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A B S T R A C T   

How aerosols affect the weather and climate system has received increasing attention. This study finds a sig-
nificant negative correlation between March–May eastern China aerosol optical depth (AOD) and July–No-
vember western North Pacific (WNP) tropical cyclone (TC) frequency during 2003–2020. This time period spans 
when several aerosol reanalyses are available and both Terra and Aqua Moderate Resolution Imaging Spec-
troradiometer AOD retrievals are assimilated therein. Composite analyses and budget analyses of dynamical 
genesis potential indices indicate the importance of large-scale environmental factors, especially vertical velocity 
and vertical wind shear, associated with changes in AOD that in turn modulate changes in WNP TC frequency. 
Increased eastern China AOD may facilitate negative Pacific meridional mode development via modulation of the 
westerly jet, which then forces an anticyclonic circulation over the WNP basin. Increased AOD can also directly 
decrease the inter-hemispheric temperature differential and increases the intra-hemispheric temperature dif-
ferential between the equator and the mid-latitudes, thus weakening ascending motion and enhancing vertical 
wind shear over the WNP, especially the southeastern portion of the basin. All of these large-scale environment 
changes induced by increased eastern China AOD tend to suppress WNP TCs. This study highlights the potential 
influence of eastern China aerosol loadings on WNP TCs, thus improving our understanding of TC climate 
variability over the WNP.   

1. Introduction 

Tropical cyclones (TCs) can cause significant coastal impacts due to 
wind, rainfall and storm surge (Peduzzi et al., 2012; Eberenz et al., 2021; 
Zhao et al., 2022a). In a warming environment, TC-associated damage 
appears to show an increasing trend with projected increases in TC in-
tensity, precipitation, and accompanying storm surges and floods (Chan 
and Liu, 2004; Y. Sun et al., 2017; Knutson et al., 2020; Yamaguchi et al., 
2020). While there is uncertainty about whether TC frequency will 
change in the future, there is a general consensus that TC intensity will 
increase with global warming (Knutson et al., 2020; Zhao et al., 2022b). 

Atmospheric aerosols, one of the leading climate forcings, can partly 
offset greenhouse gases-induced warming via atmospheric cooling 

(Kiehl and Briegleb, 1993; Seong et al., 2021). There has been an 
increasing focus in recent years in estimating the impact of aerosols at 
various time scales, from synoptic to climate scales (Lohmann and 
Feichter, 2005; Quaas et al., 2008; Persad and Caldeira, 2018). Aerosols 
significantly modulate cloud microphysics and thus latent heat release 
rates, dynamics, and precipitation (Levin and Cotton, 2008; Khain et al., 
2009; Rosenfeld et al., 2008). Small aerosols may increase updrafts and 
cloud top height in deep convective clouds (Khain et al., 2004, 2005, 
2008a, 2008b; Koren et al., 2005; Lynn et al., 2005; Wang, 2005; Lee 
et al., 2008; Khain, 2009). Observational studies have further found that 
aerosols may impact TC development through their influence on cloud 
microphysics (Jenkins et al., 2008; Jenkins and Pratt, 2008). The indi-
rect effect of latent heat modulation caused by aerosols may modify TC 
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size and intensity (Khain et al., 2005; van den Heever et al., 2006). Wang 
et al. (2014) also suggested that increased storm intensity and decreased 
storm size may occur in response to increased aerosol concentration. 
TC-aerosol interactions can furthermore substantially affect the pre-
diction errors of TC intensity (Rosenfeld et al., 2011). 

