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Purpose. The aim of the study consists in identifying the spatial-temporal features of interannual 
changes in the surface air temperature Ta, the sea surface temperature (SST) and the upper 1000-meter 
water layer temperature Tw in the extratropical zone of the South Pacific Ocean over the past four 
decades, which are manifested as a result of the planetary changes and a shift in the climatic regime at 
the turn of the XX–XXI centuries. Besides, the revealed features’ trends and their possible cause-and-
effect relationships with the processes in the atmosphere and on the ocean surface are planned to be 
assessed. 
Methods and Results. Based on the Global Meteorological Network and Reanalysis data (NOAA), 
regional features and trends of the water and air temperature interannual fluctuations, and their 
relation to variations in the pressure and wind fields, intensity of the atmosphere action centers (AAC) 
and climatic indices (CI) over the past 4 decades have been determined. Applied were the methods of 
the cluster, correlation and regression analysis, as well as the apparatus of empirical orthogonal 
functions (EOF). The positive trends in changes of the Ta and SST fields are manifested mainly in 
the northwestern part of the region, where they are statistically significant and reach their maximum 
0.4–0.6°C over 10 years in the Tasman Sea region and to the northeast of New Zealand. The water 
areas with minimal, negative or insignificant values of the air and water temperature trends are 
located on the southern and eastern peripheries of the water area under study – in the areas of 
influence of cold currents. Over the entire investigated water area, the trends in the mean annual SST 
and Ta were ~ 0.04–0.06°C/10 years that are 2–3 times less than those in the subarctic region of the 
North Pacific Ocean. The features of spatial-temporal variability of the water temperature trends at 
different horizons differ significantly from the characteristics of the SST trends. The trends’ spatial 
distribution is already transformed within the upper 200-m layer; and deeper, maximums of this value 
are observed in the southeastern part of the water area.  
Conclusions. The results obtained made it possible to characterize the degree of heterogeneity of 
response of the atmosphere surface layer, SST and vertical distribution of Tw in the extratropical zone 
of the South Pacific to the ongoing global changes, to identify the isolated areas, to estimate 
quantitatively the warming rate in these water areas, and to compare these estimates with those of 
the other regions in the Pacific Ocean. It is shown that the individual phases of alternation of 
the warm and cold periods in the interannual temperature variation are consistent with the changes of 
the regional CI and the AAC state; this fact emphasizes the inhomogeneous nature of these processes 
in space and time. 
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Introduction 
In the conditions of increasing greenhouse gas emissions into the atmosphere, 

the global warming process goes on. It is characterized by spatio-temporal 
heterogeneity and is accompanied by a restructuring of atmospheric processes. This 
leads to a redistribution of excess energy of the greenhouse effect between 
the atmosphere and the ocean and the formation of vast areas of anomalies of 
climatic parameters and an increase in the impact of extreme weather events [1]. 
This process negatively affects both the infrastructure and the ecological state of 
various regions, including the activities of several sectors of the economy. 
The oceans absorb much of the excess heat from the atmosphere. Over the past 
50 years, the oceans have absorbed about 90% of the anthropogenic heat entering 
the climate system. The rest of the heat goes to melting ice and glaciers, as well as 
heating the land surface and atmosphere [2]. 

According to review [3], in 2019 the global average sea surface temperature 
(SST) was 0.38–0.40°C higher than the average one for the 1981–2010 base 
period, and this year was one of the three warmest years for the entire history 
of observations. For 20 years from the beginning of this century, the linear 
trend of the average annual SST for various climatic arrays was estimated at 
0.14–0.17°C/10 years. At the same time, the largest trend value (0.29°C/10 years) 
was noted in the North Pacific Ocean (30–60°N), and the smallest 
(0.13°C/10 years) – in the Southern Ocean (30–60°S) [3]. 

Heat absorption and temperature increase on the sea surface is accompanied by 
its redistribution horizontally and vertically and an increase in the heat content of 
the World Ocean waters in the layer up to 2000 m and below to the highest values in 
2019–2020 over the past decades [1, 4]. At that, ∼ 30% of warming occurs at a depth 
below 700 m [2]. Quantitative characteristics, temporal variability trends and other 
features of this process differ from region to region [5, 6] and are closely related to 
ongoing climatic changes [7], including interactions between different oceanic basins 
[8]. It is noted that the increase in global heat content in the ocean is mainly due to 
regional warming in the middle latitudes of the Southern Hemisphere, where 
warming takes place at all depths, and ∼ 80% is concentrated to the south of 30ºS 
[6, 9]. 

