) -0.4 (-0.6) 0.3 (-) 

C -0.4 (0.4) -0.2 (0.0) - (0.2) -0.3 (-0.6) - (-0.6) -0.3 (0.4) 0.1 (-) 

SW 0.1 (0.7) -0.8 (-0.9) - (0.6) 0.4 (0.0) - (-0.5) -0.3 (-0.5) -0.5 (-) 

Whole area -0.3 (0.5) -0.2 (-0.2) - (0.3) -0.1 (-0.6) - (-0.7) -0.2 (-0.6) 0.0 (-) 

2002–2021 

NE 0.0 (0.0) 0.8 (0.8) - (-0.4) -0.8 (-0.5) - (0.0) 0.1 (0.3) 0.5 (-) 

C 0.7 (0.2) 0.4 (0.2) - (0.1) -0.7 (-0.6) - (-0.3) 0.1 (-0.1) 0.4 (-) 

SW 0.0 (0.5) -0.6 (-0.8) - (0.8) -0.1 (-0.3) - (-0.5) 0.0 (-0.7) -0.5 (-) 

Whole area 0.6 (0.3) 0.4 (0.2) - (0.2) -0.7 (-0.8) - (-0.4) 0.1 (-0.2) 0.3 (-) 
 

Note: K1ΔH500 are the EOF time coefficients of the first mode of the geopotential anomaly 
variations. 

 
In the last two decades, the corresponding correlations of integral temperature 

variations in the 5–200 m layer and various indices manifest themselves most 
extensively (in terms of the area of effect, duration, and correlation coefficient) with 
the following CIs: K1-2ΔH500, NPGO, PDO, NP, PNA, SOI, AD, as well as with H-NP. 
Some pairwise regression maps of these relationships are shown in Fig. 6. 

The main features of the spatial distribution of the studied characteristics are in 
good agreement with each other, since the regimes of climatic variability in the study 
area, parameterized by various CIs associated with atmospheric effects [12], are not 
independent. The bimodal structure of the field of the considered regression 
relationships is well-expressed on all maps, which is consistent with the distribution 
of trends in the temperature anomalies (Fig. 1, c, d), SST (Fig. 2), and leading modes 
of EOF ∆QT (Fig. 3). 

The first three EOF modes of interannual fluctuations in the field of the integral 
temperature anomalies of the upper 5–200 m layer (∆QT), which describe the main 
features of its structure and 70% of variability, are closely related to large-scale 
processes in the ocean and atmosphere through the corresponding climatic indices 
(Table 3). At the same time, statistically significant relationships of the third mode 
K3∆QT with the considered CIs are not expressed. 
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F i g.  6. Linear regression coefficients (Reg) of fluctuations in the anomalies of average annual values 
of the integral temperature (∆QT) in the 5–200 m layer with the climatic indices NPGO (a), PDO (c) 
and K1ΔH500 (e) in the warm (left), and NP (b), H-NP (d) and SOI (f) in the cold (right) seasons in 2002–
2021 

 
T a b l e  3 

 
Correlation coefficients of the average annual values of the EOF anomaly 

principal components of the average annual integral temperature in the 5–200 
m layer with different CIs in 2002–2021 

 

 Parameter PDO NP NPGO H-NP PNA AD SOI K1ΔH500 K2ΔH500 

K1∆QT 0.8/0.8 -/-0.2 -0.7/-0.7 -/-0.1 0.0/0.2 0.6/- -0.3/-0.6 0.4/0.0 -0.5/-0.6 

K2∆QT 0.2/-0.4 -/0.5 -0.6/-0.4 -/-0.5 0.4/-0.5 -0.1/- 0.2/-0.1 0.5/0.5 0.0/0.2 
 

N o t e. K1, K2 are the EOF time coefficients of the first modes of decomposition of the ∆QT and 
∆H500 fields. 

 
For most climatic variables, the density of statistically significant correlations 

of ∆QT interannual fluctuations in the upper layer with different CIs weakens with 
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increasing depth, mode number, and its contribution to the total dispersion of integral 
temperature variability. Temperature variations occur not only at the surface, they 
propagate to deeper layers of the ocean and can be associated (and not associated) 
with a change in the regime of the upper layers [29]. In the underlying layers, linear 
relationships with a zero time lag appear only in the southwestern region with 
K2ΔH500, NPGO, PDO and AD indices. The estimates of the determination 
coefficient values (proportion of the explained variance is D, %) of the multiple 
regression of the fluctuation set of various climatic variables (CI) for the warm and 
cold (in parentheses) seasons and the first two EOF modes of the average annual 
anomalies of the integral heat content in the 5–200 m layer are given below: 

K1∆QT: K2ΔH500, NPGO, PDO, AD: D = 89%, 
(K1∆QT): K2ΔH500, NPGO, PDO, SOI: D = 87%, 
K2∆QT: K1ΔH500, NPGO: D = 37%, 
(K2∆QT): (K1ΔH500), NP, H-NP: D = 26%.  
 

