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Interannual impact of tropical southern Atlantic SST on
surface air temperature over East Asia during boreal spring
Chen Sheng 1, Shaoyu Zhang1,2, Yimin Liu 1,2✉, Guoxiong Wu1,2 and Bian He1,2

Using reanalysis data and simulations, this study revealed a pronounced negative interannual relationship between tropical
southern Atlantic (TSA) sea surface temperature (SST) and East Asian surface air temperature (SAT) during boreal spring
(March–May). Results confirm that the March–May TSA–SST anomaly can be considered an independent tropical driver unrelated to
El Niño–Southern Oscillation. A possible mechanism linking TSA–SST and East Asian spring SAT involves an atmospheric wave train,
energy conversion, and potential vorticity (PV)–θ dynamics. The anomalous TSA–SST induces an anomalous Walker circulation,
which initiates a wave train that extracts energy from a westerly jet and propagates toward East Asia. Subject to PV–θ dynamics, the
East Asian PV anomaly embedded within this wave train leads to bowed isentropes and resultant notable anomalous East Asian
SAT. In particular, the bootstrapping results suggest that TSA–SST anomaly can cause an approximately sevenfold increase in the
occurrence probability of extreme East Asian spring SAT.
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INTRODUCTION
East Asia, with its dense population that accounts for approxi-
mately one-fifth of the global population, is heavily reliant on
spring conditions for sowing and cultivating crops. Spring surface
air temperature (SAT) plays a vital role in East Asian agricultural
production, with profound impacts on society, the economy, and
people’s livelihoods1. Therefore, understanding the factors that
drive the variation in SAT in spring over East Asia is crucially
important.
Previous studies indicated that various atmospheric interior

signals, such as the Arctic Oscillation2–9, North Atlantic Oscilla-
tion10–14, and Siberian High3,4,15,16, play roles in East Asian SAT
variation. For example, the Arctic Oscillation can influence East
Asia via thermal advection and surface radiation during boreal
spring7, and cold wave outbreaks associated with the Siberian
High during boreal winter3,14,15. The North Atlantic Oscillation can
influence East Asia during boreal winter and summer via a quasi-
stationary Rossby wave11,13 along the westerly jet that is
modulated by the meridional gradient of potential vorticity
(PV)11. In addition, the impact of Arctic Sea ice on East Asian
SAT in boreal winter has also been discussed17–20. However, the
role of oceanic forcing in East Asian SAT variation, particularly
during boreal spring, has received less attention.
Tropical oceans have an important influence on global climatic

anomalies. In addition to the extensive research conducted on the
climatic effects of the El Niño–Southern Oscillation (ENSO)21–27,
Indian Ocean sea surface temperature (SST)28–30, and northern
Atlantic SST7,9,31–34, the climatic effects of tropical southern
Atlantic (TSA) SST have also drawn research attention in the
scientific community. Some studies implied that TSA–SST during
boreal spring is statistically independent of tropical northern
Atlantic SST35–37 and is possibly independent of ENSO38–41. Earlier
studies that investigated the climatic effects of TSA–SST found
that TSA–SST can influence Indian monsoon rainfall independently
of ENSO39 and that the TSA–SST anomaly can lead to an East Asian
Meiyu onset anomaly via the Walker circulation and the Gill

response40. It has also been reported that TSA–SST can drive cross-
equatorial atmospheric PV transport over the Indian Ocean sector
and influence SAT over the mid–high latitudes of Eurasia through
the PV circulation41. Moreover, the TSA–SST is a major driver of the
dominant mode of East Asian monsoon rainfall through the
excitation of an atmospheric wave train42. However, studies
regarding the connection between the TSA–SST and East Asian
spring SAT remain insufficient and deserve further investigation.
The objectives of this study were to identify the interannual

impact of the TSA–SST on East Asian SAT during boreal spring,
which specifically refers to March–May (MAM), and to elucidate
the possible controlling mechanism through data analysis and
numerical experiments. Based on the results of this study, we
propose a convincing candidate driver of the East Asian spring
climate anomaly that could help further improve our under-
standing of the variation in East Asian SAT during MAM.

