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Abstract
Global processes and their teleconnections, such as the ElNiño-SouthernOscillation (ENSO), have
been shown to be a large driver of interannual changes in accumulated cyclone energy (ACE) of
westernNorth Pacific (WNP) tropical cyclones (TCs), with higher ACEduring ElNiño and lower ACE
during LaNiña.However, it remains uncertainwhether interannual changes inWNPTCACE are
modulated by sea surface temperature anomalies (SSTAs) in other oceans. This studyfinds a
significant negative correlation betweenWNPTCACEduring the early season (April–June) and
simultaneous SSTAs over the tropical southAtlantic (TSA) in 1970–2021.On average, inwarmTSA
years, basinwide April–JuneACE is significantly lower, with significant ACEdecreasesmainly
occurring over the region spanning 5°–30°N, 115°–150°E. This is a result of reduced TC frequency,
intensity and duration, due to a remotemodulation ofWNP environmental conditions by TSA SSTAs.
InwarmTSA years, there are significant decreases in 700–500-hPa relative humidity, 850-hPa relative
vorticity and 200-hPa divergence and significant increases in 850–200-hPa vertical wind shear over
the portion of theWNPwith significant ACE reductions. These environmental changes can be linked
to an anomalousWalker circulation induced byTSA SSTAs.

1. Introduction

Tropical cyclones (TCs) are one of themost destructive and deadliest natural disasters around theworld,
frequently resulting in large economic losses and casualties for TC-prone coastal regions. Seasonal TC activity
can bemeasured by several commonly usedmetrics, including the number of TCswith different lifetime
maximum intensities (e.g., hurricanes/typhoons) as well as accumulated cyclone energy (ACE; Bell et al 2000).
ACE is defined as the sumof the squares of 6-hourlymaximum sustainedwind speedswhere a TC is at least of
tropical storm intensity (�34 kt). Consequently, ACE serves as an integrated parameter comprising the
frequency, intensity and duration of TCs. ACEhas beenwidely used in previous studies to examine historical TC
activity asmodulated by different climatemodes and to project possible TC-related changes in different global
warming scenarios (Emanuel 2018).

ThewesternNorth Pacific (WNP) is themost TC-active basinworldwide, with approximately one-third of
global TCs and about 40%of global ACEon an annually-averaged basis (Maue 2011, Lee et al 2012). On
interannual timescales, ElNiño-SouthernOscillation (ENSO) has been shown to be a significant driver ofWNP
ACE variability. Camargo and Sobel (2005) reported a significant positive correlation betweenWNPACEduring
July–October and simultaneous ENSO indices. In ElNiño (LaNiña) years,WNPTCs generally formedmore
southeastward (northwestward), tending to have longer (shorter) lifetimes, attaining higher (lower) intensities,
and resulting in greater (lesser)ACE. Furthermore, Patricola et al (2018) andChoi et al (2019)noted that relative
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to neutral ENSO events, central Pacific (CP)ElNiño events exhibited greater ACE increases than eastern Pacific
(EP)ElNiño events, when considering sea surface temperature (SST) anomalies (SSTAs)with the same
magnitudes over theCP and EP.

In addition to ENSO, several studies have found other factors influencing interannual changes inWNPACE.
Zhan andWang (2016) showed that in years with a positive zonal component of vertical wind shear (VWS) over
the equatorialWNPor a positive SST gradient between the southwestern Pacific and thewestern Pacific warm
pool,WNPTCs during June–October tended to beweaker and shorter lived, resulting in less ACE. Song et al
(2022) found a significant inverse relationship betweenWNPACEduring July–October and the simultaneous
Pacific-North American (PNA) pattern, with greater (lesser) basinwideACE in positive (negative)PNA years.
Additionally, Patricola et al (2022) reported that greater (lesser)WNPACEduringMay–Novemberwas
significantly linked to a positive (negative) phase of the AtlanticMeridionalMode.

