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Purpose. The purpose of this work is to clarify the tendencies and regional features of interannual
changes in the surface air temperature (Ta), the sea surface temperature (SST), and the water
temperature (Tw) in the upper 950-m layer in the Indian Ocean basin including the adjacent area of
the Southern Ocean — up to 65°S over the past four decades, which are manifested as a result of
planetary changes and a shift in the climate regime at the turn of the XX—XXI centuries.

Methods and Results. Based on the data of the Global meteorological network, reanalysis, optimal
interpolation and the Global oceanographic data assimilation system GODAS (NOAA), the regional
features and trends of interannual fluctuations in the water and air temperature, and their relationship
with the variations in climatic indices and pressure fields in the centers of the atmosphere and wind
action have been determined for the last 4 decades. The methods of a cluster, correlation, and regression
analysis, and the apparatus of empirical orthogonal functions were used. The results obtained made it
possible to characterize the degree of inhomogeneity of the responses of the atmosphere surface layer,
SST, and vertical distribution of Tw to the ongoing global changes, to identify the isolated regions, and
to quantify the rate of warming in these water areas.

Conclusions. Climatic changes in the atmosphere near-water layer and on the sea surface are expressed in
positive trends (b) of changes in the SST fields and air temperature in most of the Indian Ocean basin. The
values of the air temperature trends on land in the coastal areas are higher than those in the adjacent sea
areas. The maximum values of the Tatrends (~ 0.5 °C/10 years) over the water area of the region are noted
in the area located to the north of the Madagascar Island, and those of the SST trends (~ 0.3-0.4 °C/10
years) — in the central part of the ocean. In the Ta field, the individual areas with the minimal and negative
values of Ta trends are observed in the northeastern, southwestern, and southern parts of the water area,
and in the SST field — over a large area in the southern part of the ocean, namely, in the zone of influence
of the cold Antarctic Circumpolar Current waters. The process of warming or cooling is significantly
heterogeneous not only in space but also in time. In the upper 100-m layer of the water column, the spatial
structure of the water temperature trends is rearranged. Below this layer, the maximum positive trends (on
average 0.2-0.5 °C per a decade for a region) are observed in the southern and southwestern parts of the
water area, and the negative ones (—0.1...—0.2 °C) — in the northwestern and southeastern parts. In course
of the past 15 years, the largest relative increase of heat content in various layers occurred in the south of
the ocean — it was by an order of magnitude higher than those in the other regions despite the insignificant
SST trends.

Keywords: Indian Ocean, current climatic changes, regional features, water and air temperature,
warming and cooling trends, climatic parameters, correlations

Acknowledgments: the work was carried out on the theme of the state task of POl FEB of RAS
No. 121021700346-7. The authors thank the program developers for the opportunity to use the climatic
data posted on the NOAA sites. The authors are grateful to the reviewer for the constructive comments.

For citation: Rostov, I.D., Dmitrieva, E.V. and Rudykh, N.1., 2022. Interannual Variability of Thermal
Characteristics in the Indian Ocean under the Conditions of Global Warming. Physical Oceanography,
[e-journal] 29(1), pp. 47-66. doi:10.22449/1573-160X-2022-1-47-66

DOI: 10.22449/1573-160X-2022-1-47-66
© I. D. Rostov, E. V. Dmitrieva, N. I. Rudykh, 2022
© Physical Oceanography, 2022

ISSN 1573-160X PHYSICAL OCEANOGRAPHY VOL.29 ISS.1 (2022) 47


mailto:rostov@poi.dvo.ru

Introduction

The Indian Ocean (IO) attracts constant attention due to the peculiarities of its
weather and climate conditions and its important role in ongoing global and regional
climate changes [1]. A significant part (~44%) of the World Ocean's global warming
occurs due to an increase in the heat content (Q) of the upper 700 m of the water
column, about half of which is provided by 10 [2]. So, for the 2005-2015 decade the
total warming in the 10 water column was more than 70% of the global increase Q
[3].

