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ABSTRACT: Air-sea coupling system in the southwestern Indian Ocean (SWIO; 35°-55°S, 40°~75°E) exhibits predomi-
nant multidecadal variability that is the strongest during austral summer. It is characterized by an equivalent barotropic at-
mospheric high (low) pressure over warm (cold) sea surface temperature (SST) anomalies and a poleward (equatorward)
shift of the westerlies during the positive (negative) phase. In this study, physical processes of this multidecadal variability
are investigated by using observations/reanalysis and CMIP6 model simulations. Results suggest that the multidecadal fluc-
tuation can be explained by the modulation of the Atlantic meridional overturning circulation (AMOC) and the local
air-sea positive feedback in the SWIO. In both observations/reanalysis and CMIP6 model simulations, the AMOC fluctua-
tion presents a significantly negative correlation with the multidecadal SST variation in the SWIO when the AMOC is lead-
ing by about a decade. The mechanisms are that the preceding AMOC variation can cause an interhemispheric dipolar
pattern of SST anomalies in the Atlantic Ocean. Subsequently, the SST anomalies in the midlatitudes of the South Atlantic
can propagate to the SWIO by the oceanic Rossby wave under the influence of the Antarctic Circumpolar Current (ACC).
Once the SST anomalies reach the SWIO, these SST anomalies in the oceanic front can affect the baroclinicity in the lower
troposphere to influence the synoptic transient eddy and then cause the atmospheric circulation anomaly via the eddy—mean
flow interaction. Subsequently, the anomalous atmospheric circulation over the SWIO can significantly strengthen the SST
anomalies through modifying the oceanic meridional temperature advection and latent and sensible heat flux.

KEYWORDS: Indian Ocean; Southern Ocean; Atmosphere-ocean interaction; Meridional overturning circulation;
Multidecadal variability

1. Introduction and atmospheric circulation pattern over the southern Indian
Ocean (SIO), particularly the Agulhas Current, retroflection,
and outflow zones in the southwestern Indian Ocean (Allan
et al. 1995; Reason et al. 1996; Reason and Lutjeharms 1998).
The Agulhas Current is the strongest western boundary cur-
rent in the Southern Hemisphere (Reason 2001; Rouault et al.
2003), where the oceanic front and storm track are intense
and the air-sea interaction is active (Rouault et al. 2002;
Nakamura et al. 2008; Nonaka et al. 2009). The low-frequency
variability of SST and atmosphere in the SIO can range from
a decadal to multidecadal time scale, characterized by an
equivalent barotropic low (high) over a cold (warm) oceanic
surface (Allan et al. 1995; Reason et al. 1996; Reason and
Lutjeharms 1998; Morioka et al. 2015a; Zhang et al. 2021),
and can notably influence the low-frequency precipitation var-
iation in southern Africa and Australia (Power et al. 1999;
Malherbe et al. 2014; Jury 2015).

The low-frequency climate variation of the SIO can arise
from external forcing exerted by volcanoes and the Antarctic
ozone hole or internal variability (Thompson et al. 2011; Gao
et al. 2023). For internal variability, substantial observations

@ Supplemental information related to this paper is available  and model simulations have proved that the midlatitude air—
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Understanding low-frequency climate variability is a key issue
in projecting future climate change and is a major challenge for
the climate research community. Many observational studies de-
tected midlatitude climate variability on the decadal to multide-
cadal time scale in the Northern Hemisphere, such as the Pacific
decadal oscillation (PDO) in the North Pacific and the Atlantic
multidecadal oscillation (AMO) in the North Atlantic (NA;
Wallace and Jiang 1987; Kerr 2000). Although some studies dis-
cussed low-frequency variability in southern Africa, Australia,
and the Southern Ocean (Power et al. 1999; Hogg and Blundell
2006; Jury 2015), low-frequency climate variability in the midlati-
tude Southern Hemisphere is still less understood.

Some studies implied the possible existence of decadal vari-
ability in austral summer of sea surface temperature (SST)
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upper-ocean current induced by surface wind stress (Cayan
1992; Seager et al. 2001; R. Zhang et al. 2020). Changes in
SST, particularly in the midlatitude oceanic frontal zones,
where the tropospheric baroclinicity is strong, may influence
the transient eddy activities to reinforce the atmospheric
anomalies through the eddy-mean flow interaction (Liu and
Wu 2004; Zhong et al. 2008; Fang and Yang 2011, 2016; Chen
et al. 2020). This mechanism has been demonstrated to be
one of the important processes responsible for the decadal
SST variability in the North Pacific and North Atlantic. (Latif
and Barnett 1994; Kushnir et al. 2002; Zhong et al. 2008; Fang
and Yang 2016). However, the features of the local air-sea
positive feedback and its potential impact on the SIO are still
not fully revealed.

Moreover, some remote forcings from the Pacific and
Atlantic can also influence the low-frequency SST variability
in the SIO (Reason et al. 1996; Morioka et al. 2015a, 2017; Le
Bars et al. 2016; Xue et al. 2018a,b). The climate variability in
the Pacific can affect the SST anomaly in the SIO by changing
the Indonesian throughflow on the decadal time scale
(Reason et al. 1996; Liu et al. 2015; Y. Zhang et al. 2018). Xue
et al. (2018a,b) mentioned that the South Atlantic (SA) multi-
decadal SST anomalies can impact the multidecadal fluctua-
tions in the SIO through an atmospheric bridge mechanism or
triggering an eastward propagating South Atlantic-Australia
(SAA) wave train. Additionally, the decadal SST and SLP
anomalies slowly propagating eastward from the SA can influ-
ence the oceanic and atmospheric patterns in the SIO as well
(Morioka et al. 2015a, 2017).

As an important multidecadal component of the global cli-
mate system, the Atlantic meridional overturning circulation
(AMOC) has a marked effect on the multidecadal variation
in both the Northern and Southern Hemispheres (Buckley
and Marshall 2016; Zhang et al. 2019). The AMOC variation
can influence the subtropical high in the SA via atmospheric
teleconnection (Orihuela-Pinto et al. 2022). Besides, the
AMOC can also result in extended regions of pronounced
seesaw structure of the SST anomalies in the Atlantic Ocean
by influencing the meridional oceanic heat transport. The pos-
itive phase of the AMOC is associated with enhanced north-
ward heat transport and therefore leads to the negative
(positive) SST anomaly in the midlatitudes of the SA (NA)
(Venzke et al. 2000; Vellinga and Wood 2002; Latif et al.
2004, 2006; Dima and Lohmann 2010; Sun et al. 2013, 2018).
Considering the significant influence of the AMOC on the cli-
mate variability in the SA, as well as the impact of the multi-
decadal anomalies in the SA on the SIO region, a linkage
might exist between the AMOC fluctuations and the low-
frequency variability of the SIO. However, few studies have
addressed this issue. The exact relationship between the AMOC
and the climate anomalies in the SIO is still unclear, and the pos-
sible physical processes by which the AMOC affects the SIO also
require further exploration.

The purpose of this paper is to investigate the characteris-
tics of the low-frequency variability of the SIO and to explore
the possible role of the AMOC in influencing the SIO. Mean-
while, the features and effects of the local air-sea positive
feedback on the low-frequency variability of the SIO will also
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be examined in the present study. The rest of the paper is or-
ganized as follows. Datasets, models, and methods used in
this study are described in section 2. In section 3, the charac-
teristics of the low-frequency variability of the SIO are pre-
sented. Section 4 attempts to investigate the possible impact
of the AMOC fluctuation on the SIO based on observations/
reanalysis and CMIP6 model simulations. Section 5 mainly
discusses the local air-sea positive feedback processes and
their role in maintaining the low-frequency anomalies in
the SIO. The discussion and conclusions are presented in
sections 6 and 7.