In the southern Pacific Ocean, as well as in its northern part, the climatic 
regime shift of the late 1970s [1, 5] is expressed in the characteristics of 
interannual fluctuations of large-scale anomalies of meteorological and 
oceanographic parameters, the state of atmosphere action centers (AAC), indicators 
of heat and energy exchange between the ocean and the atmosphere and is 
consistent with the long-term migration of the Antarctic Circumpolar Current 
(ACC) [9–11]. However, the overall warming trends and their regional features are 
considerably different in each of these geographic regions. 

Regional features of the weather and climatic conditions of the southern 
Pacific Ocean are largely determined by the interaction of three main baric 
formations – the Australian minimum (AVM), the South Pacific Maximum 
(SPMA) and the Minimum (SPMI), which are permanent or seasonal AACs, as 
well as the influence of other AACs such as the Asian Depression (AD), Indian 
Ocean Minimum and Antarctic Maximum (AM) [12]. The relationship between 
the AAC characteristics is traced not only with the features of the thermal 
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conditions of the region, but also with variations in the surface temperature of 
the entire Southern Hemisphere and key climatic modes of interannual and 
interdecadal fluctuations in atmospheric pressure and temperature [12, 13]. 

The baric field structure in the southern Pacific Ocean on a planetary scale is 
represented by two main forms – the subantarctic depression encircling Antarctica 
and the subtropical high-pressure belt. The anticyclonic region in the subtropics and 
the cyclonic one in the subantarctic are separated by a polar atmospheric front, 
the position of which approximately corresponds to the subantarctic hydrological 
front [13, 14]. In the interannual variability of atmospheric pressure anomalies in 
the Southern Hemisphere, there are two main modes of oscillations – the southern 
cilcular mode (SAM) and the equatorial-tropical mode (ETM): El Niño – Southern 
Oscillation (ENSO), characterized by synchronous antiphase oscillations between 
moderate and high latitudes [13, 15]. The southern circular mode reflects the zoning 
of air mass transfer at temperate and high latitudes as a basic characteristic of 
atmospheric processes and manifests in many atmospheric variables, including 
geopotential altitude, sea level pressure, air temperature and sea ice variability [16]. 
An indicator of the increase or decrease in the zonal transport intensity is 
the Antarctic Oscillation Index (AAO), defined as the difference between the average 
values of surface atmospheric pressure at 40°S and 65°S. [17].  

The equatorial-tropical mode is characterized by the Southern Oscillation 
Index (SOI [18]) and other indicators of El Niño events [13, 19]). Interannual 
variations in the AAO and SOI indices, atmospheric pressure fields, turbulent heat 
fluxes on the sea surface, and SST anomalies in the extratropical zone of the South 
Pacific are interrelated. Character of these relations changes depending on 
the season, both in their structure and in amplitude [15, 20–22]. In the climatic 
system of high southern latitudes, there is quasi-ten-year variability, especially in 
the SAM and ETM activity, the Interdecadal Pacific Oscillation (IPO), as well as in 
the SST oscillations [23, 24]. Over the past several decades, AAO has shown 
an upward trend [11] with increasing pressure at sea level in mid-latitudes. 
Corresponding changes in atmospheric circulation include an increase in the flow 
of the East Australian Current (EAC) through the Tasman Sea and cause warming 
in the sea water column, which is most significant in the entire Southern 
Hemisphere [6, 25]. At the same time, an increase in the activity of tropical 
cyclones spreading to the southeast from the coast of Australia, where the highest 
values of sensible and latent heat fluxes into the atmosphere were observed, is 
noted [26]. This ocean region is one of the main heat accumulators in the southern 
Pacific Ocean, and the conditions for its accumulation are associated with 
increased wind convergence and La Niña events [7]. 

The present study is aimed at identifying the spatial-temporal features of 
interannual changes in the surface air temperature Ta, the sea surface temperature 
(SST) and the upper 1000-meter water layer temperature Tw in the extratropical 
zone of the South Pacific Ocean over the past four decades, which are manifested 
as a result of the planetary changes and a shift in the climatic regime at the turn of 
the 20–21st centuries. The extratropical zone [20] of the South Pacific Ocean 
between 30°S and 60°S with the adjacent latitudinal belt of the Southern Ocean – 
up to 65°S is considered. The southern boundary of this area approximately 
corresponds to the position of the drifting ice distribution boundary during > 70% 
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of the time of the year [20, 27]. As a result of continuous improvement of 
observation methods and systems of assimilation of meteorological, oceanographic 
and satellite data, the study area is sufficiently fully provided with information 
resources of various climatic arrays for the period under consideration [28–30]. At 
the same time, when using the data, some limitations regarding 
the representativeness of the SST, Ta, atmospheric pressure and Tw in situ 
reanalysis data in the high latitude regions of the Southern Hemisphere [11, 13, 
31], especially with sea ice, should be taken into account [32]. 