All of the aforementioned findings focused onACE changes during the peak or fullWNPTC season.Other
research has noted a distinct seasonal relationship betweenWNPACE and climatemodes (e.g.,Wang et al 2013,
Choi et al 2019). For example,Wang et al (2013) found that during the early season fromApril–June (AMJ),
ENSOhad only aminor impact onTCnumber, lifetime and intensity, resulting in aweak relationship between
ENSOand early-seasonWNPACE. This result was likely due to ENSO-related SSTAs duringAMJ being
relatively small, as ENSO events are often initiating during this season. By comparison, ENSO’s impact onWNP
ACE gradually increases with the development of ENSO events, with significant ENSO-induced changes in
WNPTCACEoccurring particularly during the peak season from July–September and the late season from
October–December (Wang et al 2013, Choi et al 2019).

Until now, there has been little research onwhat controls interannual changes inWNPACEduring the early
season. Figure 1(a) shows that the largest regionwith significant correlations betweenWNPACE and SSTAs
duringAMJ occurs over the tropical southAtlantic (TSA). Recently, some studies (e.g., Yang et al 2023, Sheng
et al 2023, Zhang et al 2023) reported a remote interannualmodulation of environmental changes over East Asia
by TSA SSTAs. During boreal springs with positive TSA SSTAs, East Asian surface air temperatures were cooler,
theMeiyu onset was earlier, and theWNPanticyclonewas stronger.

Accordingly, the objective of this work is to examine the interannual linkage between early-seasonWNP
ACE and simultaneous TSA SSTAs, as well as its potential large-scale drivingmechanisms. Section 2 introduces
the data used in this study. Section 3 documents changes inWNPTC activity asmodulated byTSA SSTAs, while
section 4 looks at changes in environmental conditions asmodulated byTSA SSTAs. Section 5 discusses the
robustness of our proposedmechanism. Section 6 concludes with a summary.

2.Data andmethods

This study uses 6-hourly TCbest track data for 1970–2021 from the Joint TyphoonWarningCenter as compiled
by the International Best TrackArchive for Climate Stewardship (IBTrACS) (v04r00; Knapp et al 2010),
including TC central position and 1-minmaximum sustainedwind speed over theWNP (north of the equator
and 100°E–180°). Data prior to 1970 are not evaluated, owing to larger uncertainties in TC intensity estimation
(Emanuel 2000, Camargo and Sobel 2005). There have been several publications (e.g., Emanuel 2000, Camargo
and Sobel 2005,Maue 2011,Wu et al 2020,Wang and Li 2022) investigating changes inWNPTCACEon
seasonal-to-decadal timescales using TCbest track data since 1970. Thus, we retain data from1970–2021 to
expand our sample sizewithout diminishing the quality of the data. Our results are not significantly changed if
we use a shorter periodwith higher quality data from1980–2021 (figures not shown). Given that tropical
depressions are excluded in the computation of ACE (Bell et al 2000) and also exhibited large detection
uncertainty due to changing observational techniques (Klotzbach and Landsea 2015), only recordswhenTCs are
of at least tropical storm intensity (�34 kt) are taken into consideration. As previously noted, this study focuses
onWNPACEduring the early season of AMJ, which accounts for∼11%of annualWNPACE. There are a total
of 190WNPTCs that formed during AMJ from1970 to 2021met these criteria.

TC genesis is identified as thefirst record in the best track data, while TC genesis density is obtained by
counting the frequency of TC formations on individual 5°× 5° grids. Similarly, TC track density is derived as
the occurrence frequency of 6-h TC records in each 5°× 5° box, while griddedACE and average intensity are
calculated over the same box.

Monthlymean SST data on a 1°× 1° grid are taken from theHadleyCentre Sea Ice and Sea Surface
Temperature data set (HadISST; Rayner et al 2003).Monthlymean atmospheric variables are derived from the
fifth generation EuropeanCentre forMedium-RangeWeather Forecasts (ECMWF) reanalysis of the global
climate (ERA5;Hersbach et al 2020), with a resolution of 0.25°× 0.25°. These datasets are used to calculate
thermodynamic and dynamic variables influencing TC activity, such as SST,maximumpotential intensity (MPI;
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Emanuel 1988), 700–500-hPa relative humidity, 850-hPa relative vorticity, 200-hPa divergence and
850–200-hPaVWS.