2. Datasets, models, and methods
a. Datasets and models

The datasets used in this study consist of 1) monthly mean
SST of National Oceanic and Atmospheric Administration
(NOAA) Extended Reconstructed SST dataset version 5
from 1870 to 2020 with a resolution of 2.5° (ERSST5; Huang
et al. 2017); 2) monthly mean atmospheric fields with a
horizontal resolution of 0.5° taken from the fifth-generation
European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis (ERAS) from 1950 to
2020, including sea level pressure, 10-m horizontal winds, sur-
face heat flux, net surface radiation, geopotential height, hori-
zontal wind, and air temperature from 1000 to 100 hPa (Bell
et al. 2020; Hersbach et al. 2019a,b); 3) daily horizontal winds
and air temperature from 1000 to 200 hPa with a 1° X 1° grid
of ERAS from 1950 to 2020 (Hersbach et al. 2018);
4) monthly mean oceanic temperature and zonal current of
the University of Maryland (UMD) Simple Ocean Data
Assimilation Reanalysis Version 2.2.4 (SODA 2.2.4) from 1950
to 2010 with a resolution of 0.5° (Carton et al. 2005; Carton and
Giese 2008); 5) monthly mean oceanic mixed layer depth of
NCEP Global Ocean Data Assimilation System (GODAS)
from 1980 to 2020 (Behringer et al. 1998); and 6) AMOC
streamfunction profiles from the RAPID array across the
Atlantic at 26°N since 2004 (Rayner et al. 2011).

To address the question of what the relationship between
AMOC and the low-frequency signal in the SIO is, the
monthly outputs of preindustrial control (piControl) simula-
tions from 10 models from phase 6 of the Coupled Model
Intercomparison Project (CMIP6; Eyring et al. 2016) are
examined in the present study (Table 1). The duration of
each model simulation is 450 years, except for GISS-E2-1-G
(344 years). For ease of analysis, the monthly SST and
sea surface height (SSH) of each model simulation are
remapped onto a 1° X 1° regular grid. Since the role of ex-
ternal forcing is not the focus of the present study, the long-
term linear trend in all observational and model variables is
removed.

b. Methods

The two-tailed Student’s ¢ test was used to determine the
significance levels of linear regression. To consider the influ-
ence of autocorrelation on degrees of freedom, the effective
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TABLE 1. Correlation coefficients between AMOC_SF,
AMOC_SST, and SST in the SA pole and NA pole on the
multidecadal time scale (>30 years). The period shorter than
17 years was removed to extract the multidecadal time scale in
the ACCESS-CM2, FGOALS-g3, and GISS-E2-1-G, in which
the multidecadal period of the AMOC is shorter compared with
other models. The numbers in parentheses represent the lagging
years of AMOC_SST when the correlation between AMOC_SF
and AMOC_SST reaches the maximum. Asterisks (*) indicate

ZHANG ET AL.

the correlation exceeding the 90% confidence level.

AMOC_SST

Model index SA pole NA pole
ACCESS-CM2 0.54 (5)* 0.19 0.65*
ACCESS-ESM1-5 0.55 (15)* —0.16 0.63*
CanESM5 0.06 (10) -0.17 —0.03
CESM2 0.80 (7)* —-0.01 0.88*
FGOALS-g3 0.85 (2)* 0.14 0.88*
GFDL-CM4 0.54 (3)* -0.29 0.65*
GISS-E2-1-G 0.40 (9)* -0.17 0.40%
HadGEM3-GC3.1-LL 0.75 (2)* —0.48* 0.68*
MIROC6 0.76 (1)* —0.27 0.76*
MRI-ESM2-0 0.77 (3)* 0.29 0.85 (3)*

number of degrees of freedom can be given by the following

approximation:

1
Neff

N NS

2y N

~ pxx(l)pyv(/)

1

in which N is the sample size, and p,, and p,, represent the
autocorrelations of time series x and y at time lag j. In the
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present study, two different AMOC indices are used. Due to
the lack of long-term observational data on the AMOC, a di-
pole index based on the annual mean SST difference between
the midlatitude North Atlantic (NA pole; 40°-60°N, 60°~10°W)
and the South Atlantic (SA pole; 40°-60°S, 50°W-0°) is con-
structed to represent the AMOC index in observations (Latif
et al. 2006) and it is referred to as AMOC_SST, which has
good consistency with the observational AMOC from the
RAPID since 200420 on a decadal time scale (not shown).
Additionally, we used the annual mean meridional overturning
streamfunction averaged from 20° to 30°N at a depth of 1000 m
in the Atlantic Ocean to construct another AMOC index that
is referred to as AMOC_SF. The AMOC_SST and AMOC_SF
have a good relationship in the CMIP6 models that we utilized,
except for CanESMS5 (Table 1).

3. Features of the multidecadal variability of the
southern Indian Ocean

The spatial distributions of the low-frequency SST variances
for different seasons in observations are illustrated in Fig. 1.
They reveal obvious decadal (>8 years) and multidecadal varian-
ces (>17 years) in all four seasons to the south of Madagascar
where the Agulhas Current system involving active air—sea inter-
action is located (Rouault et al. 2002) and indicate that the stron-
gest variance occurs during the austral summer [December—
February (DJF)] (Fig. 1d). Meanwhile, another center of the
large SST variance to the east of Madagascar is also noticed,
in particular during the austral winter [June-August (JJA)]
(Fig. 1b) and spring [September—November (SON)] (Fig. 1c),

(a)MAM decadal variance (b)JJA decadal varlance
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30E 60E 90E 120E  30E 60E 90E 120E 1870 1900 1930 1960 1990 2020
(f) Power Spectrum i
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0 1w L = ANR= 0 4o }QAJ 1é E
205 l éjp\ S 20S ‘ 15 5
oy =Nt
= O 509 4
408 P O F 408 T > 1
] =D 06 7
60S T T 60S T T 0.0 -
30E 60E 90E 120E  30E 60E 90E 120E 10° ‘o
C T T T
0 004 0.08 0.12 0.16 Frequency(cycle/years)

FIG. 1. Spatial distributions of the SST variance for (a) MAM, (b) JJA, (c) SON, and (d) DJF based on observations. The contour repre-
sents decadal-filtered component (>8 years) and the shading represents the multidecadal-filtered component (>17 years). The domain in
the blue box represents the region of the SWIO. (e) Time series of the SWIOI from 1870 to 2020 in DJF. (f) Power spectrum of the
SWIOI from 1870 to 2020 in DJF. The dashed line indicates the 90% confidence level.
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FIG. 2. Regression maps of (a) SST (shaded; °C), (b) SLP (shaded; hPa) and 10-m wind (vectors; m s~
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onto the multidecadal-filtered SWIOL. Time series of (¢) SWIOI (bar) and (d) SLPI (bar) and their multidecadal com-
ponents (black lines) based on observations/reanalysis in DJF from 1950 to 2020. Regression distributions in

pressure-latitude cross section of (e) geopotential height (shaded; m) and (f) zonal wind (shaded; m s~

1) zonally aver-

aged over 40°~75°E in DJF onto the multidecadal-filtered SWIOI. The contours in (f) represent the climatological
zonal wind in DJF. The stippling indicates the anomaly exceeding the 95% confidence level, and the domain in the

black box represents the SWIO.

which is associated with an anomalous geostrophic current along
the western boundary (Li and Su 2021) and significantly weaker
than that in the southwestern Indian Ocean. In the present study,
we focus on the low-frequency variability in the southwestern
Indian Ocean (SWIO; 55°-35°S, 40°-75°E; shown as the box in
Fig. 1). The area-averaged SST anomalies within it during DJF are
defined as the SWIO index (SWIOIL, Fig. 1e), which shows signifi-
cant interannual variability of 2-3 years and multidecadal variabil-
ity of about 50 years (Fig. 1f). Although decadal variability of
about 10 years can also be observed, it does not pass the signifi-
cance test, indicating the dominance of the multidecadal time scale
in the low-frequency variability of SST in the SWIO (Fig. 1f).

