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The Southern Ocean connects the Pacific, Atlantic, and Indian Oceans, serving as

a key hub for the global overturning circulation. The climate of the Southern

Ocean is closely linked to the low-latitude equatorial Pacific, as well as the high-

latitude regions of the North Atlantic, making it an important component of the

global climate system. Due to the interactions of various processes such as

atmospheric, oceanic, and ice cover, the Southern Ocean exhibits a complex and

variable sea surface temperature structure. Satellite observations indicate that

since 1980, the sea surface temperature of the Southern Ocean has been

cooling, contrary to the global warming trend. However, due to the relatively

short length of satellite observations, the specific mechanisms are not yet clear.

Here, we used the EOF method to analyze sea surface temperature data since

1870 (HadISST1 and ERSSTV5), with three main separated modes explaining over

70% of the sea temperature variability. Among them, the first mode shows

widespread positive sea surface temperature anomalies in the Southern Ocean,

with a time series change consistent with global temperature anomalies,

representing a mode of global warming. The second mode corresponds to the

Atlantic Multidecadal Oscillation (AMO) but with a lag of approximately 4 years.

The third mode is consistent with the variability of the El Niño-Southern

Oscillation (ENSO). Furthermore, our study indicates that despite the ongoing

global warming since 1980, the negative phase of AMO and positive phase of

ENSOmay counteract the effects of global warming, leading to an overall cooling

trend in the sea surface temperature of the Southern Ocean.
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1 Introduction

The continuous emission of greenhouse gas into the

atmosphere since the industrial revolution results in the rise of

global temperature (IPCC, 2021). The ocean acting as a regulator of

the climate system can slow down the warming of the global

atmospheric surface temperature by absorbing excess heat due to

its vast area and large heat capacity (Cheng et al., 2019). Over the

past few decades, the ocean has absorbed more than 90% of the

excess heat from the energy imbalance and more than half of

the globally increased ocean heat is stored in the Southern Ocean

(Rye et al., 2014).

The Southern Ocean has a unique and complex ocean dynamic

environment, where different ocean processes influence the heat

absorption and redistribution (Rintoul, 2018). Observations show

that the warming in the Southern Ocean are not uniform and vary

in different regions. The most significant warming areas are mainly

concentrated in the Indian Ocean sectors of the Southern Ocean,

followed by the Pacific Ocean sectors, while the Atlantic Ocean

sectors of the Southern Ocean has relatively smaller warming

amplitudes (Purkey and Johnson, 2010; Schmidtko et al., 2014;

Cheng et al., 2020). Furthermore, the Southern Ocean is connected

to the Pacific, Indian, and Atlantic Oceans. The distribution and

variation of heat in the Southern Ocean can not only influence the

climate changes in other ocean basins but also be affected by the

climate and ocean processes of other ocean basins through

atmospheric bridges and other mechanisms (Li et al., 2014; Liu

et al., 2018).

Reanalysis data show that the fastest warming region in the

Southern Ocean from 1979 to 2001 is located between 40°S and 45°S,

followed by the area near 60°S, with slower warming in other regions

(Fogt and Bromwich, 2006). Moreover, buoy data has revealed that

since the 1950s, the warming of sub-surface waters in the Southern

Ocean has been significantly higher than in most other global ocean

regions, with the warming occurring near the Antarctic Circumpolar

Current (ACC) (Gille, 2002). Other studies utilizing observational

data collected since the 1960s have similarly shown that upper ocean

waters in mid-latitudes of the Southern Ocean are rapidly warming,

accompanied by surface water freshening (Böning et al., 2008;

Wijffels et al., 2008). However, some studies have found that south

of 60°S in the Southern Ocean, there is a weaker or cooling trend in

surface warming (Purkey and Johnson, 2010; Schmidtko et al., 2014).