The regional features of 10 warming are characterized by significant spatial and
temporal heterogeneity [4] and the uncertainty of quantitative estimates of
the varying regime of the ocean surface temperature (SST) and its impact on
the regional climate [5]. According to observations and reanalysis, from the 1970s
to the beginning of the 2000s the SST in the IO tropical zone increased at a rate of
~0.1 °C per decade [6], and in the last 20 years, it has increased twice as fast, which
exceeds the corresponding estimates for the Atlantic and Pacific oceans [7, 8]. This
makes a significant contribution to the general upward trend in the global average
SST[1, 9], affects the characteristics of monsoon circulation and currents, as well as
enhances the impact of extreme weather events in the region and beyond [1, 8]. The
phenomenon of a pause (hiatus), i.e. a slowdown in the rate of global warming [3,
10], widely discussed in previous years, is almost not expressed in the SST variation
in the Indian Ocean, especially in comparison with the Pacific Ocean (PO) [11].

The interannual variability of the 10 water area thermal conditions depends on
the condition of the tropical warm basins (TWB) of the western part of the PO and
the eastern part of the 10 (Indo-Pacific warm pool — IOWP [12]), in which SST is
above 28 °C during the year, and on water exchange through the Indonesian
Throughflow (ITF) [13]. In the PO, the costs 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 PO equatorial-tropical
zone. In recent decades, the area, volume, and Q of TWB have been increasing,
which indicates the important role of ocean dynamics in its warming [12]. ITF is a
kind of “ocean bridge” between the PO and 10. It varies on interseasonal and
interannual time scales and affects variations in the thermocline depth and heat
content in adjacent areas of the 10 eastern part [4, 14].

The PO effect on the western part and the entire 10 water area is carried out
through the “atmospheric bridge” via Hadley and Walker atmospheric circulation [1,
15]. Itis noted that in recent decades, after the climate regime shift of the late 1970s,
the El Nifio effect and ENSO (EI Nifio — Southern Oscillation) telecommunication
with the 10 western part increased [12, 16]. The occurrence of EI Nifio in the PO
redistributes the sources of atmospheric heating, and then changes the patterns of
convection and circulation in the atmosphere and can cause warming and an increase
in the SST in the adjacent regions of the PO.

An analysis of half-century observational series of Q interannual variations in
the upper 400 m layer showed that in the 10 during 1965-1979 an increase in Q took
place. During the 1980-1996 period, it was followed by its decrease, replaced by
rapid growth in subsequent years [17]. We note a high correlation between variations
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in heat content and thermocline depth, as well as a significant role of ITF dynamics
and the wind regime of the 10 and PO equatorial zone [18]. Against the background
of surface water warming trends in different parts of the water area, periods of both
warming and cooling of the water column at great depths [13] can be traced. This
cannot be explained only by the balance of heat fluxes on the surface [19, 20] and is
an urgent task of ongoing research.

In the temperate and subantarctic belts, the influence of the Southern Annular
Mode (SAM) on the thermal conditions of the 10 is pronounced [4, 8]: the SAM
reflects the zonality of air mass transfer in temperate and high latitudes as the main
characteristic of atmospheric processes and manifests itself in variations of many
climatic variables. An indicator of the increase or decrease in the intensity of zonal
transport is the Antarctic Oscillation index (AAQ), which reflects anomalies in the
annular circulation of the atmosphere around the South Pole [21]. One of the main
features of modern changes in the regime of climatic characteristics in the
subantarctic 10 belt is the AAO shift to the region of positive values, the
strengthening of westerly winds, and the poleward shift of the SAM [22, 23].
Poleward strengthening westerly winds lead to a meridional dipole structure of
changes in wind stress vorticity over moderate and high latitudes. In accordance with
the changing winds, there has been an increase and expansion to the pole of the
subtropical oceanic circulations of the Southern Hemisphere (SH) [23]. The heat
absorption by the ocean surface mainly occurs in the region of the frontal zones of
the high latitudes of the South Pacific region with a global average maximum in ~
58°S zone, where the rising cold waters come to the surface and meet with a warmer
atmosphere [24]. About two-thirds of the heat absorbed in the Southern Ocean is
removed by advection along the inclined isopycnal surfaces to the intermediate
layers to the north and accumulates in middle latitudes [25], while the deepest
warming occurs at the boundary between subtropical gyres and the Antarctic
Circumpolar Current (ACC) [23]. It is noted [26] that as a result of subduction,
Ekman pumping, and downwelling, an increase in the volume of subantarctic modal
water in the subpolar and subtropical regions and an increase in the heat content of
the upper and intermediate layers of the 1O extratropical zone are observed. It is
assumed that modal waters (due to their ability to accumulate heat) can play a key
role in climate regulation [26].