Figure 2 illustrates the characteristics of the air-sea cou-
pling system in the SWIO on the multidecadal time scale
based on observations/reanalysis. Positive SST anomalies
with a magnitude of 0.3°-0.4°C are observed in the SWIO
(Fig. 2a), accompanied by high pressure anomalies and anom-
alous easterly (westerly) wind near 40°S (55°S) (Fig. 2b).
Besides, negative SST anomalies appear along the coast of
western Australia (Fig. 2a), which may be related to Ningaloo
Nifio (Feng et al. 2013; Ryan et al. 2021). Based on the area-
averaged SLP anomalies during DJF in the SWIO region, an
SLP index (SLPI) is defined to display the SLP evolution.
Notably, the SWIOI and SLPI time evolutions exhibit good
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(c)AMOC_SST and SWIOI

Period(years/cycle)

3.0 1 1 1 1 1 1
2.0 4 F

0.0 1

-1.0 4
—AMOC_SST
—SWIOI 3

-2.0 4
T T T T T T T -3.0 T T T T T T

0.0 1— . A Y s——

10° 10
Frequency(cycle/years)

-40-35-30-25-20-15-10 -5 0 5 10 15 20
AMOC_SST leading

1950 1960 1970 1980 1990 2000 2010 2020
SWIOI leading

FIG. 3. (a) Power spectrum of SWIOI (black) and AMOC_SST (red) from 1870 to 2020, (b) lead and lag correlations between AMOC_SST
index and SWIOI on multidecadal time scale, and (c) normalized time series of multidecadal-filtered AMOC_SST (red) and SWIOI (black)
based on observations. The dashed lines in (a) and (b) indicate the 90% confidence level.

consistency on the multidecadal time scale with a high corre-
lation coefficient of 0.92 (Figs. 2c¢,d). The maximum magni-
tude of the multidecadal anomalies of SST and SLP can reach
0.5°C (Fig. 2c) and 1 hPa (Fig. 2d), and the multidecadal vari-
ability can account for 26.42% (Fig. 2¢) and 10.66% (Fig. 2d)
of the total variance of SWIOI and SLPI. Furthermore, re-
gressions of geopotential height and zonal wind averaged
over 40°-75°E at the pressure-latitude cross section clearly
present that the anomalous atmospheric geopotential height
exhibits high pressure anomalies with the center at 300 hPa
(Fig. 2e), known as equivalent barotropic warm/ridge struc-
ture (Fang and Yang 2016). The westerly (easterly) wind
anomalies prevail from surface to above 100 hPa in the mid-
latitude (subtropics), representing the poleward shift of the
westerly jet (Fig. 2f). In summary, the multidecadal variability
of the SWIO is characterized by a significant equivalent baro-
tropic high (low) pressure anomaly over the warm (cold) SST
and a poleward (equatorward) shift of the westerly wind dur-
ing its positive (negative) phase. In the following section, we
will examine the mechanisms including the remote forcings
and the local processes that are responsible for the multideca-
dal variability in the SWIO.

4. Potential modulation of the AMOC on the
multidecadal variability of the southern Indian Ocean

a. Observation

To explore possible remote influences on the SWIO multi-
decadal variability, the regression maps of SST leading from
30 to 0 years during the austral summer on the SWIOI are il-
lustrated in Fig. S1 in the online supplemental material. As
SST leads by up to 30 years, a significant dipole pattern of
SST anomalies appears in the Atlantic Ocean with positive
values over the NA and negative ones over the SA, and nega-
tive anomalies in the SWIO are relatively weak (Fig. Sla).
This dipole pattern of SST anomalies in the Atlantic has been
suggested as the result of the anomalous interhemispheric
ocean heat transport associated with AMOC variation (Latif
et al. 2006; Sun et al. 2013, 2018; Orihuela-Pinto et al. 2022).
Along with the fading of the Atlantic SST anomalies, signifi-
cantly negative SST anomalies gradually develop in the
SWIO (Figs. S1b,c). Subsequently, when the Atlantic dipolar

SST anomalies reverse sign, with negative (positive) anoma-
lies in the NA (SA), the warm SST anomalies occur and am-
plify in the SWIO (Figs. S1d—f). Further analysis is performed
on the AMOC_SST and SWIOI (Fig. 3), and their power
spectrums indicate a predominant variance at the roughly
common period between 50 and 100 years (Fig. 3a). Mean-
while, AMOC_SST and SWIOI time series present signifi-
cantly negative correlation (—0.88) when the AMOC leads by
8 years (Figs. 3b,c). These results manifest that the multideca-
dal variability of the SWIO is likely to be associated with the
proceeding AMOC variation.

Figure 4 presents the multidecadal SST and SLP regression
anomalies when they lag the AMOC_SST from 0 to 30 years.
At 0-yr lag, a dipole pattern of interhemispheric SST anoma-
lies is located in the Atlantic Ocean, with warm (cold) anoma-
lies in the midlatitude NA (SA) (Fig. 4a). Meanwhile, two
high pressure anomaly centers appear to the southwest of
Africa and Australia and a low pressure anomaly center occurs
at high latitudes (Fig. 4a). With the decline of the Atlantic SST
anomalies, negative SST anomalies and an anomalous low
pressure gradually establish in the SWIO several years later to
form the cold/trough structure (Figs. 4b,c). At 18-yr lag, the
AMOC_SST transforms into its negative phase (Fig. 4d) and
the associated anomalies of SST and SLP are a mirror image to
its positive phase (Fig. 4a). In the subsequent years, the warm
SST forms and the low pressure turns into a weak high pres-
sure in the SWIO (Figs. 4e.f). For more clear SST evolutions
associated with the AMOC_SST, the time-longitude section of
mixed layer heat content (OHC) anomalies averaged at
55°-40°S is illustrated (Fig. S2). The latitude band here is
slightly narrower than the 55°-35°S in which the SWIO is de-
fined to avoid the influence of the westward Agulhas Current
on the coast of southern Africa. Significant eastward propaga-
tion is observed from the eastern SA (15°W-0°) to the SWIO
(40°75°E) with a speed of 0.02 m s ! estimated by the distance
between the center of OHC anomalies in the SA (15°W) and
the SWIO (60°E) along the 50°S dividing the time when the
correlation between the AMOC index and SWIOI is the maxi-
mum. It is found that the speed of the eastward propagation is
comparatively slower than the speed of 0.09 m s~! of the upper
ocean mean zonal current at 15°-60°E. These results suggest
that the multidecadal SST variations in the SWIO may be
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(b)SST and SLP lag by 6yrs
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FIG. 4. Regression maps of SST (shaded; °C) and SLP (contours; hPa) at different lags for (a) 0, (b) 6, (c) 12, (d) 18, (e) 24, and (f) 30 years
in DJF onto the multidecadal-filtered AMOC_SST index based on observations/reanalysis. The stippling indicates the anomalies exceeding
the 95% confidence level. The domain in the green box represents the SWIO.

influenced by the AMOC-related OHC (SST) propagating
from the SA and then amplified by the local air—sea positive
feedback in the SWIO. Due to the limitation of the short ob-
servation, CMIP6 model simulations will be utilized to investi-
gate the abovementioned mechanism in the following section.