Several studies have examined the impact of anthropogenic aerosols 
on both individual TC basin frequency and global TC frequency on long- 
term time scales (Mann and Emanuel, 2006; Dunstone et al., 2013; 
Takahashi et al., 2017; Chiacchio et al., 2017; Cao et al., 2021, 2022a). 
Aerosols can cool sea surface temperatures, thus changing the frequency 
and intensity of ENSO events (McGregor and Timmermann, 2011; 
Maher et al., 2015; Khodri et al., 2017; Pausata et al., 2016) and their 
associated modulation of the large-scale TC environment. Pausata and 
Camargo (2019) suggested that aerosols caused by large volcanic 
eruptions can cause shifts in the intertropical convergence zone, thus 
redistributing global TC activity. Cao et al. (2021) found that anthro-
pogenic aerosol emissions can cause an asymmetric distribution of TCs, 
with reduced Northern Hemisphere TCs and increased Southern Hemi-
sphere TCs, primarily through alterations in vertical wind shear and 
mid-tropospheric vertical motion. Anthropogenic aerosols cool the 
Northern Hemisphere relative to the Southern Hemisphere, resulting in 
stronger meridional temperature gradients between the equator and 
mid-latitudes in the Northern Hemisphere and weaker meridional tem-
perature gradients between the equator and mid-latitudes in the 
Southern Hemisphere (Cao et al., 2021, 2022a). 

Non-uniform aerosol distributions can exert distinct impacts on 
regional circulations and thus, on regional TC activity (Liu et al., 2010; 
Jones et al., 2017; Stevens et al., 2017; Persad et al., 2018). Over the 
western North Pacific (WNP) basin, TC activity has significantly trended 

downward over the past 20 years (Liu and Chan, 2013; Takahashi et al., 
2017). Several recent studies have focused on the importance of the 
tropical Pacific climate shift and shifting ENSO conditions on the 
decreasing trend (Chan, 2008; Lee et al., 2012; Zhao et al., 2019, 2021a, 
b; Klotzbach et al., 2022). Other studies have emphasized the potential 
impact of aerosols. Takahashi et al. (2017) demonstrated an important 
role of aerosols in the downward trend of WNP TC activity, especially 
over the southeast portion of the basin. They found that these decreases 
were due to increased vertical wind shear and reduced low-level 
vorticity, driven by aerosol-modulated changes of sea surface tempera-
ture anomalies (SSTAs). 

The impact of aerosols on seasonal and longer time scales has been 
relatively less studied. Xian et al. (2020) found a significant negative 
correlation between African dust aerosol optical depth (AOD) and 
Atlantic TCs in summer and further pointed out that African dust AOD 
can exert impacts on the Atlantic meridional mode, thus changing the 
associated large-scale fields affecting TCs. Other studies have investi-
gated the impact of regional aerosol concentrations on regional climate 
(Ramanathan et al., 2001; Zhao et al., 2006; Tie and Cao, 2009). 
Accompanied by rapid economic development over the past several 
decades, aerosols over eastern China have significantly increased, 
impacting both local and regional climate (Tie et al., 2006; Chen et al., 
2020). During recent decades, light rainfall frequency has decreased 
throughout eastern China. The indirect effect of aerosols has been 
implicated as a potential reason for the observed decrease in light 
rainfall (Choi et al., 2008; Qian et al., 2009). Given the impact of aerosol 
cooling on the meridional circulation and the land-sea thermal contrast, 
large-scale atmospheric and oceanic circulations also change (Gu et al., 
2006; Wu et al., 2016; Cao et al., 2022b). Since aerosols have short 

Fig. 1. (a) Climatological distribution of March–May- 
averaged aerosol optical depth (AOD) from 2003 to 
2020. The location of the eastern China AOD region 
[27◦N-40◦N, 110◦E-125◦E] is denoted by the black 
dashed rectangle. (b) Standardized time series of 
March–May-averaged AOD over eastern China from 
MERRA-2, CAMSRA, MODIS Aqua and Terra products 
as well as the ensemble mean of these four datasets 
and July–November western North Pacific tropical 
cyclone frequency (TCF) during 2003–2020. Correla-
tion coefficients that are statistically significant are 
denoted with an “*”. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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lifetimes and a heterogeneous spatial-temporal distribution, there are 
large uncertainties on quantifying its climate effect (Menon, 2004; 
Thorsen et al., 2021). Here we attempt to address two questions: Do 
eastern China aerosols impact peak TC season numbers of WNP TCs? If 
yes, what is the associated physical mechanism? 