In some works, the characteristics of the temperature trend vertical structure
were considered on the scale of the entire 10 basin [2, 27]. It is shown that warming
is accompanied by a deepening of isotherms and isopycnal surfaces and leads to the
“swelling” of isopycnals. In the southern part of the subtropical gyres of the SH, this
depression reaches almost 100 m in 50 years [2, 28]. According to the estimates of
trends in heat content changes in different layers based on the data of Argo floats, in
the structure of field Q, it is possible to distinguish individual “hot spots” and “cold
spots” covering areas of intense vertical mixing and associated with the formation of
surface and intermediate waters [2].

The regional features of the 10 weather and climate conditions are largely
determined by the monsoon regime and the interaction of baric formations, which
are permanent or seasonal atmospheric centers of action (ACAs) [1, 4, 29].
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Interannual SST fluctuations in the 10 demonstrate long-range relationships with the
variations in climatic parameters in the Atlantic and PO, estimated by AMO, IPO,
SOI, PDO indices, etc. [14, 15, 17]. However, the nature and structure of these
relationships within the ocean basin itself require further study.

The purpose of this work is to clarify the trends and regional features of
interannual changes in the surface air temperature (Ts), SST, and water temperature
of the upper 950-meter layer in the Indian Ocean basin with the adjacent latitudinal
belt of the Southern Ocean (up to 65°S) over the past decades, manifested as a result
of planetary changes and a shift in the climatic regime at the turn of the 20"- 21
centuries.

Data and methods

Air temperature observations (7..) were used at 76 coastal weather stations
(WS) of the global climate network GHCN-M (V3) NOAA
(https://www.ncdc.noaa.gov/ghcnm/v3.php) over 1978-2020 period, as well as grid
data of temperature reanalysis (7, — NCEP/NCAR Reanalysis-1), pressure fields,
wind, heat fluxes on the ocean surface and climate indices (CI) [30]. The considered
Cls have a certain geographical reference and physical interpretation
(https://climatedataguide.ucar.edu/climate-data). The listed data was obtained from
the website https://psl.noaa.gov/data/gridded/index.html  of its developer:
NOAAV/ESRL/Physical Sciences Laboratory (PSL), Boulder, Colorado, USA and
from the websites of NOAA/NCEI/CPC https://www.nodc.noaa.gov/ and
https://lwww.cpc.ncep.noaa.gov/. We also used the 10 dipole index — DMI
(https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/) and the intensity indicators of
regional ACAs — Mascarene and Antarctic maxima (MM, AM), Australian, Indian
Ocean lows (AVM, IM) and Asian depression (AD) [29].

To analyze the interannual fluctuations in water temperature, we used the data
of the optimal SST interpolation — NOAA Ol SST V2 for 1982-2020 from the site
https://www.esrl.noaa.gov/psd/ and the data on potential water temperature (Ty) and
currents at different horizons of the GODAS oceanographic data assimilation system
from the site https://www.esrl.noaa.gov/psd /data/gridded/data.godas.html for 2005—
2020. In the 2000s, in the area under study, the share of information entering the
GODAS system from the observation network of floats increased significantly: from
628 profiles in 2001 [31] to 481.4 thousand profiles in 2005-2020 under conditions
of full coverage of the water area, including areas where the observations from
vessels are not carried out.

A unified method of statistical processing of the data used [30, 32],
supplemented by a regression analysis of the set of climatic variables, was applied.
Taking into account the nature of the monsoons, conditionally warm (November—
March) and conditionally cold (June—October) seasons (periods) of the SH year were
identified.
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Applying the SST data by cluster analysis methods for three main components *,
four separate regions located in different climatic zones were identified in the 10
basin: northwestern (NW), southwestern (SW), southeastern (SE), and southern (S)
(Fig. 1, b). Subsequently, by simple averaging of grid data, the long-term variation
of water and air temperature within the boundaries of each region was calculated.
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Fig. 1. Trends (°C/10 years) of the annual average values of Ta, Tuc (), SST (b) and the normalized
heat content anomalies in the layers 5-300 m (c) and 300-750 m (d) based on the data of reanalysis,
observations at meteorological stations and GODAS. Shown are the locations of meteorological stations
(a), selected areas (b), and individual sections (d). Here and below, dots denote the grid nodes in which
the estimates are statistically significant at the 95% level

In the Southern Region, most of which is located southwards of 50°S, there are
southern subarctic, northern subarctic, and polar frontal zones [24].