b. CMIP6 model simulations

In model simulations, the AMOC_SF is used to represent the
AMOC variation. According to previous studies, the AMOC
variation is closely related to the SST variation in the midlati-
tude Atlantic Ocean (Latif et al. 2006; Dima and Lohmann
2010). As is expected, the AMOC_SF and AMOC_SST are
positively correlated although the correlation reaches maximum
at different lags among different models (Table 1). Both
AMOC_SF and AMOC_SST show a similar multidecadal pe-
riod (figure not shown) in most of the models, except CanESM5
which will not be considered later. To investigate the impact of
the AMOC on the SWIO multidecadal SST variability, the
power spectrum analysis was performed to select the models, in
which the AMOC_SF has a similar multidecadal period as the
SWIOL There are five models (FGOALS-g3, GFDL-CM4,
HadGEM3-GC3.1-LL, MIROC6, and MRI-ESM2-0) that
satisfy the requirement (Fig. 5). The SWIOI and AMOC_SF
have the shortest multidecadal period of about 25 years in
FGOALS-g3 (Fig. Se) and the longest period around 100 years
in GFDL-CM4 and MIROC6 (Figs. 5fi). In terms of

HadGEM3-GC3.1-LL and MRI-ESM2-0, the common period of
the AMOC_SF and SWIOI is approximately 50 years (Figs. Shjj).
Although the AMOC _SF shows a similar multidecadal period
as the SWIOI in these five models, a significantly negative rela-
tionship between AMOC_SF and SWIOI is only obtained
in GFDL-CM4 and HadGEM3-GC3.1-LL (Table S1). Conse-
quently, GFDL-CM4 and HadGEM3-GC3.1-LL will be used to
investigate the impact of the AMOC on the multidecadal vari-
ability of SWIO. For the GFDL-CM4 model, although the
AMOC_SF presents significant period of about 50 and 100 years,
there is no peak of the variance around 50 years for the SWIOI
(Fig. 5f), so the period of the AMOC shorter than 60 years will
not be considered in this model. The period shorter than 30 years
will also be excluded to focus on the period around 50 years in
HadGEM3-GC3.1-LL. The possible reasons for the poor rela-
tionship between AMOC_SF and SWIOI in the other three mod-
els will be discussed later.

The magnitude of the multidecadal SST anomalies in the
SWIO can reach about 0.3°C and account for 11.26% and
23.92% of the total variance of SST variation in HadGEM3-
GC3.1-LL and GFDL-CM4 (figure not shown). As shown in
Fig. 6a, the AMOC_SF and SWIOI have a maximum correla-
tion coefficient of —0.33 when the AMOC leads SWIOI by
13 years in HadGEM3-GC3.1-LL. It is worth noting that the
period of AMOC shows a relatively long period of about
100 years after 200 years (Fig. 6b), which can explain its
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FI1G. 5. Power spectrums of the SWIOI (black) and AMOC_SF (red) in the CMIP6 model preindustrial simulations.

pronounced variance at 100 years in the power spectrum
(Fig. 5h). Despite this unstable period of the AMOC in the
450 years simulation, the phase of the SWIOI is still likely to
be the opposite of AMOC after 200 years (Fig. 6b). In terms
of GFDL-CM4, a strong negative correlation reaching —0.64
is found at the AMOC leading by 10 years (Fig. 6¢) and these
two indices also exhibit clearly opposite evolutions and a long
period of about 100 years (Fig. 6d).

The regression maps of SST and SLP onto the AMOC_SF
on the multidecadal time scale for HaddGEM3-GC3.1-LL and
GFDL-CM4 are taken to investigate the possible mechanism
of the AMOC linking the SWIO multidecadal variability (Fig. 7).
As for HadGEM3-GC3.1-LL, associated with the positive phase
of AMOC are positive SST anomalies in the NA pole and nega-
tive ones in the SA pole, accompanied by high pressure anoma-
lies to the south of Africa and southwest of Australia at 0-yr lag
(Fig. 7a), resembling the pattern in observations (Fig. 4a). At
15-yr lag, the negative SST anomalies spread to the SWIO and a
low pressure anomaly forms over these cold anomalies (Fig. 7b).
Whereafter, with the AMOC shifting to a negative phase, the
SST anomalies gradually reverse in the midlatitudes of the Atlan-
tic Ocean (Fig. 7c). Correspondingly, under the effect of the east-

ward propagation of the warm SST anomalies from the SA,
positive SST anomalies and anomalous high pressure develop
in the SWIO, and the significantly negative SST anomalies
with the low pressure anomaly propagate downstream to the
southeastern Indian Ocean and then decay (Figs. 7c,d). The
distributions of the SST and SLP in GFDL-CM4 bear some
similarities to those features in HadGEM3-GC3.1-LL al-
though the time scale of multidecadal variability is longer.
The out-phase SST anomalies start to appear in the NA pole
and SA pole at 0-yr lag (40-yr lag) (Figs. 7e,g), representing
the positive (negative) phase of the AMOC. Similarly, strong
negative (positive) SST anomalies with a low (high) pressure
occur in the SWIO after decades (Figs. 7f,h). Like observa-
tions, the SST anomalies in the SWIO also seem to be af-
fected by the eastward propagating SST anomalies related to
the AMOC from the SA and then amplified by the local air—
sea positive feedback in the SWIO in models.

To examine the mechanisms responsible for relationships
on AMOC-SWIO SST variability connection, the equation
for the temperature tendency anomaly in the mixed layer is
utilized, which is estimated as below (Stevenson and Niiler
1983; Jin et al. 2006):

T’ o’ LT T 0T LT T 0T’ LT T’ 0T
= +\-u—-—u —u +|-v—-—-7v —v +l-w,——w - w, s 2)
at pCpH dx ax ax ay ady dy 0z ¢ 0z 0z
ZA1 ZA2 ZA3 MAL MA2 MA3 VAL VA2 VA3
ZA MA VA
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where T, u, v, and w, denote temperature, zonal and meridio-
nal components of ocean currents in the mixed layer, and the
entrainment velocity. The temperature vertical gradient is cal-
culated by the temperature difference between the upper and
the bottom of mixed layer. The overbar and prime stand for
mean states and deviation from the climatology. The terms on
the right side of the equation represent the net surface heat
flux and radiation (Qpet), zonal and meridional temperature
advection, and entrainment process (ZA, MA, and VA).
Each advection term includes three components, which are
the advections of mean temperature gradients by anomalous
currents (ZA1l, MA1, and VAI), advections of anomalous
temperature gradients by mean currents (ZA2, MA2, and
VA2), and the nonlinear terms (ZA3, MA3, and VA3). The
terms p, C,, and H are the seawater density, specific heat of
seawater, and the climatological ocean mixed layer thickness.
Furthermore, Q can be decomposed as follows:

Q=LH+ SH + SW + LW, 3)
where LH, SH, SW, and LW denote latent heat flux, sensible
heat flux, shortwave radiation, and longwave radiation at the
surface, respectively, with positive values representing ocean
gaining heat.

Although many studies have demonstrated the impact of
the AMOC on the SA SST through changing the oceanic me-
ridional heat transport (Vellinga and Wood 2002; Latif et al.