The rest of this study is organized as follows. Section 2 describes the 
methodology and data used. Section 3 highlights the strong relationship 
between aerosols in eastern China and WNP TCs. Section 4 explores the 
possible physical mechanisms. A summary is provided in Section 5. 

2. Data and methods 

2.1. Data 

Tropical cyclone data for the WNP from 2003 to 2020 are obtained 
from the Joint Typhoon Warning Center (JTWC) best track dataset (Chu 
et al., 2002). This dataset includes TC latitude, longitude, and maximum 
sustained wind speed at 6-h intervals. In this study, a TC is defined as 
having maximum sustained wind speeds greater than or equal to 34 kt 
during the peak TC season from July–November. The TC’s genesis 
location is defined as the location where the TC’s winds first reach 34 kt. 

Aerosol optical depth data is available from the monthly-averaged 
AOD analysis based on the Goddard Earth Observing System Earth 
System Model’s Modern-Era Retrospective analysis for Research and 
Applications, version 2 (MERRA-2) reanalysis (Rienecker et al., 2011) 
with a horizontal resolution of 0.5◦ × 0.625◦ since 1980, Copernicus 
Atmosphere Monitoring Service reanalysis datasets (CAMSRA) by the 

European Centre for Medium Range Weather Forecasts, as well as 
MODIS Terra and Aqua products since 2003. Although the MERRA-2 
aerosol dataset has a longer data record that extends from 1980 to 
present, MERRA-2 incorporates AOD assimilation from multiple remote 
sensing sources including AERONET, the Moderate Resolution Imaging 
Spectroradiometer (MODIS), and Multi-angle Imaging Spectroradi-
ometer satellite products since 2003. This study therefore focuses on the 
period from 2003 to 2020, when aerosol reanalyses are available and 
both Terra and Aqua Moderate Resolution Imaging Spectroradiometer 
(MODIS) AOD retrievals were assimilated therein. All four AOD datasets 
find a similar significant relationship between spring eastern China AOD 
peak season WNP TC frequency (discussed in detail in the remainder of 
this manuscript). Unless otherwise noted, AOD data from MERRA-2 are 
shown in the following analyses. 

Monthly mean atmospheric fields (including relative humidity, 2-m 
air temperature, wind and vertical velocity) are taken from the 
monthly NCEP-DOE reanalysis II dataset (Kanamitsu et al., 2002) with a 
horizontal resolution of 2.5◦ × 2.5◦ and 17 vertical pressure levels. 
Monthly SST data are taken from the National Oceanic and Atmospheric 
Administration (NOAA) Extended Reconstructed SST version 5 (ERSST 
v5) with a horizontal resolution of 2.0◦ × 2.0◦ (Huang et al., 2015). In 
this study, we focus on the impact of aerosols on the formation and 
development of the Pacific meridional mode (PMM) (Chiang and 
Vimont, 2004). We use the PMM SST index to classify the state of the 
PMM: https://www.aos.wisc.edu/~dvimont/MModes/Data.html. 

Fig. 2. Difference of (a) March–May AOD and (b) July–November TC frequency between years with the five highest AOD over eastern China (2006, 2007, 2008, 
2010, and 2012) and the five years with the lowest AOD over eastern China (2005, 2017, 2018, 2019, and 2020). Grey dots indicate statistically significant values. 
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2.2. Dynamical genesis potential index 

To explore the role of large-scale environmental factors on changes 
in TC genesis frequency, we adopt the dynamic genesis potential index 
(DGPI) proposed by Wang and Murakami (2020). Murakami and Wang 
(2022) have shown that the DGPI has a better representation of 
inter-annual variability of TCs on regional and global scales than the 
genesis potential index proposed by Emanuel and Nolan (2004). The 
DGPI is calculated with the following expression: 