* Ding, C. and He, X., 2004. K-means Clustering via Principal Component Analysis. In: ICML,
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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Features of spatial and interannual variability of air temperature and SST

In the atmospheric near-water layer and on the sea surface, the warming trends
over the past four decades are expressed in positive trends (b) of changes in the SST
fields and air temperature over most of the water area.

The maximum values b of air temperature T > 1.0 °C/10 years are traced
according to observations at separate weather stations located in the coastal and
insular zones of the tropical belt. According to the reanalysis data, the maximum
values of T, trends (~ 0.5 °C/10 years for 1978-2020) over the region’s water area
are observed in the NW region northwards to the island of Madagascar, while
the SST trends (~ 0.3-0.4 °C/10 years for 1982—-2020) are in the 10 central part. In
general, the values of air temperature trends on the land are somewhat higher than in
adjacent marine areas. Areas with minimal and negative values of b in the SST field
are observed mainly in the southern part of the 10 only — in the zone of the effect of
the ACC cold waters.

As in other areas [32], the features of spatial-temporal variability of water
temperature trends at different horizons and heat content in individual layers (Fig. 1,
¢, e) differ from the characteristics of the SST trends (they will be considered below).
Table 1 contains generalized quantitative estimates of the trends in ongoing changes
in T,, Tac, and SST on average for the regions over a year and in individual seasons.

The largest values of T, and SST trends (as well as their contribution to the total
dispersion D), which correspond to a warming of 0.5 °C during the period under study,
were observed in the northwestern part of the 10, and the smallest and statistically
insignificant ones — in the southern part. In two regions (NW and SE), where 7, and
SST fluctuations are characterized by closer correlations (R), the trends of both
parameters are statistically significant. In general, in the region, the air temperature
increased approximately 1.3 times faster than the SST, especially in the adjacent areas
of the coastal zone. During the period under consideration, 7, over the water area
increased by about 0.3 °C, SST - by 0.2 °C, which is consistent with the corresponding
estimates for the adjacent regions of the Pacific Ocean southern part [32]. At the same
time, seasonal differences in the warming rate estimates are better expressed in 7, field
than in the SST one (Table 1).

The interannual changes in the mean annual anomalies of T, SST, and
the accumulated anomalies within the NW and SE regions, where moderate
correlations between these characteristics are expressed (Table 1), are identical
(Fig. 2), while in other regions they differ only in details.

The integral curves of accumulated anomalies correspond to individual phases
of the alternation of warm and cold years and periods, which, as will be shown below,
are consistent with the changes in individual Cls and regional ACAs. The variation
of these curves (Fig. 2, e, f, g, h) reflects both the internal features of these
relationships and the inhomogeneous nature of the warming process in
the atmosphere and on the ocean surface in space and time. Distinctive features of
the anomaly accumulation process are more noticeable when comparing the SST
variability in the southern and northwestern regions, in which SST trends of different
signs were observed (Fig. 2, e, h).
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Table 1

Trends of interannual changes of the SST anomalies (1982-2020)
and the air temperature (1978-2020) based on the reanalysis data (Ta)
and the observations at 76 MS (Tac) in the identified domains

Area Parameter b D tr bw be R

T, 0.12 38 0.5 0.14 0.10

NW 0.57
SST 0.13 48 0.5 0.13 0.13
Ta 0.08 26 0.4 0.07 0.08

SW 0.13
SST 0.04 5 0.1 0.06 0.01
Ta 0.06 12 0.3 0.03 0.07

SE 0.58
SST 0.07 12 0.3 0.06 0.06

) Ta 0.05 3 0.2 -0.08 0.15 0.27
Ta 0.08 32 0.3 0.04 0.10

Whole area Tac 019 - 08 019 o020 069
SST 0.06 31 0.2 0.06 0.05

N o t e. 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; b, bx are
the values of b for the warm and cold seasons; R is the correlation coefficient of the average annual
SST and Tac. Here and in Table 2, the statistically significant (95%) estimates of the trends and the
correlation coefficients are highlighted in bold