RESULTS
Relationship between the TSA–SST and East Asian SAT
during MAM
The first and second modes of the empirical orthogonal function
(EOF) of tropical Atlantic SST during MAM are shown in Fig. 1a, b,
respectively. Their explained variances are 37.1% and 25.1%,
respectively. The major center of variation in EOF1 (Fig. 1a)
featuring a uniform mode is in the tropical northern Atlantic, while
the center of major variation in EOF2 (Fig. 1b) is in the TSA region.
The distinct separation between EOF1 and EOF2 is statistically
significant, as confirmed by the North test43. This finding indicates
that the interannual variability in SST over the TSA is statistically
independent of that in the tropical northern Atlantic35,40.
Figure 1c presents the EOF1 mode of SST for the entire tropical

ocean during MAM. The explained variance in this mode is 34.9%.
A positive anomaly can be observed over the equatorial
central–eastern Pacific, while negative anomalies extend along
its flanks in a K-shaped pattern. This pattern over the Pacific,
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accompanied by uniform positive anomalies over the Indian
Ocean, closely resembles the typical ENSO signal44. We calculated
the correlation coefficient between the first principal component
(PC1) corresponding to Fig. 1c and the MAM Niño3.4 index
(NINO34). The result yielded a remarkably high correlation
coefficient of 0.96 (Fig. 1d). An important feature of note in Fig.
1c is that the Atlantic sector exhibits a pattern that closely
resembles the EOF1 mode of tropical Atlantic SST (Fig. 1a). This
finding suggests that interannual variability in SST over the
tropical northern Atlantic is coupled with ENSO32,38.
Owing to the statistical independence of the variability in SST

over the tropical northern Atlantic and the TSA (Fig. 1a, b), the
correlation coefficient between the MAM NINO34 and the TSA
index (TSAI), which is measured by the normalized averaged MAM
SST over 0°–30°S and 40°W–15°E (as indicated by the box shown
in Fig. 1b), is expectedly small, measuring only 0.008 (Fig. 1d). We
also calculated the correlation coefficient between the TSAI and
the preceding December–February NINO34, and the result was
found to be statistically insignificant at 0.23. The above results
indicate that TSA–SST variability is statistically independent of
ENSO, which is a finding that has been partly alluded to in
previous work39,41. Consequently, TSA–SST can be considered an
independent tropical driver during MAM.
Figure 2 shows the regression of the 2-m air temperature on the

TSAI during MAM. It is evident that the anomalous TSA–SST is
associated with the widespread SAT anomaly over Eurasia. At

mid–low latitudes, a belt of positive values extends from western
Africa to southern Asia. There is also a positive regression
relationship over the Tibetan Plateau, but the associated regres-
sion coefficients are statistically insignificant. The positive regres-
sion relationship may be related to the eastward propagation of a
downwelling Kelvin wave induced by the tropical Atlantic SST
anomaly45. The dynamic origin of the regression relationship at
mid–high latitudes is distinct from that at mid–low latitudes. At
mid–high latitudes, a wave-train-like SAT anomaly is evident
across Eurasia, which is of particular interest in this study. Small
centers are observed over Western Europe (marked by A) and the
East European Plain (marked by B), whereas the most prominent
center with a strong negative regression relationship is over East
Asia, including Mongolia (marked by C), eastern China, North
Korea, South Korea, and Japan. This significant negative pattern is
concentrated in the region from Mongolia to eastern China, which
is outlined by the dashed box in Fig. 2. For simplicity, in the
following, the term East Asia refers to the region outlined by the
dashed box unless stated otherwise. The correlation coefficient
between the TSAI and the box-averaged SAT was −0.62, passing
the Student’s t-test at the 0.01 significance level. The negative
regression pattern over East Asia resembles the shape of the
Siberian High3. Owing to the blocking effect of the Tibetan
Plateau, the cold (warm) SAT anomaly embedded within the
Siberian High can spread to the Yangtze River valley in eastern
China. The composite patterns of SAT differences (Fig. S1)

Fig. 1 EOF modes of SST in the tropical Atlantic and entire tropical ocean during MAM. a EOF1 mode of tropical Atlantic SST during MAM.
b Same as a but for EOF2. c same as a but for SST over the entire tropical ocean. d Time series of the TSAI (bars), MAM NINO34 (black line), and
PC1 (green line) corresponding to (c). “***” indicates a significance level exceeding 0.01.
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between the warm and cold TSA–SST anomalies based on the
different threshold values of the TSAI are consistent with the
regressed results (Fig. 2). These results suggest that warm (cold)
TSA–SST anomalies favor statistically significant cold (warm) East
Asian SAT anomalies.