DGPI=(2+0.1Vshear)
− 1.7

(

5.5−
∂u
∂y

105
)2.3

(5− 20ω)3.3( 5.5+
⃒
⃒105η

⃒
⃒
)2.4e− 11.8 − 1  

where Vshear represents the vertical wind shear (VWS), calculated as the 
magnitude of the difference of wind vectors between 200 hPa and 850 
hPa, ∂u

∂y is the 500 hPa meridional gradient of the zonal wind (MZW), ω is 
the 500 hPa vertical velocity, and η is the 850 hPa absolute vorticity. 

In this study, we show that the DGPI can reproduce the distribution 
of WNP TC genesis, given inter-annual changes of AOD over eastern 
China. The role of each of the four environmental factors included in the 
DGPI (e.g., 850 hPa vorticity, 500 hPa ω, 500 hPa MZW and VWS) in 
controlling inter-annual changes of TC frequency are further assessed, 
using a similar approach to that used in previous studies (Camargo et al., 
2020; Zhao et al., 2018; Cao et al., 2021; Murakami and Wang, 2022; 
Wang et al., 2021). The total DGPI is calculated with all four variables 
varying with time. The role of each variable is obtained by keeping one 
variable varying with time and replacing the other terms with their 
climatological means. The DGPIs while varying each of the four 
component variables are respectively referred to as the GPI-VOR, 
GPI-OMEGA, GPI-MZW, and GPI-VWS, indicating the respective con-
tributions of 850 hPa vorticity, 500 hPa vertical velocity, the meridional 

gradient of 500 hPa zonal wind, and vertical wind shear. 

2.3. Statistical significance 

The statistical significance of correlation coefficients and partial 
correlation coefficients are tested using a two-tailed Student’s t-test. P- 
values less than or equal to 0.1 are deemed to be significant. 

3. Linkage between eastern China aerosols and WNP TCs 

3.1. Relationship between eastern China AOD and WNP TC frequency 

During March–May, there is a high concentration of AOD over 
eastern China (Fig. 1a). March–May AOD over eastern China is 0.58, 
which is higher than in other seasons (December–February: 0.44; 
June–August: 0.54; September–October: 0.46). The high concentration 
of AOD over eastern China in March–May is why we focus on the impact 
of changes in spring eastern China AOD on WNP TCs in this study. We 
calculated a timeseries of March–May AOD averaged over eastern China 
[27◦N-40◦N, 110◦E-125◦E] from 2003 to 2020. As shown in Fig. 1b, 
spring eastern China AOD has a significant negative correlation (r =
− 0.51, p < 0.05) with peak season WNP TC frequency using AOD data 
from MERRA-2. When AOD data from the other three datasets are used 
(CAMSRA, Aqua and Terra), we find a similar significant relationship 
between spring eastern China AOD and peak season TC frequency 
(Fig. 1b), with correlations of − 0.44 for CAMSRA, − 0.54 for Aqua, and 
− 0.55 for Terra. The ensemble mean of these four AOD datasets also has 
a significant correlation (r = − 0.52, p < 0.05) with peak season TC 
frequency. These analyses further confirm the robustness of the rela-
tionship between eastern China spring AOD and WNP TC frequency from 
July–November. 