In the years corresponding to the pause in global warming, when in 2002-2012
the SST increase generally continued [11] and an “interhemispheric gradient” of
the SST trends appeared [14, 33], according to our estimates, there was a slight
decrease in the magnitude of positive trends in the average annual SST in the NW and
SW regions, their fourfold increase in the region of SE, and an increase in negative
trends in Southern area. In general, in the water area of the 10, as a result of the
strongest warming in the SE region, this value (~ 0.09 °C/10 years) turned out to be
even somewhat higher than for the entire period under consideration (Table 1).
It roughly corresponded to the estimates obtained using other data and differed
significantly from global trends (-0.03 °C/10 years) [11]. The interannual variability
of the 10 thermal conditions during this period was largely determined by the features
of the interbasin interaction of the Pacific and Indian oceans and was associated with
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an increase in the ITF costs by 0.9-1.0 Sv/10 years [11, 14], resulting in a redistribution
of heat between the upper layers of these oceans through the “ocean bridge”. The
studies have shown that the ITF heat transfer increased in the early 2000s under effect
of a series of long-term La Nifia events against the background of El Nifio weakening
[33] with the strengthening of the easterly trade winds. These events were
accompanied, respectively, by an increase or decrease in the heat content of waters in
the southeast of the 10 in the first decade of the 21st century and occurred during
the positive phase of SOI and the negative phase — interdecadal oscillation (IPO) [34].
They are considered as one of the causes explaining the slowdown in the increase of
global surface temperature, and their mechanisms are well studied, for example in [17].
According to the Japan Meteorological Agency (IMA)
(https://lwww.data.jma.go.jp/gmd/cpd/data/elnino/learning/fag/elnino_table.html),
during the 2000-2012 period 12 La Nifia seasons and only 7 EI Nifio seasons took
place. At the same time, a statistically significant trend of an increase in
the easterly trade winds velocity in the equatorial western part of the Pacific Ocean
(135-180°E), contributing to an increase in heat transfer to the Indian Ocean of the ITF
and the strongest warming in the SE region, amounted to ~ 0.2 m/s in a year.

At the same time, separated years of the period under study, when the maxima
(1982, 1986-1987, 1998, 2003, 2010, 2015) or minima were expressed in
the alternation of average annual SST values in the 10 water area, fully corresponded
to the phases of El Nifio and La Nifia manifestations due to the “atmospheric bridge”.
For instance, according to the JMA and other studies, in 2015, when the largest
positive anomaly in the Indian Ocean mean SST in recent decades (0.24 °C) was
noted, one of the most powerful El Nifio events was observed. It was comparable in
strength to similar events in 1982-1983 and 1997-1998 and caused significant
temperature anomalies and changes in atmospheric circulation outside the Pacific
Ocean tropical zone [35]. These changes led to adeepening and shift of the
maximum positive SST anomaly focus near the equator from the South America
coast to the west. In this situation, anomalously warm conditions were also observed
over the central part of the IO and in the adjacent areas. Positive temperature
anomalies were due to the radiation factor: under El Nifio conditions, powerful
cloudiness caused by intense convection shifted eastward following the tongue of
warm water, and insolation over Indonesia and the Indian Ocean increased, which
led to an increase in surface temperature [35].

To obtain generalized information about the structure of spatial-temporal
variations in the SST and T, fields, empirical orthogonal functions (EOFs) of
interannual fluctuations in the anomalies of these parameters, as well as anomalies
in the geopotential field of 500 hPa (AHsq) isobaric surface in the middle
troposphere, were calculated. In Fig. 3, the spatial distribution of the obtained EOFs
is presented as fields of correlation coefficients between the principal components
(PC), or temporal expansion coefficients of the fields in terms of EOFs (K), and the
series of these parameters at each point [32].
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F i g. 2. Interannual variability of the annual average SST anomalies (A7w) and the cumulative
anomalies Y ATw in the identified domains: NW (a, e); SW (b, f); SE (c, g) and S (d, h). The range of
intra-year fluctuations, the mean values in the region, and the linear trend (bold lines) are shown