The SSTA indices over different regions, e.g., theNiño-3.4 region (5°S–5°N, 170°–120°W), the TSA
(25°S–0°, 30°W–0°) and the Philippine Sea (PS; 0°–20°N, 120°–140°E), are all calculated fromdetrended SST
fields. Given a significant inverse correlation betweenNiño-3.4 andTSA SSTAs (r=−0.32; p= 0.02), warm and
cool TSA years are classified using a±0.8 standard deviation threshold for the TSA SSTA index, while excluding
ElNiño and LaNiña years with amagnitude of theNiño-3.4 SSTA index greater than 0.8 standard deviations.
This threshold of 0.8 standard deviation has been used to select years in previous TC-related studies (e.g., Zhan

Figure 1. (a) Spatial distribution of the correlation betweenwesternNorth Pacific (WNP) accumulated cyclone energy (ACE) during
April–June (AMJ) and simultaneous sea surface temperature (SST) anomalies (SSTAs) from1970 to 2021. Black dots denote
correlations significant at the 0.05 level. The green box denotes the tropical SouthAtlantic (TSA) region. (b)Annual variation ofWNP
ACE andTSA SSTAduring AMJ from 1970 to 2021. Correlation coefficients and significance levels are shown in the panel. Red and
blue dots refer towarmand cool TSA years, respectively. These years were identified by excluding ElNiño-SouthernOscillation
(ENSO). (c)Differences in SST (°C) betweenwarm and cool TSA years. Black dots denote differences significant at the 0.05 level. The
green box denotes the TSA region.
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et al 2011, Zhao et al 2023, Shi et al 2024). Our results remain relatively unchanged, if other thresholds (e.g., 0.6
or 1 standard deviation) are used (tables not shown). Using this classification approach, we obtain six warmTSA
years (1973, 1995, 1996, 1998, 2010 and 2020) andfive cool TSA years (1976, 1978, 1981, 2004 and 2012).

In order to confirm these results, we examined climatemodel simulations using themedium-resolution
version of the BeijingClimate Center (BCC)Climate SystemModel (BCC-CSM2-MR), serving as the baseline
for BCC’s participation in theCoupledModel Intercomparison Project Phase 6 (CMIP6). BCC-CSM2-MRwas
run at a horizontal resolution of spectral triangular 106 (T106) in the atmosphere and 1° latitude× 1° longitude
in the ocean, while its other configurations can be found inWu et al (2021).

The significance levels (p) of correlation coefficients (r), partial correlation coefficients, pattern correlation
coefficients and differences inmeans between two samples are estimated by using a two-tailed Student’s t-test.
The significance levels of regressions and partial regressions are estimated through an F-test.When evaluating
statistical significance, the effective sample size proposed in Trenberth (1984)was applied tominimize the
influence of autocorrelation.

3. The influence of TSA SSTAs onTC activity

Figure 1(a) displays the spatial pattern of correlation coefficients between basinwideACEover theWNP and
near-global SSTAs during AMJ from1970 to 2021. Consistent withWang et al (2013), correlations are low over
the equatorial central-to-eastern Pacific, confirming aweakACE-ENSO relationship during the early season
(r=−0.02; p= 0.91). Significant negative correlations do occur, however, over the TSA and PS. Although the
correlations of basinwide ACE versus TSA SSTA (r=−0.40; p< 0.01;figure 1(b)) andPS SSTA (r=−0.31;
p= 0.02) are not strong, both of them are statistically significant.When excluding the impact of PS SSTA, the
partial correlation betweenACE andTSA SSTA remains significant (r=−0.35; p= 0.01).When excluding
ENSO’s impact, the partial correlation betweenACE andTSA SSTA remains almost unchanged (r=−0.40;
p< 0.01). These results imply that the impact of TSA SSTAonWNPACE is independent of the impacts of PS
SSTA and ENSO. By comparison, when removing the impact of TSA SSTA, the partial correlation betweenACE
and PS SSTAdoesweaken somewhat (r=−0.25; p= 0.07). These resultsmeanTSA SSTA and PS SSTA can
explain 12%and 6%of the variance in interannual ACE changes, respectively, when controlling for the other
region.

Figure 1(c) shows SST differences betweenwarm and cool TSA years. Significant differences are
concentrated over the TSA, with SST anomalies generally of a smallmagnitude over the remainder of the global
ocean. Particularly, there are no significant SST differences over almost the entire Pacific. Thismeans that TSA
SSTAhas only aminor impact onWNPSST, which is consistent with aweak correlation between TSA and PS
SSTAs (r= 0.20; p= 0.16).