Recent work based on satellite observation revealed slight cooling

trend since 1980 contrary to the global warming trend (Yang et al.,

2023). However, the satellite observation is too short to elucidate the

specific mechanisms contributing to this cooling trend. Here, we

utilize data spanning from 1870 to 2022, totaling 153 years, to

decompose various modes of Southern Ocean SST using Empirical

Orthogonal Function (EOF) analysis. Our work aims to investigate

the main mechanisms influencing the distribution and changes in
Frontiers in Marine Science 02
Southern Ocean SST based on the spatial characteristics of

temperature anomalies associated with different modes and their

temporal trends. Based on above results, we proposed that despite the

ongoing global warming since 1980, the negative phase of AMO and

positive phase of ENSOmay counteract the effects of global warming,

leading to an overall cooling trend in the sea surface temperature of

the Southern Ocean.
2 Data and methods

This study utilized sea surface temperature analyses from the

Hadley Centre Sea ice and SST data set version 1(HadISST1) and

Extended Reconstructed Sea Surface Temperature version 5

(ERSSTV5) datasets for Empirical Orthogonal Function (EOF)

analysis. HadISST1 primarily consists of satellite observations, but

data prior to the satellite era were reconstructed using ship-based

measurements, which have uncertainty due to sparse coverage

(Kennedy, 2014). Therefore, the ERSSTV5 dataset was used for

additional comparison. HadISST1 dataset including monthly

observations from 1870 to the present employs a standard method

for calculating SST and undergoes quality control and correction

processes based on observational data (Rayner et al., 2003). We

choose the SST for latitude range of 40°S to 75°S and longitude range

of 180° to -180°from January 1870 to December 2022 with a spatial

resolution of 1° × 1° and a temporal resolution of monthly intervals

for EOF analyses. The ERSSTV5 dataset is reconstructed by

combining data from ships, buoys, satellite measurements, and

other observation platforms. The spatial resolution of ERSSTV5 is

approximately 2° × 2°. The selected time range and temporal

resolution are consistent with HadISST1. To process the data, we

first calculated anomalies relative to the annual mean sea surface

temperature and then performed the EOF analysis. Moreover, we

compare the time series of our extracted SST modes with climate

index, i.e., AMO, ENSO, to infer their potential driving mechanisms.

The AMO index was calculated based on the SST anomalies averaged

over the North Atlantic region (0°-60°N, 80°W-0°) (Zhang and

Delworth, 2007) and the Southern Oscillation Index (SOI) was

used as an indicator of ENSO.
3 Results and discussion

EOF analysis conducted on the area-weighted annual mean

observed Sea Surface Temperature data south of 40°S for the

HadISST1 spanning the years 1870 to 2022 reveals that the

primary EOF mode (EOF1, Figure 1A) of HadISST1 exhibits

predominantly positive values across the entire region south of

40°S, with minor cooling anomalies observed in the Bellingshausen

Sea and Amundsen Sea. The first principal component (PC1,
frontiersin.org
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Figure 1D) exhibits a significant increasing trend, particularly

noticeable after 1942, and its temporal variability is highly

correlated with Global Temperature Anomaly (correlation

coefficient, R=0.84, p<0.01). The dominant spatio-temporal SST

variability in ERSSTV5 (Figure 2) closely resembles that of

HadISST1. The observed SST pattern in the Southern Ocean is

primarily characterized by widespread warming, which explains

half of the total variance (59.1% for HadISST1 and 43.33% for

ERSSTV5). Furthermore, the regression coefficients between the

Global Temperature Anomaly and SST of HadISST1 demonstrate a

similar pattern to that of Empirical Orthogonal Function 1 (EOF1)

(Figures 3A, B). Due to the utilization of distinct data sources,

analysis procedures, and historical bias corrections by HadISST1

and ERSSTV5, the strong agreement between them provides

assurance in interpreting this phenomenon as indicative of

“global warming”.

The second EOF (EOF2, Figure 1B) of HadISST1, accounting

for 7.4% of the total variance, displays a symmetric pattern

characterized by positive anomalies predominantly in regions

linked to the South Atlantic, along the coast of New Zealand, the

Ross Sea, and the Antarctic ice edge. Conversely, negative anomalies

are observed in the Bellingshausen Sea and Amundsen Sea. The

second principal component (PC2, Figure 1E) displays significant
Frontiers in Marine Science 03
interdecadal variability, exhibiting prominent positive anomalies

between 1940 and 1980 and negative anomalies from 1980 to 2022.