Fig. 3. Difference of the July–November (a) dynamic 
genesis potential index (DGPI) and (b) Composite 
difference of total DGPI and DGPI anomalies with the 
four individually varying factors averaged over 
[10◦N-25◦N, 110◦E-180◦E] between the five years 
with the highest AOD over eastern China (2006, 
2007, 2008, 2010, and 2012) and the five years with 
the lowest AOD over eastern China (2005, 2017, 
2018, 2019, and 2020). The relative contribution of 
the DGPI anomalies while varying each of the four 
factors to the total DGPI difference is also displayed in 
percentage values. Significant composite differences 
(b) between high AOD and low AOD years are indi-
cated with an “*”.   
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To further investigate eastern China AOD’s impact on WNP TCs, the 
5 years with the highest AOD over eastern China (2006, 2007, 2008, 
2010, and 2012) and the 5 years (2005, 2017, 2018, 2019, and 2020) 
with the lowest AOD over eastern China during 2003–2020 were 
selected for composite analyses. As would be expected given the selec-
tion criteria, there are significantly higher aerosols in high AOD years 
over eastern China than during low AOD years (Fig. 2a). Total WNP TC 
frequency during high AOD years (17.2 TCs/year) is significantly less 
than during low AOD years (21.8 TCs/year). There is a tripole pattern of 
anomalous TC formation with fewer TCs forming over the South China 
Sea/Philippines and southeastern WNP but with more TCs forming over 
the middle part of the WNP during high AOD years compared to during 
low AOD years (Fig. 2b). 

3.2. Changes in large-scale environmental factors 

TC genesis is largely dependent on a favorable large-scale environ-
ment (Gray, 1979). We next examine how environmental factors differ 
between high and low AOD years to further explore the potential in-
fluence of eastern China spring AOD. In high AOD years relative to low 
AOD years, there is weaker 850 hPa relative vorticity and 500 hPa 
vertical velocity over most of the WNP, as well as stronger vertical wind 
shear over the southeastern part of the WNP (Fig. S1). These changes in 
large-scale environmental factors favor decreased WNP TCs in high AOD 
years and increased TCs in low AOD years. By contrast, relatively more 
TCs occur over the middle portion of the WNP in high AOD years relative 
to low AOD years, likely due to higher mid-level relative humidity in 
high AOD years (Fig. 3b). 

The DGPI is used to further quantify the role of these large-scale 
factors in controlling TC frequency. As shown in Fig. 3a, the DGPI 
captures the observed differences in spatial TC genesis between high and 
low AOD years, especially over the South China Sea/Philippines region 
and the southeastern WNP. The relative contribution of each factor to 

the DGPI is further evaluated. The total DGPI and the DGPI with varying 
individual factors are computed over the region where most TC genesis 
occurs [10◦N-25◦N, 110◦E-180◦E]. A budget analysis of the four factors 
suggests that 500 hPa vertical velocity plays the most important role in 
WNP TC differences, accounting for ~43% of the total difference 
(Fig. 3b). Vertical wind shear appears to be the second most important 
factor, accounting for ~21% of the total DGPI difference. The 500 hPa 
meridional gradient of the zonal wind and low-level vorticity contribute 
~18% and ~ 14% to the total DGPI differences, respectively (Fig. 3b). 
Similar results can be seen when examining spatial distributions of the 
DGPI while varying factors in Fig. S2. 850 hPa relative vorticity, the 
meridional gradient of 500 hPa zonal wind and vertical wind shear all 
have significant areas of unfavorable conditions under higher AOD, 
especially in the southeastern WNP, consistent with the observed 
decrease in TC frequency (Fig. 2b). Relative to other factors, the DGPI 
terms associated with mid-tropospheric vertical velocity and vertical 
wind shear highlight an area favoring enhancement of TC frequency 
under more polluted conditions in eastern China, albeit offset to the 
northwest. Note that the DGPI does not reproduce well the positive TC 
difference over the middle portion of the WNP (Fig. 3a). This may be due 
to the DGPI mainly focusing on the impact of dynamic conditions on TC 
genesis. By contrast, thermodynamic factors, such as mid-level relative 
humidity, appear to play a more important role in modulating TCs over 
the middle portion of the WNP (Fig. S1). 