 
Data and Methods 

The monitored homogeneous data sets of air temperature (Та) observations at 25 
weather stations of the global climate network GHCN-M (V3) NOAA 
(https://www.ncdc.noaa.gov/ghcnm/v3.php) for 1978–2020, grid reanalysis data (Та 
– NCEP/NCAR Reanalysis-1), fields of pressure, wind and heat fluxes on the sea 
surface, as well as climatic indices (CI) taking into account the seasonality of their 
action: PDO, AMO, AAO, SOI, PTW, NP , IPO, PNA, EP/NP were used [33]. The 
considered CIs have a clear geographic reference and a certain physical interpretation 
(https://climatedataguide.ucar.edu/climate-data). The listed data was obtained from 
the NOAA websites (https://www.esrl.noaa.gov/psd/), NOAA/NCEI/CPC 
(https://www.nodc.noaa.gov/) and (https://www.cpc.ncep.noaa.gov/). 

To analyze the interannual fluctuations of water temperature, the data of 
the optimal SST-NOAA OI SST V2 interpolation for 1982–2020 from 
https://www.esrl.noaa.gov/psd/ and data on the potential water temperature at 
different horizons (Tw) of the GODAS oceanographic data assimilation system 
(https://www.esrl.noaa.gov/psd/data/gridded/data.godas.html) for 1980–2020 was 
used. To determine the correspondence of the GODAS grid data to the nature of 
the problems being solved, this data on sample sections was compared with the data 
of surveys carried out in different years in the South Pacific Ocean during the WOCE 
program [34] (https://cchdo.ucsd.edu/search?bbox=120,-60,-75.65), as well as 
materials from the constantly updated WOD 2018 database [28], available at 
https://www.ncei.noaa.gov/products/world-ocean-database. Further, the work used 
GODAS data only for 2005–2020 period. At this time, in the study area, the share of 
information entering the system from the observation network of free drifting/diving 
floats significantly increased: from less than 6,000 profiles in 2000–2005, distributed 
extremely irregularly over the water area, to 280.5 thousand profiles in 2005–2020 in 
the conditions of its full coverage. 

A unified methodology of statistical processing of the used data [33], 
supplemented by regression analysis of the set of climatic variables was applied. 
The conditionally warm (November – March) and conditionally cold (June – 
September) seasons (periods) of the Southern Hemisphere were identified. Trends 
were estimated for a time series that includes the average annual values of 
the variables and their anomalies (∆), defined as the deviation from the average for 
all years of the 30-year period of 1984–2013. 

The 95% significance level of time series trends was assessed by the Student's 
test using effective degrees of freedom [29], and the determination of 
the significance of the correlation and regression coefficients for series with 
different degrees of freedom was assessed according to [35]. 
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Using the SST data by the cluster analysis methods for three main 
components * in the extratropical zone of the South Pacific, the following four 
isolated regions were identified – northwestern (NW), southwestern (SW), central 
(C), and eastern (E) (Fig. 1, b). Subsequently, by simple averaging of grid data, 
the long-term variation of water and air temperatures within the boundaries of each 
region was calculated. 
 

 
 

F i g.  1. Values of the trends (°C/10 years) of the Ta (a), SST (b) and Tw annual average values at 
the levels 150 m (c) and 950 m (d) based on the observations at meteorological stations, reanalysis 
and GODAS. Locations of the meteorological stations (a), selected areas (b) and individual sections 
(d) are shown. Here and below, crosses denote the grid nodes at which the estimates are statistically 
significant at the 95% level 
 