The fields of correlation coefficients (Fig. 3) characterize mainly antiphase
fluctuations of T,, SST, and Hseoanomalies within water areas described by different
modes. The first SST EOF mode (Fig. 3, d) corresponds to the leading regime of the
Indian Ocean basin and is mainly associated with the external effect of EI Nifio —
Southern Oscillation and other large-scale processes. In the chosen coordinate
system, the dipole regime of the 10 tropical sector [36] is expressed in the second
mode of the EOF SST, and the subtropical dipole [37] is expressed in the third mode
(Fig. 3, e, f). The first mode of geopotential fluctuations reflects the dominant annular
regime of pressure field variability, thermal conditions, and zonal winds and currents
in the SP [38]. It, as well as the second mode of the EOF Hsgo, is closely related to
the state of the main regional ACA and interannual variations in the PCs of the fields
of the EOF T, (Table 2) and SST.
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Fig. 3. Fields of the first, second and third EOF modes of the average annual temperature anomalies
Ta(a, b, ¢), SST (d, e, f) and the normalized anomalies Hsoo (g, h, i)

Table 2
Correlation coefficients between the fluctuations of the surface atmospheric pressure

fields in ACA and the EOF coefficients (K) of the first EOF modes AHs00
and ATa for the warm (w) and cold (c) seasons of the SH in 1978-2020

EOF K1 AHsgo K2 AHsgo K3 AHsgo
w | ¢ w | ¢ w o |c
AVM 0.5 - 0.3 - -0.1 -
MM 0.1 0.3 -0.2 -0.7 0.4 0.1
AM -0.1 -0.5 0.5 0.4 -0.1 -0.3
IM -0.1 -0.4 0.7 0.4 0.5 0.3
AD - 0.3 - -0.5 - -0.1
K1 AT, 0.8 0.1 0.0 0.7 0.8 0.2
Ko AT, -0.3 0.0 0.5 0.1 -0.2 0.2
Ks AT, -0.3 -0.5 -0.6 -0.3 -0.2 0.3

N ot e. Dash means the absence of the ACA in a given season.
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The main features of the expansion coefficients’ spatial distribution of the first
C1 EOF modes of 7, and SST anomalies (Fig. 3, a, d) agree satisfactorily with
the distribution of the trends’ values of these climatic variables (Fig. 1, a, b).

Temperature variability of subsurface and intermediate layers

In order to analyze regional features and estimate the interannual variability of
Twand Q at different horizons and layers, we used GODAS grid data on 31 horizons
in 5-950 m layer for each month of the year for 2005-2020 period and previously
tested methodological approaches [32]. In Fig. 4 the curves of T, vertical
distribution, the range of its variability, and the temperature trend at different
horizons averaged within the selected areas, are demonstrated.

The maximum values of seasonal variations in T, average annual values
were observed at near-surface horizons in the SW area (2.8 °C) and decreased to
1.9-2.2 °C in other regions (Fig. 4, a — d), and within each of the seasons did not
exceed 0.8-1.7 °C, reaching the maximum values in the warm period of the year.
Below 100-200 m layer, the range of seasonal values decreases nonmonotonically
with depth (Fig. 4, e — h). The relationship between temperature changes at different
horizons is manifested in the vertical profiles of Ty trends (Fig. 4, i —1).
The magnitude and sign of trends in individual layers of the water column in the
warm and cold seasons change quasi-synchronously, reaching the maximum values
(0.2-0.5 °C per decade) in the warm period of the year. These values are 2-5 times
higher than on the ocean surface (Table 1) and correspond to similar estimates for
the Pacific Ocean southern part. In the SW and S regions the prevailing trend is
the warming of the entire water column in the considered depth range, while in
the other two regions — cooling below 100-200 m. As noted earlier [32], the obtained
results reflect only general trends and characteristics of Ty interannual changes of
the studied water area in the selected period of time, taking into account the
assumption that the studied GODAS fields correspond to real conditions. Estimates
of relative changes in the integral heat content (Q) in layers 5-300, 300-750, 5-950
m for 2005-2020 were made using these data. In the southern part of the ocean (S
region), despite the absence of statistically significant SST trends, the value of
relative changes Q in the water column is an order of magnitude higher than in other
areas: by 18% (up to 27%) with a maximum in the upper layer, as observed and in
the South Pacific [32]. In this area, a monotonous increase in Q in all layers occurred
over the entire 15-year period, while in other parts of the water area this process was
non-uniform in time. The rapid growth of Q in NW, SE, and SW regions in the first
decade of the 20" century was replaced by a sharp heat content decrease in all layers
in subsequent years, due to which the total value of relative changes in Q in all layers
did not exceed £3%.
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Fig. 4. Generalized curves of vertical distribution (a, b, c, d), range of changes (e, f, g, h), and Tw
trend (i, j, k, 1) in the warm (dotted line) and cold (solid line) seasons in 2005-2020. From top to bottom:
the areas NW, SW, SE, S. The layers with the trend insignificant at the 95% level are shaded
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Figures 1, c, e; 4 and 5 give a general idea of Q and Ty, variation trends in 5-950 m
layer in different parts of the 10 water area. During the period under study, a steady
increase in the heat content of this entire layer was observed in the southern part of
the 10. For the central and northern parts of the water area, the prevailing trend was
the warming of the upper layer of the ocean, while the intermediate layers, especially
in the tropical and subtropical zones, are subject to cooling.