2004, 2006; Sun et al. 2018), it is necessary to verify this mech-
anism in HaddGEM3-GC3.1-LL and GFDL-CM4 before using
them to investigate the impact of AMOC on the SWIO SST.
As shown in Figs. S3 and S4, when the SA SST is cold (Figs.
S3a and S4a), significantly negative MA1 anomalies appear in
the SA and along the east coast of South America (Figs. S3c
and S4c), representing the weakening of the Brazil Current
that is closely related to the AMOC variation (Schmid and
Majumder 2018; Chidichimo et al. 2023). Due to the possible
influence of the wind stress on the surface ocean current, the
meridional advection anomalies caused by the anomalous cur-
rent associated with the AMOC in the top 500 m (MAS500)
over the SA were also examined (Fig. 15). The strong nega-
tive MAS00 anomalies between 60° and 40°S are evident in
these two models, indicating its cooling effect on the SA
(Figs. 15fh). Meanwhile, Q,.; and ZA2 display positive
anomalies, favoring the damping of the cold water in the SA
(Figs. S3b,d and S4b.d), and the other processes show minor
effects (Figs. S3e and S4e). These results indicate that the
multidecadal temperature anomalies in the SA are predomi-
nantly induced by the meridional advection of mean meridio-
nal temperature gradient by anomalous meridional current
related to the AMOC.

To investigate the influence of the AMOC on the multide-
cadal SWIO SST, the regression maps of ZA2, QO and
MAI1, which have large magnitudes, onto the multidecadal-
filtered AMOC_SF index, are presented in Figs. 8 and 9. For
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FIG. 7. Regression maps of SST (shaded; °C) and SLP (contours; hPa) at different lags for (a) 0, (b) 15, (c) 30, and (d) 45 years in DJF
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in GFDL-CM4. The stippling indicates the anomalies exceeding the 95% confidence level, and the domain in the green box represents the

SWIO.

HadGEM3-GC3.1-LL, with the negative (positive) SST
anomalies in the SA (Figs. 7a,c), there are remarkably nega-
tive (positive) ZA2 anomalies in the SWIO at O-yr lag
(30-yr lag), conducive to the cooling (warming) of the SWIO
(Figs. 8a,c). These results suggest that the SA SST may affect
SWIO SST through the advection of anomalous temperature
by the mean zonal current. Once positive (negative) SST
anomalies spread from the SA to the SWIO, they act to cre-
ate an overlying anticyclone (cyclone) at the sea level and in
the troposphere through transient eddy feedback, which will
be examined in section 5. These changes in circulation provide
local positive feedback on the initial SST anomalies through
changing O, and MAL. This positive feedback can be ob-
served since the 15-yr lag when the low pressure anomaly es-
tablishes in HadGEM3-GC3.1-LL (Fig. 7b). At the 15-yr lag,
the anomalous westerlies in the northern flank of the low pres-
sure anomalies tend to strengthen the local westerlies, which
lead to enhanced upward turbulent heat fluxes and negative
QOher anomalies (Figs. 7b and 8f). At the 30-yr lag, the negative
Onet anomalies are gradually replaced by the positive ones due
to anomalous easterlies on the north side of the developing
high pressure anomaly (Figs. 7c and 8g). Besides, the local
air-sea interaction also modulates the MA1 to enhance the
SST anomalies. Due to the anomalous southerlies in the west
flank of the low pressure, the anomalous equatorward cur-
rent transports the colder water to the SWIO region from

high latitudes, leading to the negative MA1 anomalies at
15-yr lag (Figs. 7b and 8j). At 30-yr lag, the negative SST
anomaly and the low pressure anomaly propagate down-
stream. Although the negative MA1 anomalies caused by the
anomalous southerlies in the west flank of the low pressure
anomaly still tend to maintain the cold water, the positive
SST anomalies are already generated due to the warm water
propagating from the SA (Figs. 7c and 8k). Subsequently,
with the development of the anomalous high pressure and the
anomalous northerlies in its west flank (Fig. 7d), the positive
MAT1 anomalies appear in the SWIO induced by the poleward
current anomalies at 45-yr lag (Fig. 8l). It is worth noting that
there are also obvious negative Q. anomalies in the SWIO
at the O-yr lag, which may result from the enhanced wind
speed caused by the anomalous westerlies to the south of the
anticyclonic circulation at 0°-70°E (Figs. 7a and 8e). Similar
high pressure anomalies spanning midlatitudes of the south-
ern Indian Ocean can also be observed in observations
(Fig. 4a), which may be related to the Atlantic multidecadal
oscillation (AMO) via atmospheric teleconnection (Li et al.
2014; Simpkins et al. 2014; Zhu et al. 2021). Although the
AMO can impact the SWIO SST, this simultaneous effect is
not consistent with the highest correlation between the
AMOC and the SWIO SST when AMOC leads by a decade,
indicating a more important role of the eastward propagating
temperature anomalies from the SA.
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As for the GFDL-CM4 model, when the AMOC is in the
positive phase, there are negative SST anomalies in the SA
and negative ZA2 anomalies in the south of SWIO (Figs. 7e
and 9a). With AMOC gradually turning into its negative
phase, the warm SST occurs in the SA (Figs. 7f,g) and positive
ZA2 anomalies appear in the SWIO at 15- and 30-yr lags
(Figs. 9b,c). These results also indicate the possible effect of
the SA SST on the SWIO via mean zonal current in GFDL-
CM4. Meanwhile, the local air—sea positive feedback in the
SWIO is also clear. Different from HadGEM3-GC3.1-LL, the
low pressure anomaly already exists in the SWIO at 0-yr lag,
which may be induced by the underneath weak negative SST
anomalies (Fig. 7e). The anomalous westerlies (easterlies) in
the north flank of the low (high) pressure anomaly in the
SWIO increase (decrease) the local westerlies (Figs. 7e-h),
resulting in significantly negative (positive) Qe anomalies
(Figs. 9e-h). Additionally, the anomalous equatorward (pole-
ward) currents driven by anomalous southerlies (northerlies)
in the west flank of the low (high) pressure cause the negative
(positive) MA1 in the SWIO (Figs. 9i-1), also acting to am-
plify the negative (positive) SST anomalies of the SWIO.

To quantify the relative contribution of each process men-
tioned above to the multidecadal variability of the SWIO
SST, the mixed layer heat budget over the SWIO is analyzed.
The area-averaged mixed layer temperature anomalies, SLP
anomalies, and each term of Egs. (2) and (3) in the SWIO in a
quarter period are constructed by regressing them onto the
multidecadal-filtered SWIOI as the SWIOI lags from 0 years

to decades. For HadGEM3-GC3.1-11, a quarter period of the
mixed layer temperature in the SWIO is about 13 years, which
is consistent with the significant period of about 50 years of
the SWIOI (Fig. 5h). The enhancement of the pressure anom-
aly lags the increasing mixed layer temperature, suggesting
that the pressure anomaly is likely to be induced by the un-
derlying SST anomaly, which will be discussed in section 5.
During the development of the positive temperature anomaly,
the ZA2 anomaly remains positive, representing the influence
of the SA temperature anomalies on the SWIO via the mean
zonal current advection (Fig. 10c). As discussed above, once
the temperature anomalies reach the SWIO, the local air-sea
positive feedback is excited to amplify the SWIO temperature
anomalies via the Q. and MA1. The initial negative MA1
anomalies may be induced by the anomalous southerlies be-
tween a weak high pressure anomaly over the SWIO and a
weak low pressure to its east (figure not shown). However,
with the increase in the SLP over the SWIO, the positive
anomalies of Q. and MA1 gradually enhance (Figs. 10b,c),
which reinforce the positive SST anomalies of the SWIO. The
Ohets in which the LH is slightly larger than the other compo-
nents, shows a magnitude comparable to the ZA2 and stron-
ger than the MA1 (Figs. 10c,d).