Features of spatial and interannual variability 
of the air temperature and SST 

In the near-water layer of the atmosphere and on the sea surface, warming 
trends are expressed in positive trends in the Та and SST fields, mainly in 
the northwest of the region (NW region), where they reached 0.4–0.6°C/10 years 
and were statistically significant in most of the water area (Fig. 1, a, b). 
The southern boundary of this area corresponds to the subtropical front position 
[14]. Fast warming in these areas is accompanied by the pumping and 
accumulation of heat in the upper layer of the sea, which leads to an increase in 
the heat content and steric level due to the thermal expansion of the water column 
[7]. The warming, which is abnormal for the entire Southern  Hemisphere,  in the 
Tasman Sea region may be associated with the intensification of the SAM circulation, 
______________ 

∗ Ding, С. and He, Х., 2004. K-means Clustering via Principal Component Analysis. In: 
Association for Computing Machinery, 2004.  Proceedings of the Twenty-first International 
Conference on Machine Learning (ICML '04). Banff, Alberta, Canada: ACM Press, 29. 
doi:10.1145/1015330.1015408 
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the peculiarities of its interaction with the ETM and the EAC strengthening was 
noted in previous years [25, 36]. Another maximum of the Та and SST trends 
centered at 35ºN and 160ºW is due to the strengthening of the equatorial trade 
winds over the Pacific Ocean and an increase in the activity of tropical cyclones in 
the northwestern part of the considered water area [26]. Areas with minimal and 
negative values of the Та and SST trends are located on the southern and eastern 
periphery of the water area under study – in the area of influence of cold waters of 
ACC, South Chilean and Peruvian currents. Their minimum values are limited in 
the north by the position of the southern polar and subantarctic frontal zones [14, 
20]. Features of the spatio-temporal variability of water temperature trends at 
different horizons (Fig. 1, c, e) differ significantly from the characteristics of the 
SST trends and will be discussed below. Note that a noticeable transformation of 
the spatial distribution of trends occurs already within the upper 200-m layer, and 
deeper. The maximum values of this magnitude are observed in the southeastern 
part of the water area. In this area, the surface Antarctic waters of the circumpolar 
frontal region are discharged into the underlying layers through an "exchange 
window" 10° wide located to the east of 90°W [37]. As a result of strong western 
winds, increased heat losses on the surface and subduction, the Antarctic modal 
and subarctic intermediate waters turn out to be warmer, saltier and denser [38, 39]. 
Since 1979, near the coast of Antarctica, in contrast to the Arctic region, there has 
been a moderate and statistically significant increase in the ice cover area [27]. At 
the same time, the observational data at individual meteorological stations in the 
south of Argentina and on the Antarctic coast show negative trends in Ta. Table 1 
shows quantitative estimates of the trends in the ongoing changes in Та and SST on 
average for regions per year and in individual seasons. 

In most of the water area, the values of the Ta trends in the cold season were 
slightly higher than in the warm one, and the SST trends – vice versa. Estimates of 
the dispersion of the average annual air temperature exceeded the dispersion of 
the water temperature. In general, over the past four decades in the NW region, 
the average annual temperatures Ta and SST have increased on average by 0.7–
0.8°C, while in other regions they have hardly changed. In these areas, the lowest 
values of the correlation coefficient of fluctuations of interannual values of water 
and air temperatures were noted. Trends of the average annual Ta at meteorological 
stations located on the coasts of Australia, Tasmania, New Zealand and South 
America slightly exceeded the corresponding values in the waters of adjacent 
regions (Fig. 1, a). For the entire water area under study, the trends of the average 
annual SST and Ta were ~ 0.04–0.06°C/10 years, which is 2–3 times less than for 
the subarctic region of the northern Pacific Ocean [40, 41]. 

Interannual changes in the mean annual SST, Ta and accumulated anomalies 
within each region are identical and differ noticeably among themselves in 
the amplitude, synchronism of fluctuations and general trends of the process 
(Fig. 2). 
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T a b l e  1 
 

Interannual changes of the air temperature (1977–2020) 
and SST (1982–2020) anomalies in the identified areas 

 

Area Parameter σ2 b tr bw bc R 

NW Та 0.13 0.17 0.7 0.13 0.20 0.95 SST 0.10 0.20 0.8 0.21 0.19 

SW Ta 0.17 0.01 0.1 –0.03 0.04 0.75 SST 0.04 –0.02 –0.1 –0.02 –0.02 

C Ta 0.12 0.05 0.2 0.04 0.07 0.84 SST 0.08 0.01 0.0 0.05 –0.04 

E Ta 0.00 0.00 0.0 –0.04 0.04 0.83 SST 0.01 –0.02 0.0 0.05 –0.04 

Entire water area 
Ta 0.04 0.06 0.3 –0.03 0.09 0.80 SST 0.02 0.04 0.2 0.06 0.03 

 

N o t e. σ2 is dispersion; b is the slope coefficient of the linear trend, °C for 10 years; tr is 
the 40-year trend, °C; bw, bc are the b values for the warm and cold seasons; R is the correlation 
coefficient of the average annual SST and Ta. Here and in Table 2, the statistically significant (95%) 
estimates of the trends and correlation coefficients are highlighted in bold. 