As demonstrated above, the upper layer warming in latitudinal section 111, located
at the southern boundary of the South Equatorial Current, as well as in sections of
meridional sections | and Il between 10°S and 25°S (Fig. 5, a, ¢, d) crossing this area
can be associated with the effect of Tropical Warm Pools (TWPs) and increased ITF
heat transfer, while most of the SST variability is associated with the surface heat
fluxes [5]. A significant effect on the formation of the vertical structure of temperature
trends is exerted by the wind field stress and vorticity associated with ongoing changes
in the characteristics of atmospheric circulation [14,17]. In the temperate and
subantarctic belts of the southern part of the 10 (Fig. 5, b — d), the deepest warming is
observed in the subsurface and intermediate layers along the boundary between the
subtropical gyre and the ACA [23, 26], as well southward. As noted above, the SAM
effect on thermal conditions is pronounced in this region [4, 8]: the SAM shift towards
the pole and strengthening of westerly winds [22], the formation of a dipole structure
of wind stress vorticity over moderate and high latitudes. Here, the thermodynamic
effect on the ocean surface becomes aggravated, and the volume of subduction of
subantarctic modal and antarctic intermediate waters propagating northward from the
subantarctic and south polar fronts increases [24, 32]. According to our estimates, in
the 10 latitude band 40-60°S there were observed the trends towards the increase in
the average annual values of the westerly wind velocity by about 0.3-0.4 m/s per
decade, and southward of 65-80°S, in separate centers off the coast of Antarctica, —
easterly winds by the same value. Between these areas, a band with the largest
horizontal gradients of the height of 500 hPa isobaric surface geopotential, due to a
change in the trend sign of this parameter, was located. At the same time, over most
of the water area in the band ~ 50-65°S positive (anticyclonic in SH) values of
the wind field vorticity, contributing to the intensification of downwelling and
the deepening of the thermocline [12, 14], were observed. Earlier it was noted that
at the boundary of this area, approximately at 45-50°S, one of the centers of sign
change of vorticity and maximum wind stress [39] was located.

Pronounced warming in the 10 latitude band 40-50°S spreading up to 800 m
and more (Fig. 1, d; 5, ¢, d), can be explained by the expansion and southward
displacement of the subtropical circulation as a result of increased westerly winds
[22, 40]. In the upper layer northward of this area, another area of warming is
observed, and deeper than it, there is an area of extensive cooling of subsurface layers
(Fig. 1, d; 5, a, c, d). The formation of these anomalies is associated with the
strengthening of the southern subtropical circulation cell in the atmosphere during
the onset of the negative phase of ITF and positive DMI [13, 22].

A cross-correlation and regression analysis of the time series of SST anomalies
with fluctuations in the anomalies of the geopotential field of 500 hPa isobaric
surface, atmospheric pressure in the ACA, and climatic indices characterizing
the state and dynamics of the climate system in the study areas was carried out.
The features and nature of the corresponding relationships, reflecting the influence
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of various large-scale processes on the thermal conditions of individual areas of
the 10 water area, are expressed in the field of spatial distribution of linear regression
coefficients of the variability of SST characteristics and fluctuations of various
indices (Fig. 6).
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Fig. 6. Linear regression coefficients (Reg) of the SST fluctuations with the climatic indices: SOI (a,
b), AAO (c, d) in the cold (left) and warm (right) seasons. The distribution of the determination
coefficients R? of the SST multiple regression and 7 different indices (g, f) is also shown