For the GFDL-CM4 model, the mixed layer temperature
presents a longer quarter period of about 30 years (Fig. 11a).
Similarly, with the increase in the mixed layer temperature,
the SLP develops from a negative anomaly to a positive
anomaly (Fig. 11a). The positive anomaly of ZA2 contributes
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to the increased temperature in the first 6 years (Fig. 11c),
while ZA2 is relatively weaker than that in HadGEM3-
GC3.1-11. After ZA2 shifts to the negative anomaly, MA1
and Q. associated with the local air-sea positive feedback
tend to sustain the multidecadal SWIO SST anomalies
(Figs. 11b,c). Different from HadGEM3-GC3.1-11, the magni-
tude of O, is significantly weaker than MA1 and seems at-
tributed to weak changes in SH and SW (Fig. 11d). It should
be noted that MA2 also presents a significantly positive anom-
aly in GFDL-CM4 (Fig. 11c), whereas it plays a damping effect
in HadGEM3-GC3.1-LL (Fig. 10c). In GFDL-CM4, during
the development of the warm water in the SWIO, the strongest
warming is not in the center of SWIO, but along the southwest
side of the SWIO where the climatological meridional currents
are northward (Figs. S5a—c), which cause the positive MA2
anomalies in the SWIO (Figs. S5e—g). This warmer mixed layer
temperature along the southwest side of the SWIO is probably
associated with stronger positive ZA2 anomalies in the south
part of the SWIO (Figs. S5i,j), due to the blocking of weak
cool water to the south of Africa (Figs. SSa,b). That is, al-
though the area-averaged ZA2 is relatively weak, the spatial
pattern demonstrates its effect on modulating the mixed layer
temperature along the southern part of the SWIO, which will
further influence the SWIO by MA2. In contrast, the strongest
warming is located in the center of the SWIO (Figs. S6a—e)
and the positive ZA2 anomalies occur in most regions of the
SWIO (Figs. S6i—k), and thus there are no positive MA2
anomalies in HadGEM3-GC3.1-LL (Figs. S6e-h). The roles
of ZA2, MA1, MA2, and Q,. are also examined using

observations/reanalysis (Fig. S7), and their features are similar
to those in HadGEM3-GC3.1-LL.

According to the above investigation, the zonal mean cur-
rent plays a role in the eastward propagation of temperature
anomalies in the mixed layer from the SA to the SWIO. But
as shown in Fig. S2, the speed of the eastward propagation of
the OHC anomalies is significantly slower than the mean
zonal current. Therefore, a further examination is illustrated
by the time-longitude sections of the anomalies of the ocean
heat content (OHC) in the top 500 m and sea surface height
(SSH) averaged over 55°-40°S in models (Fig. 12). Note that
the approximate speeds of this eastward propagation from
SA to SWIO, which are 0.012 m s~ (HadGEM3-GC3.1-LL)
and 0.016 m s~' (GFDL-CM4) (Fig. 12), are significantly
slower than the average speed of 0.07 m s~ for the eastward
mean zonal currents in the top 500 m. As indicated by
Morioka et al. (2017), the eastward propagation of the SST
anomalies from SA to SWIO may be attributed to the quasi-
stationary Rossby wave, which is the superposition of the first
baroclinic Rossby wave and the background eastward current
(Hughes 1996). In the South Atlantic and south Indian Ocean
between 55° and 40°S, the typical speed of the westward first
baroclinic wave ranges from 0.03 to 0.05 m s~ ! (Chelton and
Schlax 1996; Cipollini et al. 2001). The velocity of the east-
ward propagating OHC anomalies roughly matches that of
the first baroclinic Rossby wave superimposed on the back-
ground eastward current. In Morioka et al. (2015a, 2017), the
eastward propagation speed is estimated at 0.015-0.03 m s~ !,
also significantly slower than the zonal mean current speed of
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0.1 m s~ !. Moreover, the SSH anomalies show a fairly similar
eastward propagation as OHC anomalies, suggesting a possi-
ble role of the oceanic Rossby wave. Therefore, aside from
the contribution from the mean zonal currents, the oceanic
Rossby wave driven by the Antarctic Circumpolar Current
(ACC) probably plays a more important role to propagate
the temperature anomalies from the SA to the SWIO
(Morioka et al. 2017).

In conclusion, the mean zonal current plays a role in propa-
gating the AMOC-related SST anomalies from the SA to
SWIO, but considering the slow speed of the eastward propa-
gation of the OHC and the coincident eastward propagation
of the SSH anomalies from SA to SWIO, the role of the oce-
anic Rossby wave driven by the ACC may play a more crucial
role in linking the SA with SWIO. Once the SST anomalies
reach the SWIO, it will induce the local atmospheric circula-
tion anomalies that have positive feedback on the SST anom-
alies by modulating MA1 and Q.. In the following section,
the mechanism by which the SST anomalies excite the atmo-
spheric circulation anomaly will be examined in both observa-
tions and models.

5. The local air-sea feedback in the southern
Indian Ocean

Previous studies have demonstrated the existence of an
oceanic front in the midlatitude SIO, acting to maintain the

1

mean surface air temperature (SAT) and thereby anchor
the associated storm track and modulate westerly jet via the
oceanic baroclinic adjustment (Nakamura et al. 2004, 2008;
Sampe et al. 2010; Ogawa et al. 2016), with the most apparent
coupling in the austral summer (L. Zhang et al. 2018, 2020).
The variation of SST in the oceanic front region can signifi-
cantly influence atmospheric circulation via modulating syn-
optic transient eddy activities (Deser et al. 2007; Nakamura
2012; Morioka et al. 2015b; Fang and Yang 2016; Zhang et al.
2021). To investigate this transient eddy-mediated process in
midlatitude SIO on the multidecadal time scale, the influence
of SST on the storm track activities and further the eddy forc-
ing on the large-scale atmospheric circulation will be investi-
gated in this section.

For describing the storm track activity associated with syn-
optic eddies, a poleward heat flux (v T") at 850 hPa and me-
ridional flux of westerly momentum (v'u’) at 250 hPa on
synoptic time scale are analyzed (Nakamura et al. 2004; Naka-
mura 2012; Morioka et al. 2015b). Here, u, v, and T denote
zonal wind, meridional wind, and air temperature, respec-
tively. The overbar and prime represent the seasonal mean
and transient perturbation, respectively. We first removed the
monthly climatology and long-term trend from the daily data
to obtain the anomalies of each variance (v/, u’, T") from
October to March and then extracted the period shorter than
8 days. Finally, v'T" and u’v’ are computed and averaged in
DJF. The atmospheric baroclinicity is diagnosed by the Eady

Unauthenticated | Downloaded 12/06/23 03:13 PM UTC



15 DECEMBER 2023

(a) Temp and SLP

ZHANG ET AL.

GFDL-CM4 (SWIO)

8773

(b)Heat budqet
1 1 1 1 1 020 1 1
0.20 1 |
- 0.20 A -
£ 0.10 010 I
o ©
S 5§ L —
2 0.00 000 £ 000 F=—m——m=——=—— -
2 9
g -0.10 -0.10 @ ——T tendency
-0.20 +—anet —ZA r
-0.20 A
T T T T T '020 T T T T T
-30 25 -20 -15 -10 -5 0 30 256 -20 -15 -10 -5 0
(c)Ocean current advection (d)Heat flux and radiation
020 1 1 1 1 1 020 1 1 1 1 1
0.10 1 / 0.10 1 -
——————
0.00 === ———— — — r 0.00 A
-0.10 e A - -0.10 +—CQnet —Lw -
MA2 ——ZA2 ——VA2 :;: Tsw '
-0.20 MAS ZA YAS -0.20 1 . . . .
-30 25 -20 -15 -10 -5 0 30 25 -20 -15 -10 -5 0

FIG. 11. As in Fig. 10, but for GFDL-CM4. These anomalies are obtained by regressing onto the multidecadal-filtered
SWIOI as the SWIOI lags from 30 to 0 years and then averaged over the SWIO.