 

 
 

F i g.  2. Interannual variability of the annual average SST anomalies (∆Тw) and cumulative anomalies 
∑∆Тw in the identified domains: NW (a, e); SW (b, f); C (c, g); E (d, h). The range of intra-year 
fluctuations, mean values over the region and linear trend (bold lines) are shown 
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Integral curves of accumulated anomalies correspond to separate phases of 
alternation of warm and cold periods, consistent with changes in regional CIs and 
the AAC state. Differences in the position of individual extrema on the curves 
(Fig. 2) emphasize the inhomogeneous nature of these relationships and 
the warming process in space and time. For example, the temporal variations of 
the accumulated SST anomalies in the NW region (Fig. 2, e) correspond to 
the temporal variations of the accumulated anomalies in the SOI index and pressure 
at the center of the AVM (Australian minimum), the fluctuations of which are also 
closely related (R = –0.9). In this case, the accumulation of temperature anomalies 
of different signs in some regions occurs in antiphase (Fig. 2, e, f) – in accordance 
with the sign of the temperature trend. In C and E regions, a quasi-ten-year 
cyclicity of fluctuations is well expressed (Fig. 2, g, 2, h). It is caused by 
interannual variations in circulation anomalies in the Southern Hemisphere, 
changes in the SAM regime and long-range relations with ETM [21, 23, 42, 43]. 

To obtain generalized information on the structure of spatio-temporal changes 
in the SST and Ta fields, the EOF of interannual fluctuations of the anomalies of 
these variables, as well as the anomalies of the geopotential field of the 500 hPa 
isobaric surface (∆H500) in the middle troposphere, were calculated. Field 
anomalies ∆H500 were calculated for the latitudinal belt 0–80ºS. In Fig. 3, 
the spatial distribution of the obtained EOFs is presented in the form of fields of 
the correlation coefficients between the principal components, or the temporal 
coefficients of the field expansion in terms of the EOF (K), and the series of these 
parameters at each point, which permits to represent the gradations of the fields in 
a single scale and evaluate the value of the contribution of variability temperature 
in the principal components [44]. The fields of the correlation coefficients 
characterize the antiphase oscillations of the Ta, SST and H500 anomalies, 
parameterized by different EOF modes. The main features of the spatio-temporal 
variability of the main energy-carrying modes (C1, C2 and C3) of SST and Ta 
(Fig. 3, a – c, d – f) are similar (the correlation coefficient between 
the corresponding principal components is 0.9). 

The first three EOF modes of Та and SST anomalies describe ∼ 60% of 
the contribution of these quantities’ fluctuations to the total dispersion of the air 
and water temperature fields in both warm and cold seasons, and the corresponding 
EOF modes ∆H500 describe ∼70% of the geopotential field variability. The first 
oscillation mode of the geopotential (36%) reflects the dominant circular regime of 
extratropical pressure field variability, as well as the currents, SST and zonal winds 
in the Southern Hemisphere [16] and is associated with the main AAC state (no 
data available). Position of the maxima of the expansion coefficients of the second 
and third modes (Fig. 3, h, i) approximately corresponds to the South Pacific 
maximum and minimum location [12]. The main features of the spatial distribution 
of the expansion coefficients of the first modes C1 of the EOF anomalies of Та, SST 
and ∆H500 (Fig. 3, a, d, g) are consistent with the distribution of the trend values of 
these climatic variables (Fig. 1, a, b), and the values of the SST trend contribution 
and the first mode C1 of the SST EOF in the total dispersion of water temperature 
over the region are close (∼ 30%). 
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F i g.  3. Fields of the first, second and third EOF modes of the Ta (a, b, c), SST (d, e, f) and H500 (g, h, i) 
anomalies based on the annual average data 
 