The estimates given above show that really statistically significant relationships 
between heat content variability and variations in the main climatic variables weaken 
with increasing mode number. In the study area, the processes parametrized by 
the PDO and NPGO indices in both seasons of the year make the greatest 
contribution to the first mode variability, and the NPGO index in the warm season – 
to the second mode variability (Table 3). In extratropical zones, changes in surface 
heat fluxes and ocean dynamics make the main contribution to the variations in 
the heat content of subsurface layers, and the processes associated with them cover 
a wide range of scales [30, 31]. The causes and mechanisms of the identified 
relationships are complex and ambiguous, and the main ones for the entire region of 
the subarctic Pacific Ocean were considered earlier [18, 20, 24, 32, 33]. Therefore, 
in order to avoid repetition, in this paper the emphasis is maid mainly on 
the assessment of their statistical significance over the past two decades. 

Taking into account the revealed relationships, the main features of 
the interannual variability of the thermal condition characteristics of the region with 
large-scale processes in the ocean and atmosphere can be described (approximated) 
using a multiple regression equation of the dependent variable (y) and a group of 
independent variables. For example, in Fig. 7 the results of approximation, where 
the series of interannual fluctuations in the time coefficients of the first EOF mode 
∆QT in the 5–200 m layer and SSTA for the NE region are selected as dependent 
variables, and the indices K2ΔH500, NPGO, PDO, SOI (for the first variable) and 
NPGO, PDO (for the second one), are given as independent predictors. 
The correlation coefficient between these dependent variables characterizing 
the trends in changes in thermal conditions during 2000–2021 period is high – 0.93, 
and between the functions approximating them – 0.98. 
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F i g.  7. Interannual changes in time coefficients of the EOF K1 first mode ∆QT in the 5–200 m layer 
during the cold period of a year and the approximating values of the multiple regression equation (a); 
the same is for SST anomalies in the NE region (b). The years 2022 and 2023 on curves 2 denote 
the forecast estimates. Designations: 1 – the studied parameters, 2 – the approximating curves 
 

Approximating curves y in Fig. 7 reproduce well the interannual changes in 
the dependent variables, including the extremely warm years of 2014–2016 and 
2019–2020 [15]. By substituting the 5th-degree polynomial trend coefficients of 
these independent variables (climatic indices) into the multiple regression equation, 
we determined the trends of possible changes in thermal conditions in the next 2022, 
as well as taking into account the receipt of new data for the winter of 2021–
2022, – in 2023. They indicate that the process of SSTA decrease (synchronously 
with the value of temporal coefficients of EOF ∆QT) after the maximum of 2019–
2020 noted above may continue (Fig. 7), despite general growth trends for the entire 
region (see Table 1). At the same time, these “forecast estimates” for the coefficients 
of the first EOF mode ∆QT turned out to be somewhat worse than for SST, due to 
the insufficiently complete consideration of the possible list of predictors. 
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Conclusion 
In the last two decades, the study area has been characterized by higher warming 

rates than during the same previous period, while the opposite trend was observed in 
the adjacent area of the northwestern Pacific Ocean. During the first decades of 
the 21st century, on average, for the entire water area of the northeastern part of 
the extratropical zone of the Pacific Ocean, the value of positive SST trends 
increased fourfold. In some years of this period, the largest positive anomalies of 
average annual SST values were formed in the northeastern and central regions of 
the water area, averaging ~ 1.3 ºC for the region. 

Statistically significant trends in temperature and integral water temperature in 
separate layers of different sign and magnitude can be traced within the entire 
1000-meter water column. The greatest positive trends in these characteristics are 
expressed in the upper 200–300 m layer in the northeastern and central regions of 
the water area as well. In general, over the past 20 years the heat content of the upper 
200-meter layer has increased by 5%, and the 1000-meter layer – by 2%, which is 
1.5 times less than in the northwestern sector of the Pacific Ocean extratropical zone, 
where, unlike the surface warming, the water column warming proceeded at a higher 
rate. One of the possible causes for the difference in the warming rate in these 
regions during the considered phases of climatic changes is the restructuring of 
the atmospheric circulation and, above all, changes in the position and severity of 
the Aleutian Low. 

In the last two decades, the correlations of the integral temperature variations of 
the ocean upper layer with large-scale and regional processes in the ocean and 
atmosphere are manifested most extensively (in terms of the effect area, duration, 
and value of the correlation coefficient) through the following climatic indices:  
K1-2ΔH500, NPGO, PDO, NP, PNA, SOI, AD, as well as H-NP. The density of 
statistically significant correlations weakens as the depth, the number of the leading 
oscillation mode and its contribution to the total variance of the integral temperature 
variability increase. 
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