Mechanism by which the TSA–SST influences East Asian SAT
during MAM
Figure 3a presents the regressed 200-hPa geopotential height
(contours) on the TSAI and the correlation between the 200-hPa
horizontal wind (vectors) and the TSAI. In the warm TSA–SST
phase (TSAI > 0), an anomalous easterly prevails from the
equatorial Atlantic to the central Pacific. This anomalous easterly
flow is mainly caused by the anomalous Walker circulation (Fig.
S2). Figure S2 presents the correlation coefficients between the
TSAI and the zonal-vertical circulation averaged over 10°S–10°N.
Evidently, the warm TSA–SST leads to a significant ascending
motion anomaly over the TSA region. The ascending motion
anomaly turns to an anomalous easterly aloft, and the significant
easterly anomaly can cover the equatorial Atlantic to the
central–eastern Pacific. This process is in accordance with the
model simulation conducted by Zhang et al.40. Consequently, due
to the meridional shear of the easterly anomaly, a significant
anomalous high and anticyclonic circulation is triggered to the
south of North America (SNA) (Fig. 3a). A large-scale wave train
extending from the SNA to Eurasia is evident in Fig. 3a. An analysis
of the wave activity flux (Eq. 1) shown in Fig. 3b suggests that the
wave energy originates from the SNA and disperses downstream
toward the Mongolia-centered region. The anomalous PV (Eq. 2)
(Fig. 3b) embedded within this wave train is well organized and
arranged alternately downstream along the wave energy path.
The cold TSA–SST phase (TSAI < 0) corresponds to the opposite
situation of atmospheric circulation. The 200-hPa centers of this
wave train in the Eurasia sector (Figs. 3a, b) are broadly collocated
with the anomalous SAT (Fig. 2), indicating that the atmospheric
wave train plays a critical role in connecting the TSA–SST anomaly
and the East Asian SAT anomaly.
To further elucidate the detailed dynamics of the atmospheric

wave train, Fig. 3c presents the spatial distribution of the energy
diagnostic. Prominent conversion of the kinetic energy46 (CK; Eq.
3) signal can be observed south of the subtropical westerly jet,
specifically, near the SNA region (outlined by the red dashed box
in Fig. 3c). The SNA-averaged CK is positive (subplot in Fig. 3c),

indicating that the anomalous circulation over the SNA extracts
energy from the climatic state of the subtropical westerly jet
(contours). This finding further confirms that the SNA serves as a
wave source in the atmospheric wave train. Further analysis
reveals that the positive SNA-averaged CK is primarily contributed
by the CKy (Eq. 3) that results from positive �u0v0∂u=∂y (Fig. 3c).
This finding aligns with previous theoretical work by Simmons et
al.47, suggesting that the northward-propagating wave train
(�u0v0 > 048) could extract energy from the region to the south
of the subtropical westerly jet (∂u=∂y > 0), and therefore, the
subtropical westerly jet could anchor the location of the
associated wave train.
Figure 3d presents the composite differences in 200-hPa

geopotential height (contours) and wind (vectors) between the
POS and NEG experiments (see details in the Experimental design
in the Methods section). The tropical easterly anomaly associated
with the Walker circulation anomaly, whose meridional shear is
critical for triggering the wave train, is simulated in Fig. 3d. In
comparison with the reanalysis (Fig. 3a), the major difference is
that the wave train over the North America sector shifts eastward.
Because of the anchoring effect of the subtropical westerly jet, this
difference can be ascribed to the systemic wind bias introduced
by the eastward shift of the maximum center of the subtropical
westerly jet over North America in the model (Fig. 3d). Despite this
difference, the atmospheric wave train is generally well simulated,
especially the anomalous cyclonic circulation over the Mongolia-
centered region. Therefore, the model experiment supports the
assertion that the TSA–SST anomaly can stimulate the atmo-
spheric wave train that influences East Asian SAT during MAM.
In examining how the atmospheric circulation anomaly with

embedded anomalous PV influences East Asian SAT, Fig. 4a
presents the cross-section (along the line A–B–C in Fig. 2) of the
correlation coefficients between the TSAI and both PV (shading)
and potential temperature (contours). Figure 4a suggests that the
200-hPa PV anomaly (Fig. 3b) can extend to the surface and form
three equivalent barotropic PV columns. Recalling the PV–θ
mechanism49,50, the atmospheric positive (negative) PV anomaly
(Fig. 4b, c) would vertically suck (drain) the isentropes, resulting in
upward (downward) bowing of the isentropes beneath the PV
anomaly itself. Because upward-bowing (downward-bowing)
isentropes indicate a cold (warm) air temperature anomaly, these
PV columns would lead to SAT anomalies. Subject to the PV–θ
mechanism, in the warm TSA–SST phase, the positive PV column