Temperature variability of the subsurface and intermediate layers 
Persistent energy imbalance in the upper atmosphere, defined from satellite 

measurements, indicates that the Earth's climate system continues to accumulate 
"excess heat" [1, 7]. Its input and accumulation in the ocean during global warming 
leads to the formation of extensive areas of temperature anomalies on its surface 
and is accompanied by the processes of heat redistribution in the atmosphere and 
the water column due to vertical mixing and horizontal advection. Changes in the 
heat content of the upper layer of the ocean can be explained mainly by either 
changes in the air-sea heat fluxes, or by horizontal heat advection in the ocean [9]. 
An important feature of water stratification in the area of the South Pacific 
subtropical gyre, bordering the ACC in the south [7], which, in combination with 
strong winds, contributes to the excess heat transfer from the surface to the depths 
due to isopycnic exchange processes, is the slope of isopycnic surfaces. Isopycnals 
of 26.5–27kg/m3, which come to the surface in the region of 50–60°S in the band 
of the southern and subarctic frontal zones, can descend to a depth of > 600 m at 
40°S, providing a kind of channel for the meridional transfer of heat and other 
indicators from the surface to the intermediate layers of the ocean [9, 45]. Earlier it 
was noted [7] that in 2005–2014 in the central part of the considered water area 
between 30°S and 50°S the deepening of isotherms was observed. It was associated 
with water column warming as a result of increased convergence at the southern 
polar front and accompanied by an increase in the volume of Antarctic intermediate 
waters with lower salinity. 

By averaging the GODAS grid data within each of the selected areas, the long-
term variation of water temperature at 31 horizons in the 5–950 m layer for each 
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month of the year in 2005–2020 was calculated. The curves of the vertical 
distribution of Tw, the range of its variability and the trend of temperature at 
different horizons were plotted (Fig. 4). At these depths, there are surface and 
intermediate structural zones (surface and intermediate layers and water masses 
with different properties) [45–47], the boundary between which is at a depth of 
~ 150–250 m, which approximately corresponds to the active layer depth. 

F i g.  4. Generalized curves of the vertical distribution (a – d), the range of changes (e – h) and the Tw 
trend (i – l) in the warm (dotted line) and cold (solid line) seasons, 2005–2020. From top to bottom: 
the NW, SW, C, E areas. The layers with the trend insignificant at the 95% level are shaded 
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The range of seasonal variations in the average annual Tw values at the near-
surface horizons in the NW region was 3.6°С and decreased to 2.1–2.2°С in other 
regions (Fig. 4, a – d). During each of the seasons it did not exceed 0.9–1.3°С, 
reaching maximum values in the warm season within the active layer. Below 
the 100–200 m layer, the range of seasonal values varies with depth 
nonmonotonically (Fig. 4, e – h). In the area to the south of 59ºS winter convective 
mixing destroys the stratification of the upper 400–600 m of the water column. In 
all areas, medium and strong correlations were found between temperature changes 
in surface and intermediate waters, propagating well below the active layer beyond 
the atmospheric influence, which is consistent with the results of instrumental 
observations [48] and is manifested in the vertical profiles of trends in Tw 
(Fig. 4, i – l). For all selected areas, the sign and magnitude of temperature trends 
in individual layers of the water column in the warm and cold seasons change 
synchronously, and the predominant trend is the warming of the entire water 
column. The results obtained reflect only general trends and characteristics of 
interannual Tw changes in the studied water area in the selected time period, under 
the assumption that the studied GODAS fields correspond to real conditions. At 
the same time, they are comparable with similar estimates obtained on the basis of 
generalizing observational data on the sections carried out in certain years of the 
period under study [7, 9, 34, 48]. Fig. 1, c, e shows maps of spatio-temporal 
variability of water temperature trends at individual horizons, and Fig. 5 – on 
meridional sections along 90ºW and 170ºW and zonal section along 45ºS, plotted 
according to GODAS data. The location of the meridional sections (Fig. 1, d) 
roughly corresponds to the position of the southern part of the P15 and P18 WOCE 
sections [34]. On the above maps and sections, areas with positive trend values are 
traced at different depths and in different parts of the water column. 