The spatial and temporal variability of the EOF2 and its

corresponding principal component in the HadISST1 dataset

closely resemble the EOF3 of ERSSTV5 (Figure 2C), which

accounts for 7.31% of the total variance in ERSSTV5.

The regression coefficients between AMO and SST of HadISST1

exhibit similar pattern as EOF2. Furthermore, the temporal variation

of PC2 is highly correlated to AMO. In short, EOF2 of HadISST1 and

EOF3 of ERSSTV5 are mainly dominated by the AMO Figures 3C, D.

However, it should be noted that the AMO leads the PC2 of

HadISST1 by approximately 4 years (Figure 4). The delayed impact of

AMO on SST in the Southern Ocean could be attributed to the

gradual propagation of Rossby waves. The AMO is the primary mode

of interannual sea surface temperature variability in the Atlantic

Ocean, exhibiting a period of around 60 years (Schlesinger and

Ramankutty, 1994). The AMO can impact the Southern Ocean by

modifying circulation patterns in the North Atlantic (Simpkins et al.,

2016). The positive phase of the AMO is associated with the

strengthening of North Atlantic eddies and the circulation in

the Celtic Sea, leading to the generation of remote Rossby waves in

the Southern Ocean. These Rossby waves disturb the circulation

patterns in the Southern Ocean, consequently altering the
A B
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F

FIGURE 1

(HadISST1 dataset) EOF analysis results of sea surface temperature in the Southern Ocean from 1870 to 2022. (A–C) show the spatial temperature
anomaly distribution (corresponding to positive PC values) and the contribution rate for EOF1, EOF2, and EOF3, respectively. Red indicates positive
anomalies, while blue indicates negative anomalies. (D–F) show the corresponding time series fluctuations for each mode, with temperature
anomalies reversed when PC values are negative.
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distribution of SST and heat transport (Simpkins et al., 2014). The

delayed response of the Southern Ocean SST to the AMO can be

explained by the time needed for distant atmospheric teleconnections

to occur and the sluggish propagation of Rossby waves, which can

take several years to reach the Southern Ocean (Zhang et al., 2017).

Moreover, the Southern Ocean is situated at high latitudes south of

the equator, and its distinctive seasonal distribution may lead to a

delay in the expression of the AMO signal in the SST of the Southern

Ocean. The seasonal fluctuations and specific features necessitate a

prolonged period for the Southern Ocean to react to the AMO signal.

The EOF3 of HadISST1 (Figure 1C), explaining 5.97% of the total

variance, shows positive anomalies in the peripheral areas of the

Southern Ocean, particularly between latitudes 50°S and 40°S, as well

as in the Bellingshausen Sea and the Amundsen Sea. Conversely,

negative anomalies are observed in the waters off the western coast of

Australia and in the southern Indian Ocean, displaying a symmetrical

pattern. The principal component PC3 (Figure 1F), which displays

significant interannual variability, is strongly correlated with the El

Niño-Southern Oscillation (ENSO index, SOI). In addition, the

regression coefficients between SOI and SST in HadISST1 exhibit a

similar pattern to the EOF3 of HadISST1. Therefore, we suggest that

this SST pattern is primarily influenced by ENSO Figures 3E, F.
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Previous research has demonstrated that the ENSO can impact

the Southern Ocean. ENSO events lead to convective heating in the

tropical atmosphere, causing abnormal pressure changes that move

towards the south and east. These pressure fluctuations interact

with the Amundsen Sea Low (ASL) system, affecting SST in the

Southern Ocean through wind-induced and thermodynamic

reactions. This effect is also apparent in simulations of future

climate change (Li, 2000; Ciasto and England, 2011; Wang et al.,

2022). ENSO events can induce anomalous variations in sea surface

temperatures in the equatorial Pacific, subsequently influencing sea

surface temperatures in the Southern Ocean via ocean currents.