Fig. 2 Regression of SAT on the TSAI during MAM. T2M indicates the 2-m air temperature (unit: °C). Areas with values exceeding the
0.05 significance level are highlighted by black dots. Letters A, B, and C mark the centers of a wave-train-like SAT anomaly. The dashed box
outlines the significant center of the East Asian SAT anomaly. The blue line denotes the boundary of the Tibetan Plateau topography with an
elevation of 3000m. “***” indicates a significance level exceeding 0.01.
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Fig. 3 Mechanism by which the TSA–SST influences atmospheric circulation during MAM. a Regression of 200-hPa geopotential height
(shading; unit: gpm) on the TSAI during MAM. Correlation coefficients between the TSAI and the 200-hPa horizontal wind (vectors) during
MAM. Vectors exceeding the 0.05 significance level are shown. b Correlation of 200-hPa PV (shading) and regressed wave activity flux (vectors)
on the TSAI during MAM. c Regression of CK and its components on the TSAI during MAM. Vectors are the same as those in (a). Based on Eq.
(3), the subplot shows the energy diagnostics result averaged over the red dashed box. The blue and green lines indicate zonal winds
exceeding 25 and 30m/s, respectively. d Differences in 200-hPa geopotential height (contours) and horizontal wind (vectors) between the
POS and NEG ensemble means during MAM. The dashed blue line indicates the Rossby wave train. Yellow shading indicates the zonal wind
exceeding 25m/s in the climate model. Areas exceeding the 0.05 significance level are highlighted by dots in (a) and (b). The thick blue line in
East Asia denotes the boundary of the Tibetan Plateau topography with an elevation of 3000m.
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(Fig. 4a; shading) over the Mongolia-centered region (marked by
C) would therefore induce a major cold air temperature anomaly
at the lower level (dashed contours), and the converse situation
would occur in the cold TSA–SST phase. Finally, assisted by the
blocking effect of the Tibetan Plateau (Fig. 2), the SAT anomaly
embedded within the Siberian High3 could spread to eastern
China, ultimately covering the broader area of East Asia.

Impact of TSA–SST on extreme SAT over East Asia
during MAM
Based on reanalysis data, Fig. 5 presents probability density
functions of MAM SAT averaged over East Asia (within the dashed
box shown in Fig. 2) estimated from Monte Carlo bootstrap
samples51,52 in terms of the climatic mean (black curve), warm
TSA–SST phase (blue curve in Fig. 5a), and cold TSA–SST phase
(red curve in Fig. 5b). The resampling process was executed
100,000 times. The extreme cold and hot threshold values,
determined by the 10th percentile (Fig. 5a) and 90th percentile
(Fig. 5b) of the climatic distribution of the probability density
function, respectively, are indicated by the vertical black lines. An
extreme cold (hot) spring is identified when the SAT is smaller
(greater) than the extreme cold (hot) threshold value. In the warm
TSA–SST phase (Fig. 5a), the probability density function is shifted
markedly to the left, leading to a probability of an extremely cold

spring of up to 79%. In the cold TSA–SST phase (Fig. 5b), the
probability density function is shifted markedly to the right,
leading to a probability of an extremely hot spring of up to 86%.
These results indicate that the TSA–SST anomaly can cause a
substantial increase (approximately a 7-fold increase from 10% to
approximately 80%) in the occurrence probability of extreme
MAM SAT in East Asia.

DISCUSSION
This study investigated the impact of the TSA–SST on East Asian
SAT during MAM on the interannual timescale. Our findings
support the assertion that the TSA–SST variability is statistically
unrelated to ENSO and tropical northern Atlantic SST during MAM,
and the TSA–SST can be considered an independent tropical
driver. Further results suggest a significant negative relationship
between the TSA–SST and East Asian SAT in that a warm (cold)
TSA–SST anomaly favors a cold (warm) East Asian SAT anomaly.
The underlying mechanism driving this relationship involves a
wave train extending from North America to East Asia, energy
conversion, and the PV–θ mechanism, as summarized by the
schematic presented in Fig. 6. A warm TSA–SST anomaly (Fig. 6b)
leads to an anomalous upper-level easterly (Fig. 6a), which prevails
over the tropical Atlantic to the tropical eastern Pacific owing to
an anomalous Walker circulation. The meridional shear of the