Figure 2 displays the regressions and partial regressions ofWNPACEontoTSA SSTA and PS SSTAduring
1970–2021. Although there are both basinwide reductions inACEover theWNP induced byTSA SSTA and PS
SSTA, the regionswith significant ACE changes are not completely coincident. Significant TSA SSTA-induced
ACEdecreases are observed over the region of 5°–35°N, 120°–155°E (figure 2(a), (c)), while significant PS SSTA-
inducedACEdecreases are concentrated over two regions spanning 10°–20°N, 115°–125°E and 5°–25°N, 140°–
160°E (figures 2(b), (d)). The spatial patterns of TSA SSTA-induced and PS SSTA-induced ACE changes look
like reductions in recurving and straight-moving TCs over theWNP, respectively. These resultsmean that ACE
changesmodulated by TSA SSTA are likely to be different from thosemodulated by local SSTAs.

On average, basinwideACE over theWNP is 20× 104 kt2 inwarmTSA years and 140× 104 kt2 in cool TSA
years, withWNPACEbeing significantly lower inwarmTSA years than in cool TSA years (table 1). Table 1 also
shows differences in some of themetrics contributing toACEbetweenwarm and cool TSA years. Generally
speaking, inwarmTSA years, there are fewer TCswith shorter lifetimes over theWNP, resulting in fewer TC
days. TCdays are defined as the total number of days where there are TCs of at least tropical storm intensity. This
metric is calculated by summing the number of 6-h periodswhenTCs occur. In addition, the average intensity of
WNPTCs is lower inwarmTSA years. These findings show that inwarmTSA years,WNPTCactivity during
AMJ is significantly suppressed, regardless of whether examining storm frequency, intensity or duration. Table 2
shows that the correlations of TCnumber versus ACE andTSA SSTAs are both the highest among the four ACE-
related TCparameters. It is likely that TSA SSTAmodulates ACEprimarily through its influence onTC
frequency.

Figure 3 presents the spatial distributions of the differences in ACE-relatedmetrics during AMJ between
warm and cool TSA years. InwarmTSA years, ACE is suppressed acrossmost of theWNP,with themaximum
ACEdecreases occurring east of the Philippines (figure 3(a)). Significant ACE reductions occurred in the region
spanning 5°–30°N, 115°–150°E,while there are almost no changes in ACE east of 160°E.Other TCmetrics
showed similar near-basinwide reductions inwarmTSA years (figures 3(b)–(d)). TC genesis was suppressed
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west of 160°E,with significant decreases in genesis density occurring near 130°E and 150°E (figure 3(b)). As a
result, TC track densities also decreased overmost of theWNP,with significant decreases over two sub-regions:
15°–30°N, 110°–135°E and 5°–25°N, 140°–155°E (figure 3(c)). These TCoccurrence decreases over thewestern
and eastern sub-regions can be linked toTC genesis reductions near 130°E and 150°E, respectively. In addition,
average TC intensity significantly decreases over the region spanning 5°–35°N, 110°–155°E,which is somewhat
larger than the regionwith significant TC track density decreases (figure 3(d)). The spatial structures of the
differences in TC track density and average intensity both exhibit a high similarity to that for ACE (figures 3(a),

Table 1.WNPTCmetrics during AMJ averaged over six warmTSA years and five cool TSA years, as well as their differences and the
corresponding significance levels.

WarmTSA Cool TSA Difference

ACE (× 104 kt2) 20 140 −120 (p= 0.04)
TCNumber 1.7 6.0 −4.3 (p< 0.01)
Average Lifetime (h) 77.8 256.0 −178.2 (p= 0.03)
TCDays 11.5 67.5 −56.0 (p= 0.02)
Average Intensity (kt) 44.2 62.2 −18.0 (p= 0.04)

Table 2.Correlations ofWNPTCmetrics with ACE andTSA SSTAs
duringAMJ from1970 to 2021, as well as their corresponding
significance levels.