(Feaay) determined by the convergence of vorticity flux trans-
port by transient eddies and the divergence of the horizontal
Eliassen—Palm flux (V - E) are analyzed:

growth rate that is defined as oy;; = 0.31fV/9z|/N, where V

denotes the horizontal wind and N is the Brunt-Viisald fre-

quency (Lindzen and Farrell 1980; Hoskins and Valdes 1990).
Furthermore, for assessing the contribution from synoptic

eddy to the tendency anomalies in geopotential height and

westerly mean flow, the transient eddy vorticity forcing Fegay =~

VIV (V)

4)
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FIG. 12. Regression maps of annual mean ocean heat content (OHC; shaded; 10* J m~2) in the top 500 m and sea
surface height (SSH; contour; m) meridionally averaged over 55°—40°S at different lags from 0 to 35 years onto the
multidecadal-filtered AMOC_SF in (a) HadGEM-GC3.1-LL. (b) As in (a), but for GFDL-CM4. Estimated propaga-
tion speed of the OHC is displayed at the top right of each panel. The stippling indicates the anomalies exceeding the
95% confidence level.
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FIG. 13. Regression maps of (a) meridional SST gradient (shaded; 107® °C m ™), (b) baroclinicity (shaded; day '),

() transient eddy heat flux at 850 hPa (shaded; °C m s~ '), (d) transient eddy momentum flux at 250 hPa (shaded; m 2 s~ 2),
(e) Feaay (shaded; m month™!), and (f) V - E (shaded; m s™* month™ ') zonally averaged over (40°~75°E) in DJF
onto the multidecadal-filtered SWIOI based on observations/reanalysis. The contours in (a)-(d) represent their cli-
matological values and in (e) and (f) the contours represent the regressions of zonally averaged geopotential height
and zonal wind over 40°-75°E in DJF onto the multidecadal-filtered SWIOI. The green shading indicates the anom-

aly exceeding the 95% confidence level.

—u'v|.

E= L@ =), 5)
2

Here, V is the horizontal wind vector, { represents the relative

vorticity, and u and v are the horizontal winds. The diver-

gence (convergence) of E indicates an increase (decrease) in

the climatological westerlies.

For observations (Fig. 13), the climatological oceanic front
is located between 40° and 45°S in the midlatitude SIO, ac-
companied by strong low-tropospheric baroclinicity and asso-
ciated active storms tracks (Figs. 13a—c). Corresponding to
the positive SST anomaly in the SWIO, the anomalous SST
meridional gradient at midlatitude displays a dipole-like
pattern, with positive (negative) anomaly on the poleward

(equatorward) flank of the climatological maximum, suggest-
ing the poleward shift and intensification of the climatological
oceanic front (Fig. 13a). As a response to the dipole-like pat-
tern of the gradient anomaly, the baroclinicity in the lower
troposphere also exhibits a meridional dipole structure, signif-
icantly enhanced (reduced) to the south (north) of the center
of mean-state baroclinicity. The enhancement of the barocli-
nicity leads to a coherent strengthening of the transient eddy
activities in the south of the climatological storm track in both
the lower and upper troposphere (Figs. 13c,d). However, in
spite of the large negative baroclinicity anomaly emerging to
the north of the oceanic front, the local storm activities do not
show the corresponding change. This geographically asym-
metric response of the storm track presumably results from
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the different sensitivity of the storm track to the latitudinal lo-
cation of the SST gradient anomaly; that is, when the SST gra-
dient is close to the subtropical jet, it will have a stronger
impact on the storm tracks (Brayshaw et al. 2008; Zhang et al.
2021). To further explore the effect of the synoptic eddies on
the geopotential height, the pressure-latitude section of the
regressed Feqqy averaged between 40° and 75°E is illustrated
(Fig. 13e). The Fqqy anomalies are featured as positive anom-
alies in the upper troposphere over the SWIO between 50°
and 40°S and negative anomalies are around 60°S, displaying
an equivalent barotropic structure with maxima at 200 and
250 hPa, respectively (Fig. 13e). This vertical distribution is
nearly in phase with the geopotential height anomaly (Fig. 13e).
These results suggest that the anomalous meridional SST gradi-
ent induced by the positive SST anomaly in the SWIO acts to
cause the storm track in the lower and upper troposphere to
shift poleward, thereby producing an equivalent barotropic pres-
sure anomaly via the vorticity forcing from synoptic eddies.
Moreover, with the close relationship between the storm track
variation and westerly jet based on the eddy—mean flow interac-
tion, the effect of anomalous transient eddies on the westerlies is
also investigated. According to Fig. 13f, anomalous divergence
(convergence) of E can be observed at 60°-50°S (45°-30°S) and
it is in phase with the zonal wind anomalies, which indicates the
roles of transient eddies in enhancing (reducing) the westerlies.
Despite the contribution of the transient eddies, about 37.2% of
the zonal wind anomaly is contributed by the meridional gradi-
ent of the air temperature based on the thermal wind balance
(figure not shown). Similar mechanisms are also evident in the
model simulations (Figs. S8 and S9). Interestingly, contrary to
the nonsignificantly negative anomalies of eddy activities re-
sponding to the decreased SST gradient and baroclinicity over
the north flank of positive SST anomalies, the reduced eddies ac-
tivities are obvious in the model simulations (Figs. S8c,d and
S9¢,d). The symmetry of the storm track response to the SST
anomaly in SWIO and the reason for this discrepancy between
observations and models need further investigation.

As discussed in section 4, as atmospheric anomalies establish
over the SWIO, it will amplify the multidecadal SST anomalies
in the SWIO by modulating the air—sea heat exchange and oce-
anic meridional advection. The effect of the MA1 is robust in
both model simulations and observations (Figs. 10c and 11c
and Fig. S7b). Although the Q,. shows a significant effect on
enhancing the multidecadal SST anomalies in the SWIO, the
magnitude of each component varies among models and obser-
vations. The LH contribution is slightly larger than the other
terms in HadGEM3-GC-3.1-LL, the SH and SW seem to be
more important in GFDL-CM4, and the LH and SH are pre-
dominant in the observations. Nonetheless, the local air-sea
positive feedback exists in both observations and model simu-
lations and presents an influential role in the multidecadal vari-
ability of the air-sea coupling system in the SWIO.