Fig. 4 Structure of anomalous PV and potential temperature. a Cross-section of the correlation coefficients between the TSAI and potential
temperature (contours) and PV (shading) along lines A–B–C in Fig. 2 during MAM. Solid (dashed) lines indicate positive (negative) values. Areas
with values exceeding the 0.05 significance level are highlighted by white dots. b and c Schematic showing the PV–θ mechanism for the case
of a positive and negative PV anomaly, respectively. Colored circles in (b) and (c) indicate positive and negative PV anomalies, respectively.
Dashed lines in b and c indicate isentropes.
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anomalous easterly (Fig. 6a) triggers an anticyclonic circulation
anomaly over the SNA region, and the resultant SNA anticyclonic
circulation anomaly initiates a large-scale wave train by extracting
energy from the basic subtropical westerly jet (green line in Fig.
6a). This wave train eventually reaches East Asia and leads to an
anomalous cyclonic circulation and a positive PV anomaly over the
Mongolia-centered region (Fig. 6a). Subject to the PV–θ mechan-
ism, the isentropes in the lower part of the positive anomalous PV
column (brown cone-like structure in Fig. 6) bow upward and
induce the East Asian cold SAT anomaly (Fig. 6b). The blocking
effect of the Tibetan Plateau facilitates the advection of the cold
SAT anomaly toward eastern China and ultimately across much of
East Asia. Conversely, a cold TSA–SST anomaly corresponds to the
opposite set of atmospheric conditions and SAT anomalies.
Our findings also highlight the impact of the TSA–SST on the

probability distribution of East Asian SAT (Fig. 5). Specifically, it was
found that the TSA–SST anomaly can markedly shift the probability
density functions of East Asian SAT (Fig. 5), leading to a substantial
increase in the occurrence probability of extreme SAT over East Asia
during MAM. Monte Carlo bootstrapping indicates that the warm
(cold) TSA–SST phase can increase the occurrence probability of an
extreme cold (hot) spring in East Asia from 10% to up to 79% (86%).
We also examined the relationship between ENSO and East

Asian MAM SAT. Figure S3a presents the EOF1 of East Asian SAT
during MAM. The correlation coefficient between the East Asian
SAT PC1 and MAM NINO34 was found to be very low, i.e., 0.005
(Fig. S3b). However, as expected, the correlation coefficient
between the East Asian SAT PC1 and TSAI was significantly high
at 0.55, passing the Student’s t-test at the 0.01 significance level
(Fig. S3b). This result suggests that East Asian MAM SAT is
statistically unrelated to ENSO but is closely determined by
TSA–SST, reconfirming the important role of TSA–SST in the
interannual variability of the spring climate of East Asia.
Identification of a precursor of MAM TSA–SST to improve the skill
in predicting East Asian spring SAT, which is subject to the
predictability barrier of ENSO53–55, is an interesting topic that will
be studied in the future.

METHODS
Reanalysis data
Monthly ERA556 (the fifth generation ECMWF atmospheric
reanalysis of the global climate) data were employed in this
study. Pressure level data included zonal wind, meridional wind,
geopotential height, and air temperature data. Single-level data
included 2-m air temperature and surface pressure. SST data were
obtained from the COBE (Centennial in situ Observation-Based
Estimates) dataset57. The Niño3.4 index was obtained from https://
psl.noaa.gov/data/climateindices/list/.

The horizontal resolution of the ERA5 and COBE SST data is
1° × 1°. The period considered in this study was 1980–2019. Boreal
spring refers to the period from March to May (i.e., MAM).
To focus on the interannual variability during MAM, the linear

trend and the interdecadal variation over more than 9 years were
filtered out in the raw data. “***” indicates a significance level
exceeding 0.01, as determined by the Student’s t-test unless
otherwise specified.