The results obtained made it possible to clarify some details of the vertical 
profile of the temperature trend associated with trends in the dynamics of water and 
heat fluxes on the sea surface, internal processes causing the movement and 
deepening of isotherms, warming or cooling in certain regions. These processes, 
having complex and ambiguous causal relationships, were the subject of targeted 
field studies and modeling [38, 39, 49]. The role of the Southern Ocean and the 
wind field in the process of warming or cooling of intermediate waters propagating 
in the Pacific Ocean north of the ACC is noted. It should be understood in the 
context of dynamic balance, but not just local effects [16, 37]. The last 30 years 
have seen the SAM strengthening and the AAO index transition to the area of 
positive values. At the same time, both an increase and a shift to the south of 
subpolar western winds belt of the Southern Hemisphere, a change in the 
mesoscale vortex activity of the wind field, an exacerbation of the thermodynamic 
effect on the sea surface, and an increase in the volume of subduction of the 
subantarctic modal and Antarctic intermediate waters propagating northward from 
the subantarctic and south polar fronts [11, 38, 39]. Wind impact, as well as ice 
dynamics and thermodynamic effects of ice processes in the frontal zones have 
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a significant effect on the formation and propagation of temperature anomalies in 
the water column and the properties of regional water masses [9, 50–52]. 

 

 
 
F i g.  5. Variability of the trends in the mean annual Tw on the meridional (a, b) and zonal (c) 
sections, the location of which is shown in Fig. 1, d 
 

Correlation between thermal conditions and atmospheric processes 
A mutual correlation and regression analysis of variations in the time series of 

SST and Tw anomalies and changes in the average monthly anomalies of 
the geopotential field of the 500 hPa isobaric surface, atmospheric pressure in AAC 
and climatic indices characterizing the state and dynamics of the climate system in 
the considered regions was carried out. 
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Statistically significant correlations between fluctuations of the main modes of 
the pressure field (H500 geopotential) in the middle troposphere with variations in 
water temperature are expressed in different seasons in all regions, except for 
the eastern one (no Table available). In this area, the temperature trends were 
the smallest (Table 1). 

In the period under consideration, during the interannual fluctuations in 
atmospheric pressure in the AAC and the CI characteristics, there were trend 
components. Connectivity with them reflects the influence of various large-scale 
processes on the structure of the pressure and wind fields and thermal conditions of 
the region [33]. In the study area, the impact of these processes is manifested 
through the correlations of regional AAC (AVM, SPMA, SPMI, AM, AD) and CI 
of both hemispheres (AAO, PDO, PTW, SOI, NP, IPO, PNA, EP/NP) with 
the variability of SST and Ta in the selected areas (Table 2, Fig. 6). 

 
T a b l e  2 

 
Correlation coefficients of interannual fluctuations of the atmospheric pressure  

in the atmosphere action centers (AAC) and the climatic indices (CI) with the SST 
variations in the identified areas in the warm (w) and cold (c) seasons of the SH 

in 1982–2020 
 

Region  

AAC CI 

AVM SPMA SPMI AM AD AAO PDO PTW 

w w c w c c c w w c c 

NW –0.5 –0.1 –0.1 –0.2 –0.4   0.5 –0.4   0.4 –0.2 –0.4   0.5 

SW   0.3   0.1   0.4 –0.1   0.1 –0.4   0.4 –0.4   0.3   0.1 –0.4 

C   0.7   0.4   0.0   0.6   0.3 –0.5   0.4 –0.6   0.4   0.5 –0.5 

E   0.2   0.1 -0.1   0.0 –0.3   0.0   0.2   0.3   0.3   0.4   0.0 

 
Spatial features and the nature of the corresponding relations are expressed in 

the spatial distribution field of both correlation and linear regression coefficients of 
fluctuations of various indices and variability of the SST and Ta characteristics, 
reflecting the zone of their influence and impact on the thermal conditions of 
the region (Fig. 6). 

When assessing the contribution of various CIs to trends in temperature and 
other independent climatic variables, it is necessary to take into account their 
seasonality, as well as the fact that interannual variations of individual CIs 
reflecting circulatory and climatic changes in the atmosphere and ocean are 
characterized by close direct or inverse correlations. 

In the western half of the studied water area, in the last four decades, an 
increase in the eastern trade winds in the tropical zone associated with the phases 
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of various CIs, as well as western winds in the region of 50–65ºS adjacent to 
the ACC, were observed. According to our estimates, during this period in 
the region of 0–10ºS, 160ºE–160ºW the average annual eastern point wind 
increased by 1.5 m/s, and the northern ones – by 0.4 m/s. At the same time, 
the flow rates of the western trade wind currents in the direction from east to west 
increase, which contributes to the formation of increased reserves of thermal 
energy in the western part of the equatorial-tropical zone [53], and AVM 
deepening – to the excess heat spread to the adjacent regions of the southern 
Pacific Ocean. 