Correlation

withACE

Correlationwith

TSA SSTA

TCNumber 0.95 (p< 0.01) −0.42 (p< 0.01)
Average Life-

time (h)
0.57 (p< 0.01) −0.38 (p< 0.01)

TCDays 0.75 (p< 0.01) −0.34 (p< 0.01)
Average Inten-

sity (kt)
0.76 (p< 0.01) −0.41 (p< 0.01)

Figure 2. (a), (b)Regressions and (c), (d) partial regressions of westernNorth Pacific accumulated cyclone energy (ACE) onto the
normalized (a), (c) tropical SouthAtlantic (TSA) sea surface temperature anomaly (SSTA) and (b), (d)Philippine Sea (PS) SSTA
during April–June from1970 to 2021. Black crosses refer to regressions significant at the 0.05 level.
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(c), (d)), with pattern correlation coefficients of 0.99 (p< 0.01) and 0.94 (p< 0.01), respectively. These results
confirm that inwarmTSA years, decreases in TCoccurrence and intensity both favor reductions in ACE.

4. The influence of TSA SSTAs on environmental conditions

Changes in environmental conditions play a dominant role in influencing TC activity on interannual timescales
(Walsh et al 2016). As noted inWang andZhou (2008), similar environmental characteristics favor both TC
genesis and intensification. Figure 4 shows differences in environmental conditions over theWNPduring AMJ
between different TSA years. InwarmTSA years, SST andMPI changes exhibit similar patterns, with increased
SSTs andMPIs extending from the SouthChina Sea (SCS)northeastward to the subtropicalWNP and eastward
to the equatorial central Pacific (figures 4(a), (b)). This similarity is due to SST playing an important role in
estimatingMPI (Emanuel 1988). However, there are almost no significant SST andMPI changes over the basin,
indicating that TSA SSTA likely play only aminor role inmodifyingWNPoceanic conditions.

By contrast, TSA anomalies do cause significant differences in theWNP atmospheric circulation
(figures 4(c)–(f)). InwarmTSA years, there are significant decreases in both 700–500-hPa relative humidity and
200-hPa divergence within the latitudinal belt of 10°–20°N,with onlyweak increases north of 25°N (figures 4(c),
(e)). Significant decreases in 850-hPa relative vorticity occur over a broader latitudinal belt of 10°–30°N
(figure 4(d)). There are significant increases in 850–200-hPaVWS extending from the northwesternWNP to the
southeasternWNP,with significantVWSdecreases concentrated over the southwesternWNP (figure 4(f)).

InwarmTSA years, changes in the four atmospheric variables that we examined all suppressed TC genesis
near 130°E and 150°E, including significantly reduced humidity, low-level vorticity and upper-level divergence
and significantly enhancedVWS (figures 4(c)–(f)). The region in between the two regionswith suppressed TC
genesis (centered near 140°W) showed insignificant changes for humidity, divergence, vorticity andVWS, likely
explaining the lack of TC genesis changes in this region. The spatial distribution of TC genesis changes is well
captured by changes in humidity, vorticity, divergence andVWS,with significant pattern correlation
coefficients of 0.31 (p< 0.01), 0.33 (p< 0.01), 0.30 (p< 0.01) and−0.17 (p< 0.01), respectively. The
correlations between areal averaged environmental variables andTCgenesis over the region of 135°–145°E are
muchweaker than over the region of 25°–135°E and 145°–155°E (tables not shown). This implies that TC
genesis is less sensitive to environmental changes between 135°E and 145°E, leading to geographical separation
of observed TC genesis reductions.

Figure 3.Differences in (a) accumulated cyclone energy (ACE), (b) genesis density, (c) track density and (d) average intensity of
westernNorth Pacific tropical cyclones duringApril–June betweenwarm and cool tropical SouthAtlantic (TSA) years. All TCmetrics
are counted in a 5° latitude× 5° longitude horizontal box. Black crosses refer to differences significant at the 0.05 level.
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Because of the aforementioned unfavorable atmospheric changes south of 30°N,TC intensification is
suppressed andTC intensity is on average lower inwarmTSA years. In addition, there are also significant
decreases in average TC intensity north of 30°N (figure 3(d)), which is not simply explained by environmental
conditions in themid-latitudes.Mid-latitude environmental conditions show little change inwarmTSA years
(figure 4). Instead, given the suppression of TC intensification over the tropicalWNP, TCs tend to attain a
relatively lower lifetimemaximum intensity inwarmTSA years (table 1).Whenmoving northward into higher
latitudes, these TCsweaken and consequently have lower intensities than in cool SSTA years.