During El Niño events, the elevated SST in the central-eastern

equatorial Pacific induce alterations in atmospheric circulation,

causing a rise in SST in the eastern sector of the Southern Ocean.

Conversely, during La Niña events, the reduction in SST in the

central-eastern equatorial Pacific leads to a decline in SST in the

eastern part of the Southern Ocean (Wang et al., 2017; Ferster et al.,

2018). These changes align with the temperature anomalies

identified in EOF3 (Figure 1C). Consequently, the findings of the

third mode further substantiate the impact of ENSO events on

temperature fluctuations in the Southern Ocean, albeit the

contribution is relatively minor.
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FIGURE 2

(ERSSTV5 dataset) EOF analysis results of sea surface temperature in the Southern Ocean from 1870 to 2022. (A–C) show the spatial temperature
anomaly distribution (corresponding to positive PC values) and the contribution rate for EOF1, EOF2, and EOF3, respectively. (D–F) show the
corresponding time series fluctuations for each mode.
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Both HadISST1 and ERSSTV5 dataset clearly reveal the dominant

role of global warming on the SST of the Southern Ocean over the past

century (Figures 1, 2). This warming anomaly is more obvious after

1942. However, recent studies based on satellite data have shown a

cooling trend in the Southern Ocean since 1982 (Yang et al., 2023),

which appears to contradict to the warming trend indicated by EOF1.

According to our results, the PC2 of HadISST1 and PC3 of ERSSTV5,

which were interpreted as SST mode influenced by AMO here, shifted

to negative phase after approximately 1980. Therefore, we propose that

the negative phase of AMO since 1980 will possibly offset the warming

trend and resulting in cooling trending in the Southern Ocean.
4 Summary

The SST in the Southern Ocean plays a crucial role in the

global climate system, and its variations are influenced by multiple
Frontiers in Marine Science 05
factors. By analyzing the HadISST1 and ERSSTV5 datasets

(Figure 5) from 1870 to 2022 using the EOF method, we found

that the spatiotemporal characteristics of Southern Ocean SST are

closely related to global temperature anomalies, the AMO, and the

ENSO. Global temperature anomalies are identified as the primary

driver of Southern Ocean SST changes, exhibiting a persistent

increasing trend. In addition, both AMO and ENSO have

significant impacts on Southern Ocean SST, with a lagged

response of four years to AMO. The contributions of these two

modes differ between the two datasets, possibly due to variations

in data sources and resolutions. Specifically, since 1980, there has

been a clear global warming trend; however, the negative phase of

AMO and the positive phase of ENSO may have counteracted the

effects of global warming, leading to a cooling trend in Southern

Ocean SST since 1980. These findings suggest that global

warming, AMO, and ENSO are the primary factors influencing

Southern Ocean SST variations.
A
B

C
D

E F

FIGURE 3

(HadISST1 dataset) Spatial correlation between relevant indicators and sea surface temperature in the Southern Ocean in the EOF analysis from 1870
to 2022. (A, C, E) show the correlation analysis between GTA (Global Temperature Anomaly), AMO, SOI, and PC1, PC2, PC3, respectively, in terms of
time scale. (B, D, F) show the spatial correlation distribution between Southern Ocean SST and GTA, AMO, SOI, respectively.
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FIGURE 4

(HadISST1 dataset) Delayed and advanced correlations between various indicators and their corresponding time series in the EOF analysis from 1870
to 2022. The negative axis represents PC lagging behind the corresponding indicator, while the positive axis represents PC leading. The vertical axis
represents the correlation coefficient, and the gray and blue dashed lines represent the maximum correlation.
A

B

C

FIGURE 5

(ERSSTV5 dataset) Correlation between PC and relevant indicators in EOF analysis from 1870 to 2022. The correlation between (A) PC1 and GTA,
(B) PC2 and AMO, (C) PC3 and SOI.
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