The analysis demonstrated that the most significant (simultaneously in two or
more areas of the water area) statistically significant correlations were manifested
for the following Cls: AMO, AAOQ, SOI, PTW, IPO, PWP, as well as for the severity
of individual ACA — Mascarene, Antarctic maxima, Australian minimum (MM, AM,
AUM) and EOF AHsg. The SST relationships with variations of the DMI index are
expressed only in the NW region. In Fig. 6, e, f the distribution of the corresponding
values of the coefficient of R? determination of the multiple regression of these
variables and SST was revealed.

In Table 3 the values of the explained dispersion (D, %) of the multiple
regression of the contribution of the totality of fluctuations of individual climate
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indices (SOI, AAO, PTW, AMO) and the first one — the third EOF AHse modes to
the SST variability in different regions for the warm (w) and cold (c) 1982-2020
seasons.

Table 3

Percent of the explained variance (D, %) of the contribution of climatic variables
combination to the SST variability in different areas

D, %
Area
w c
NW 88 79
SW 35 48
SE 49 41
S 34 20

Using the GODAS data, statistically significant correlations (R >|0.51|) of water
temperature fluctuations in individual layers of the water column with trends in
individual CI changes were revealed. Within the upper active layer in the NW region,
these relationships are expressed with SOI, PWP, K; AHsg0, K3 AHsgo indices in the
warm season and with K; AHsgo in the cold season; in the SW region, with PWP and
K3 AHsgo during the warm period and with the AAO and Kz AHsy during the cold
period. In the SE and S regions, these relationships are mainly expressed only with
the AAO indices K1 AHsop and Ki AHsgo. The features of the spatial distribution of
the corresponding correlation coefficients in the 5-100 m layer generally agree with
the corresponding characteristics of the connections on the water area surface. At the
same time, in the underlying layers, the nature of the relationships between the Ty
and ClI fluctuations significantly changes, up to a change in the sign of the correlation
coefficients, which is due both to the identified features of the vertical structure of
the temperature trend field (Fig. 4, 5) and the influence of a large number of the work
of factors. These results require further analysis in a separate work.

Conclusion

In the last four decades, in the atmospheric near-water layer and on the sea
surface the warming trends are expressed in positive trends (b) in changes in SST
and Ta fields over most of the Indian Ocean basin. According to the reanalysis data,
during this period, the maximum values of Ta trends (~ 0.5 °C/10 years) over
the water area of the region are observed in the area located northward of the island
of Madagascar, SST trends (~ 0.3-0.4 °C/10 years) are in the central part of
the ocean, and the minimum and negative ones are in the southern part of the ocean.
In general, in the Indian Ocean basin region, over the past 40 years, the air
temperature over its water area has increased by about 0.3 °C, the SST — by 0.2 °C,
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which is consistent with the corresponding estimates for the Pacific Ocean southern
part.

Over the past 15 years, the prevailing trend in the southern and southwestern
regions of the water area has been the warming of the entire water column in
the considered depth range from 5-10 m to 950 m, while in other areas — cooling
below 100-200 m. The largest relative increase in heat content in different layers
occurred in the south of the ocean area — an order of magnitude more than in other
areas, despite the negative SST trends.

Due to the peculiarities of the inter-basin interaction of the Pacific and Indian
Oceans, the phenomenon of slowing down the rate of global warming in the first
decade of the 21% century during the SST of the area under study is not clearly
expressed. On the contrary, it was during this period that a rapid increase in the heat
content of the water column was observed in all regions of the Indian Ocean, which
provided a significant part of the global increase in Q. In recent years, the opposite
trend has been observed.

The effect of various large-scale processes on the structure of pressure fields,
winds, and thermal conditions in various regions of the Indian Ocean manifests itself
most extensively through the correlations of these parameters with the climate
indices AMO, AAO, SOI, PTW, IPO, PWP, as well as with the severity of individual
ACA - Mascarene and Antarctic maxima, Australian minimum and EOF of the field
of geopotential anomalies AHsoo.

The alternation of warm and cold periods in the interannual variation of averages
over the entire SST basin completely corresponded to the phases of El Nifio and La
Nifia manifestations in the Pacific Ocean.
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