6. Discussion

As mentioned above, only 2 of 10 models can capture the
relationship between AMOC and SWIOI shown in observa-
tions. It is also worthwhile to investigate the possible reasons
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for their poor relationship in other models. According to the
above analysis, the eastward propagation of SST anomalies
from the SA associated with the AMOC variation is the key
process to link the AMOC and SWIO multidecadal variabil-
ity. Many studies have demonstrated that the enhanced AMOC
will lead to a cooler SA and a warmer NA by modulating the me-
ridional oceanic heat transport (OHT) (Latif et al. 2006; Dima
and Lohmann 2010; Sun et al. 2018, 2021). In the Atlantic, OHT
is northward everywhere and peaks at 20°N and the positive
phase of the AMOC leads to the strengthening of the northward
OHT with anomalous divergence in the SA leading to local cool-
ing (Buckley and Marshall 2016). However, unlike consistent pos-
itive correlations between AMOC_SF and SST variation in the
NA pole among different models, negative correlations between
AMOC and SST in the SA pole show distinct features. Six mod-
els showing the negative relationship between AMOC_SF and
SST in the SA pole, while only three of them (GFDL-CM4,
HadGEM3-GC3.1-LL, and MIROCS6) have a correlation above
—0.25 (Table 1). Some models, like ACCESS-CM2, FGOALS-g3,
and MRI-ESM2-0, even show weak positive correlations
(Table 1). According to the OHC anomalies in the upper
500 m associated with the positive phase of AMOC multideca-
dal variation, the exact location of the strongest cooling in the
SA varies across models (Fig. 14). Most models show the cool-
ing in the large region to the south of the equator (CanESMS,
CESM2, GFDL-CM4, GISS-ES-1-G, HadGEM3-GC3.1-LL, and
MIROCS), but only GFDL-CM4 and HadGEM3-GC3.1-LL
have the strongest cooling at midlatitudes in the Southern Hemi-
sphere (Fig. 14). The correlation between the AMOC_SF index
and the OHC in the top 500 m over the SA can reach —0.46
(GFDL-CM4) and —0.52 (HadGEM3-GC3.1-LL). Other models
(ACCESS-CM2, FGOALS-g3, and MRI-ESM2-0) only show
the cooling at low latitudes. These results imply that the suffi-
ciently strong temperature anomalies related to the AMOC vari-
ation in the SA pole are important for the AMOC influencing
SST variation in the SWIO.

The variable distributions of the OHC anomalies over the
South Atlantic associated with AMOC among different models
(Fig. 14) result from the different advection of mean meridional
temperature by anomalous currents. For those models in which
the SA shows cooling (Figs. 14c,f,g,h), the negative meridional
advection associated with the current anomalies in the top
500 m (MAS00) appears in the SA (Figs. 15c.f,g,h), with the
strongest negative MAS500 anomalies occurring in HadGEM3-
GC3.1-LL and GFDL-CM4 (Figs. 15fh), which is consistent
with the most significant cooling over the SA in these two mod-
els (Figs. 14f,h). Some other models, which present weak warm-
ing in the SA (Figs. 14ae,j), show weak positive MAS500
anomalies in the SA (Figs. 15a,e,j). Meanwhile, the different
OHC anomalies in the subtropical South Atlantic between
GFDL-CM4 and HadGEM3-GC3.1-LL may also result from
changes in MA500. Unlike the strong negative MA500 anoma-
lies in the subtropical South Atlantic in HadGEM3-GC3.1-LL
(Fig. 15h), there are weak positive MAS500 anomalies there in
GFDL-CM4 (Fig. 15f). Although the results suggest the impor-
tant role of the AMOC-related meridional advection on the oce-
anic temperature in the SA, these discrepancies among model
simulations require further investigation.
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FIG. 14. Regressed OHC (10* J m~?) in the upper 500 m onto the multidecadal-filtered AMOC_SF in the CMIP6 model preindustrial
simulations when the OHC lags. The lag year of each model is shown in Table 1. The stippling indicates the anomalies exceeding the 95%
confidence level. The green box denotes the SA pole, covering 40°-60°S, 50°W-0°.

But how does the multidecadal variability in the SWIO
form in those models where the AMOC cannot affect the
SWIO—especially for FGOALS-g3, MIROC6, and MRI-
ESM2-0, in which the period of the AMOC_SF and SWIOI
has a good resemblance? To address this question, the lead
and lag correlations between SLPI and SWIOI are investi-
gated (Fig. S10). For observations/reanalysis and GFDL-CM4
model, the maximum positive correlation appears when the
SWIOI leads by several years, and HadGEM3-GC3.1-LL
shows the largest simultaneous correlation. In contrast, for the
other three models, the highest correlations occur when SLPI
leads by several years. This suggests that the multidecadal vari-
ability of the SWIO in these models may be first triggered by
atmospheric forcing. The slow changes of the subsequent SST
can be explained as the integral response of ocean to continu-
ous random atmospheric forcing and air-sea coupling appears
to modify the amplitude of the variability (Hasselmann 1976;
Power et al. 1995; Delworth and Greatbatch 2000).

7. Conclusions

The characteristics and formation processes of the low-
frequency variability of the air—sea coupling system in the SWIO

were investigated in this study. The results indicate that the SST
and atmospheric circulation present significant multidecadal
variability in the SWIO, where the Agulhas Current system is
located and the local air—sea interaction is intense. This multideca-
dal anomaly of the air-sea coupling system is strongest during the
austral summer and characterized by an equivalent barotropic at-
mospheric high (low) pressure over a warm (cold) SST and a
poleward (equatorward) shift of the westerly wind band during
the SWIO positive (negative) phase.

The schematic diagram depicting the mechanisms responsi-
ble for the formation of the multidecadal variability in the
SWIO is shown in Fig. 16. It is found that the preceding
AMOC has a pronounced effect on the multidecadal SST vari-
ability in the SWIO. They present a markedly negative correla-
tion when the AMOC is leading by about a decade, which was
demonstrated by both observational analysis and CMIP6 mod-
els (HadGEM3-GC3.1-LL and GFDL-CM4). The AMOC
variation can lead to a dipole pattern of SST anomalies in the
midlatitudes over the Atlantic Ocean through changing the me-
ridional heat transport, and the anomalies in the SA propagate
to the SWIO. Although anomalous zonal temperature advec-
tion by mean zonal current plays some role in the eastward
propagating temperature anomalies, this propagation shows a
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FIG. 15. Regressed meridional temperature advection associated with the current anomalies (°C yr™!) averaged at 70°W—-20°E in the upper
500 m of the South Atlantic onto the multidecadal-filtered AMOC_SF index in the CMIP6 model preindustrial simulations when the temper-
ature advection lags. The lag year of each model is shown in Table 1. The red lines denote the anomalies passing the 95% confidence level.

slower speed than the mean zonal current. According to the In addition, the local air-sea positive feedback plays an im-
evolution of the SSH that is fairly similar to the SST, this east-  portant role in maintaining and strengthening this multidecadal
ward propagation of the SST may be mainly attributed to the  variability in the SWIO. Once the SST anomalies associated

ocean Rossby wave driven by the ACC. with the AMOC multidecadal variation reach the SWIO, the
/ / /
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FIG. 16. Schematic diagram describing the possible formation processes of multidecadal variability of the air-sea coupling
system in the SWIO associated with negative phase of AMOC.
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corresponding pressure anomaly will be generated through
changes in transient eddy activities induced by changes in the
lower tropospheric baroclinicity related to changes in the me-
ridional SST gradient. This pressure anomaly will further
amplify the underneath SST anomalies through the local air-sea
positive feedback by changes in the net surface heat flux and the
meridional temperature advection. When the SWIO is domi-
nated by a high pressure anomaly, the decreased westerlies
caused by the easterlies in the north flank of the high pressure
anomaly lead to less latent and sensible heat loss from the ocean.
Besides, the anomalous southward current driven by the anoma-
lous northerlies in the west flank of the high pressure anomaly
causes the stronger southward temperature advection, reinforc-
ing the warming in the SWIO.

However, we also noted that some other models fail to cap-
ture the negative correlation between the AMOC and multi-
decadal SST variations in the SWIO, which may be due to
their weak SST anomalies and the nonsignificant AMOC-
related meridional temperature advection in the SA. In these
models that show a poor relationship between AMOC and
SWIO SST, the integral response of the ocean to continuous
random atmospheric forcing may be more important for
forming the multidecadal SST anomalies in the SWIO. The
discrepancy in the AMOC-related meridional temperature
advection among CMIP6 models is worth further study. Be-
sides, the possible impacts of the multidecadal variability of
the air-sea coupling system in the SWIO also need explora-
tion in the future.
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