 

 
 

F i g.  6. Linear regression coefficients of the Ta fluctuations with the K1 EOF of H500 geopotential 
anomalies in the warm (a) and cold (b) seasons. The same for the SST regression with the climatic 
indices: SOI (c, d), IPO (e, f) and AAO (g, h) 
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In the south, in the region of 50–65ºS, 160ºE – 160ºW the average annual wind 
speed of the western points increased by 1.7 m/s, the northern – by 0.5 m/s. In 
the eastern part of the water area, to the west of 100ºW, an increase in the winds of 
the western and northern points was also observed. Similar changes in wind and 
thermal regimes, as well as an increase in the wind field vorticity and water 
circulation during the interaction of the equatorial-tropical (ENSO) and southern 
annular modes against the background of an increase in positive values of 
the Antarctic Oscillation Index (AAO), negative phase of the Interdecadal Pacific 
Oscillation (IPO) and the positive phase of the Pacific monsoon (PTW) were noted in 
different years [7, 16, 21]. They are an important source of climate change in 
the region on a 10-year scale [43]. The preliminary data analysis for 2005–2020 
revealed statistically significant correlations between fluctuations in water 
temperature in individual layers of the water column with trends in individual CIs. 
So, in the NW region within the upper layer, these links are expressed with SOI and 
IPO indices in the cold season, with AMO in the warm season; in the upper layer in 
the SW region – with PNA during the warm period, in the intermediate layer – with 
the intensity of the Asian depression during the cold period; in the upper and 
intermediate layers in the C region – with the PDO, SOI, PTW, AAO indices in 
the cold period and PNA – in the warm period; in the upper layer in area E – with 
PDO in the cold season in the Southern Hemisphere. At the same time, the results 
obtained require further analysis and refinement using longer observation series, as 
well as with different time lags of correlations. 

 
Conclusion  

Both in the North and South Pacific Ocean, in the late 1970s a shift in 
the climate regime is expressed in the characteristics of interannual fluctuations of 
large-scale anomalies of meteorological and oceanographic parameters, the state of 
the atmosphere action centers, as well as indicators of heat and energy exchange 
between the ocean and the atmosphere. General trends of warming and their 
regional features in certain areas of the extratropical zone of the region's water area 
are considerably different. In the near-water layer of the atmosphere and on the sea 
surface, warming trends are expressed in positive trends in the Та and SST fields, 
mainly in the northwest of the region, where they are statistically significant and 
reach a maximum of 0.4–0.6°C/10 years in the Tasmanian Sea area and to the 
northeast of New Zealand Island. Water areas with minimal and negative or 
insignificant values of air and water temperature trends are located on the southern 
and eastern periphery of the studied water area – in the area of influence of cold 
currents. For the entire studied water area, the trends of the mean annual SST and 
Та were ~ 0.04–0.06°C/10 years, which is 2–3 times less than for the subarctic 
region of the northern Pacific Ocean. Separate phases of warm and cold periods 
alternation in the interannual temperature variation are consistent with changes in 
regional CI and AAC state and emphasize the heterogeneous nature of this process 
in space and time. 
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The first three EOF modes of the Та and SST anomalies describe 60% of 
the contribution of the fluctuations of these quantities to the total dispersion of the 
temperature fields, and the corresponding EOF modes ∆H500 describe 70% of 
the geopotential field variability and are associated with the state of the main 
regional seasonal and permanent AACs. 

The spatio-temporal variability features of water temperature trends at 
different horizons differ significantly from the characteristics of the SST trends. 
Transformation of the spatial distribution of trends occurs already within the upper 
200-m layer, and deeper, the maximum values of this magnitude are observed in 
the southeastern part of the water area. According to the estimates averaged for 
each region, the maximum positive values of the Tw trend (~ 0.3–0.4°C/10 years) in 
the surface layer were observed in the NW and SW regions and in the lower part of 
the intermediate layer – up to 0.5°C/10 years in the E area, and small negative – in 
the upper layer in the C and E areas.  

The influence of various large-scale processes on the structure of the pressure 
and wind fields and thermal conditions of the region is manifested through the 
correlations of regional AAC and climatic indices (AAO, PDO, PTW, SOI, NP, 
IPO, PNA, EP/NP) of both hemispheres. The spatial features and the nature of the 
corresponding relationships are clearly expressed in the field of spatial distribution 
of both the correlation and linear regression coefficients of fluctuations of various 
indices and the variability of the SST and Ta characteristics, reflecting the zone of 
their influence and impact on the thermal conditions of the region. 
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