Figure 5 examines howTSA SSTAs affect TC-related environmental conditions over theWNP through
atmospheric circulationmodulations. InwarmTSA years, positive SSTAs over the TSA can trigger locally
enhanced convection associatedwith anomalous upwardmotion between 60°W–0° (figure 5). There is an
anomalousWalker circulation that reaches from the equatorial Atlantic to the equatorial central Pacific, with
associated anomalouswesterlies and easterlies at lower and upper levels, respectively (figure 5(a)).
Correspondingly, significant descending anomalies occur over the equatorial easternWNP (150°E–180°)with
associated reduced convection as demonstrated by increased outgoing longwave radiation (OLR)
(figures 5(b), (c)).

InwarmTSA years, as a result of this decreased convective activity and increased diabatic cooling that peaks
between 150°–170°Enear the equator (figure 5(c)), there is an anomalous low-level anticyclonic circulation to
its northwest due to aMatsuno-Gill response (Matsuno 1966, Gill 1980). This response is centered at around
20°N, 150°Ebut covers almost the entireWNP (figure 5(b)). This anomalous anticyclone is associatedwith

Figure 4.Differences in (a) sea surface temperature, (b)maximumpotential intensity, (c) 700–500-hPa relative humidity, (d) 850-hPa
relative vorticity, (e) 200-hPa divergence and (f) 850–200-hPa vertical wind shear during April–June betweenwarmand cool tropical
SouthAtlantic (TSA) years. Black crosses refer to differences significant at the 0.05 level. Cyan boxes denote the regionwith significant
accumulated cyclone energy changes betweenwarm and cool TSA years (5°–30°Nand 115°–150°E).
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anomalous descendingmotion based on quasi-geostrophic theory (figure 5(b)). This anticyclone inhibits
upwardmoisture transport from the underlying ocean surface and subsequently reduces atmospheric humidity.
This anomalous anticyclone also produces negative low-level vorticity anomalies, suppressing basinwide TC
activity over theWNP.

In addition, over the latitudinal belt spanning 5°–20°N, the aforementioned downdrafts and low-level
anticyclonic circulation both correspond to upper-level convergent flow, rather than a cyclonic circulation
(figure 5(c)). Climatologically, there are low-level easterlies and upper-level westerlies overmost of theWNP,
except for the SCS (figure 6). Over the region of 5°–30°N, 115°–150°E, inwarmTSA years, the anomalous low-
level easterlies and upper-level westerlies are in the same directions as their corresponding climatologicalflows
(figures 5(b), (c)), inducing increasedVWS.

5.Discussion

To confirm the remote influence of TSA SSTAon environmental changes over theWNP,we designed idealized
numerical simulations using the BCC-CSM2-MRmodel forced by different SSTAs over the TSA. The control
runwas integrated for 50 years, driven by climatological AMJ SST based on the period of 1970–2021. Two
sensitivity runswere forced by adding 0.15°C and 0.30°C to SSTs over the TSA, which roughly corresponded to
0.5 standard deviations and 1 standard deviation of the annual TSA SSTA series. The anomalous fields were then
derived as the differences between the sensitivity runs and the control run.

Figure 7 presents the simulated 850-hPa anomalous flowover theWNPdriven by TSA SSTA. Consistent
with the differences in the observedflowbetweenwarm and cool TSA years, there is an anomalous low-level
large-scale anticyclone over theWNP in the simulation, centered at around 15°N, 150°E, regardless of if the
0.15°Cor 0.30°CTSA SSTA forcing are used. The strength of this simulated anomalous anticyclone increases

Figure 5. (a)Differences in theWalker circulation and vertical velocity averagedwithin 10°S–10°Nbetweenwarm and cool tropical
SouthAtlantic (TSA) years. Streamlines are plotted aftermultiplying vertical velocity differences by 1000 at each pressure level.
Vertical velocity differences significant at the 0.05 level are hatched. (b)Differences in 850-hPa flow and 500-hPa vertical velocity
betweenwarm and cool TSA years. Vertical velocity differences significant at the 0.05 level are hatched. (c)Differences in 200-hPaflow
and outgoing longwave radiation (OLR) betweenwarmand cool TSA years. OLRdifferences significant at the 0.05 level are hatched.
Cyan boxes denote the regionwith significant accumulated cyclone energy changes betweenwarm and cool TSA years (5°–30°Nand
115°–150°E).
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withTSA SSTA, corresponding to increased low-level easterlies to the south of the anticyclone and increased
low-level westerlies to the north of the anticyclone. These results confirm that TSA SSTA can remotely induce
changes in theWNP atmospheric circulation.