Monte Carlo bootstrapping
The bootstrapping, developed by Efron51, is a Monte Carlo
method that involves resampling—that is, taking repeated
samples (with replacement) from the original sample dataset. It
is particularly useful when dealing with small sample sizes.
In this study, using random sampling with replacement, boot-

strapping takes a sample of East Asian averaged SAT during MAM
with a sample size of N years and forms a new sample called
bootstrap sample. Then, the time mean of the bootstrap sample is
computed to obtain the bootstrap mean. The above process was
repeated 100,000 times. Finally, a probability density function
containing 100,000 bootstrap mean values is formed. In the climate
mean state, the sample size N is equal to 40, which is the number of
years of the investigated period. In the warm or cold TSA–SST phase,
sample size N is the number of years of the corresponding phases.
The Monte Carlo bootstrapping procedure used in this study is
available at the website of NCAR (National Center for Atmospheric
Research) Command Language: https://www.ncl.ucar.edu/Document/
Functions/Bootstrap/bootstrap_stat.shtml. More details regarding this
method can be found in Efron51 and Diaconis and Efron52.

Wave activity flux, PV, and CK
The horizontal wave activity flux58, which is used to track the
pathway of propagation of Rossby wave energy, was calculated as
follows:

Wave activity flux ¼ p
2jUj

uðψ02
x � ψ0ψ0

xxÞ þ vðψ0
xψ

0
y � ψ0ψ0

xyÞ
uðψ0

xψ
0
y � ψ0ψ0

xyÞ þ vðψ02
y � ψ0ψ0

yyÞ

( )

(1)

in which p, jUj, and ψ are the pressure, horizontal wind speed, and
geostrophic stream function, respectively. The subscript repre-
sents the partial derivative. The overbar and prime represent the
temporal mean and the temporal anomaly, respectively.
The PV at a pressure level was calculated as follows49,59:

PV ¼ αζa
!� ∇θ ¼ g

∂v
∂p

∂θ

∂x

� �
p
� ∂u
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� �
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� �
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Fig. 5 Probability density functions of East Asian MAM SAT during different phases of TSA–SST. Probability density function was estimated
from 100,000 bootstrap samples of East Asian MAM SAT in terms of the climatic mean (black curve), a the positive TSA–SST phase, and b the
negative TSA–SST phase. The gray dashed line indicates the mean value. Black solid lines in a and b indicate the extreme cold and hot
thresholds, respectively. T2M indicates the 2-m air temperature. Unit of the horizontal axis: °C.
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where α ¼ 1
ρ is the specific volume, ζa

!
is the three-dimensional

absolute vorticity, θ is the potential temperature, g is gravitational
acceleration, ðu; vÞ is the horizontal wind, and f is the Coriolis
parameter.
Energetic analysis was performed to explore the atmospheric

wave dynamics. The CK (i.e., conversion of kinetic energy) from the
climatic state to the atmospheric perturbation was calculated as
follows46:

CK ¼ v02 � u02

2
∂u
∂x

� ∂v
∂y

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

CKx

�u0v0
∂u
∂y

þ ∂v
∂x

� �
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

CKy

(3)

The prime and overbar are the same as those in Eq. (1). A
positive CK value indicates that the atmospheric perturbations
extract energy from the climatic state; therefore, a positive CK
favors the development of atmospheric perturbations. A negative
CK value indicates the opposite situation.

Experimental design
The Flexible Global Ocean–Atmosphere–Land system (FGOALS-f2)
is a climate model developed by the Institute of Atmospheric
Physics/State Key Laboratory of Numerical Modeling for Atmo-
spheric Sciences and Geophysical Fluid Dynamics, Chinese
Academy of Sciences60. Its atmospheric component FAMIL261–63

was employed in this study. The horizontal resolution of FAMIL2
used in this study is approximately 1° × 1°. Vertically, FAIML2 has
32 levels with the model top at 2.16 hPa.
Based on FAMIL2, three experiments were designed to

elucidate the climatic effect of TSA–SST. The control run
experiment was driven by the prescribed climatological annual
SST cycle, which was averaged over the period of 1980–2019. The
control run was integrated for 30 years, and the final 20 years of
the output were used in the analysis. Positive (negative) TSA–SST
anomalies based on TSAI > 0.75 (TSAI < −0.75) were added to the
control run SST and referred to as the POS (NEG) experiment. The
POS and NEG experiments both had 20 members integrated from

January to June, with the initial field taken from January of the
final 20 years of the output of the control run experiment. For
both the POS and NEG experiments, SST forcing was input from
February to May. The mean value derived from the 20 members
was analyzed.

DATA AVAILABLITY
ERA5 data are available from the Copernicus Climate Data Store,
https://cds.climate.copernicus.eu/. The COBE SST data are avail-
able at https://psl.noaa.gov/data/gridded/data.cobe.html. The
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