6. Summary

The interannual variability ofWNPACEduring the early season is investigated in this study. There is a
significant correlation between early-season (April–June)ACEover theWNP andmean SSTAover the TSA
from1970–2021.On average, basinwideACE is significantly lower inwarmTSA years than in cool TSA years. In
warmTSA years, there are significant ACEdecreases over the region of 5°–30°N, 115°–150°E andweakACE
changes east of 160°E. This is induced by a suppression of TC activity overmost of theWNP, including reduced
TC genesis, decreased TCoccurrence aswell as weakenedTC intensity. The significant decrease in TCnumber
appears to be themost important factor leading toACE reductions inwarmTSA years.

The remote influence of TSA SSTAonACE can be explained by changes in large-scaleWNP environmental
variables. There are almost no significant changes in the oceanic variables investigated: SST andMPI.However,
there are significant differences in atmospheric variables between different TSA years. InwarmTSA years, there
are significant decreases in 700–500-hPa relative humidity and 200-hPa divergence within the latitudinal belt of

Figure 6.Climatological (a) 850-hPa and (b) 200-hPa horizontalflowduringApril–June between 1970 and 2021. Cyan boxes denote
the regionwith significant accumulated cyclone energy changes betweenwarm and cool TSA years (5°–30°Nand 115°–150°E).

Figure 7. Simulated 850-hPa anomalous flow and zonal wind anomaly for the experiments driven by a (a) tropical SouthAtlantic
(TSA) sea surface temperature anomaly (SSTA) of+0.15°Cand (b)TSA SSTAof+0.30°C.
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10°–20°N,while significant decreases in 850-hPa relative vorticity occur over a broader latitudinal belt of 10°–
30°N. In addition, there are significant increases in 850–200-hPaVWS extending from the northwesternWNP
to the southeasternWNP.Changes in these four atmospheric variables all suppress bothWNPTCgenesis and
TC intensity. These results also imply that TSA SSTA can influenceWNPTC activity primarily through
modulatingWNP atmospheric conditions.

InwarmTSA years, positive SSTAs over the TSA can trigger locally enhanced convection that is associated
with an anomalousWalker circulation spanning from the equatorial Atlantic to the equatorial central Pacific.
The descending branch of this anomalousWalker circulation is centered near the equator and from150°–170°E,
causing reduced convective activity and enhanced diabatic cooling. The associatedMatsuno-Gill response
results in an anomalous large-scale low-level anticyclone over theWNP, causing negative vorticity anomalies.
This anticyclone is also associatedwith anomalous sinkingmotion, inhibiting upwardmoisture transport from
the underlying ocean. InwarmTSA years, the anomalous low-level easterlies and upper-level westerlies over
most of theWNP are in the same directions as their corresponding climatological flow, leading to
increasedVWSs.

Previous studies (e.g.,Wu et al 2017a,Wu et al 2017b, Li et al 2018) suggested that local SSTAs could trigger
andmaintain an anomalousWNP anticyclone (WNPAC), suppressingWNPTCactivity.WarmPS SSTA can
generate local anomalous convection, resulting in an anomalous anticyclonic low-level circulation to its
northeast through aMatsuno-Gill response. By comparison, warmTSA SSTA can induce an anomalousWalker
cell with anomalous descendingmotion between 150°E and 170°E, leading to an anomalous anticyclonic low-
level circulation to its northwest through aMatsuno-Gill response. These imply that TSA and PS SSTAs induce
similar changes in the low-level circulation through different pathways.

Our results highlight a remotemodulation ofWNPTC activity during the early season by SSTAs in the
Western and SouthernHemispheres. Our findings can be utilized as a potential predictor for seasonal TC
forecasting, resulting in improved early season skill. One caveat of our research is that our results are obtained
froma statistical analysis of a limited number of samples. Ourmain findingswill be verified in future work using
additional numerical experiments and different SSTA forcings over the TSA.
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