4. Possible physical mechanisms 

We hypothesize that aerosols over eastern China could affect the 
subtropical eastern Pacific circulation through SWJ transport. Consis-
tent with increased AOD in the subtropical westerly jet (SWJ) exit re-
gion, the correlation map between spring eastern China AOD with global 
AOD shows a significant band over the North Pacific along the SWJ, with 
the two maximum centers over eastern China and the subtropical 

Fig. 4. (a) Correlation map between 
March–May-averaged eastern China AOD 
and global AOD during 2003–2020. The 
green contours represent 500 hPa zonal 
winds, with an interval of 3 m s− 1. (b) 
Pressure–latitude cross section of March-
–May eastern China AOD and March–May 2- 
m air temperature (shading) as well as wind 
(vectors) averaged over 160◦W–120◦W. Grey 
dots and red vectors denote significant cor-
relations. The green contours denote zonal 
winds, with an interval of 3 m s− 1. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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eastern Pacific (Fig. 4a). We next examine the secondary circulation and 
changes in the meridional vertical temperature distribution associated 
with increases in aerosol loading in the SWJ exit region (Fig. 4b). Given 
that aerosols are mainly distributed in the middle troposphere, increased 
AOD would cool the lower-to-middle atmosphere, corresponding to a 
significant negative correlation along the northern side of the SWJ exit 
region (Fig. 4b). The cooling on the north side of the SWJ increases the 
climatological poleward negative temperature gradient, thus strength-
ening the SWJ and the associated secondary circulation in the SWJ exit 
region. Subsidence also increases on the southern side of the SWJ exit 
region, resulting in an anomalous low-level anticyclonic circulation 
(Fig. 4). The anomalous anticyclonic circulation near the North Amer-
ican coast further strengthens the northeasterly trades, which then cools 
the local subtropical eastern Pacific SST through a wind-evaporation- 
SST feedback, favoring the development of a negative PMM. 

The robust relationship between eastern China AOD and WNP TCs 
may tie to the changes in decadal background SSTs. As shown in Fig.S3, 
positive SSTAs are located over the western North Pacific and North 
Atlantic and negative SSTAs are located over the eastern subtropical 
North Pacific during 2003–2020 compared to a 1980–2020 climatology. 
It agrees well with the switch of the Pacific Decadal oscillation (PDO)/ 
Atlantic Multi-decadal oscillation (AMO) from a predominately posi-
tive/negative phase during the last part of the 20th century to a pre-
dominately negative/positive phase since the early 2000s. As suggested 
in prior studies (Hartmann, 2007; Kwon et al., 2010; Yu et al., 2015; 
Zhang and Delworth, 2007), the AMO/PDO phase change can facilitate 
the poleward shift of the westerly jet via momentum transport from 
transient vorticity and air-sea coupling processes. This highlights the 

potential importance of changes in the mean SSTA state in promoting 
the AOD-driven negative PMM-like mode. The combined effect of the 
AMO and PDO as well as their respective role in contributing to the 
AOD-PMM-TC frequency relationship deserve further investigation. 

The relationship between spring eastern China AOD and seasonal 
SST and low-level circulation is also examined (Fig. S4). We find sig-
nificant negative correlations from the central Pacific to the North 
American coast during July–November, accompanied by anomalous 
northeasterly winds. This correlation pattern resembles a negative 
PMM. This relationship is further confirmed by a significant negative 
correlation (r = − 0.76, p < 0.05) between March–May AOD over eastern 
China and the July–November PMM index (Fig. 5a). The correlations of 
March–May eastern China AOD with SST and 850 hPa wind from MAM 
to SON indicate the development and evolution of a negative PMM-like 
mode (Fig. S4). This PMM-like mode develops during the spring, causing 
anomalous cooling of SSTs over the central Pacific in subsequent seasons 
(MAM-SON). The negative PMM phase then forces an anomalous anti-
cyclonic circulation over the WNP basin via a Gill-type response. 
Correspondingly, it is found a significant simultaneous correlation be-
tween the peak season PMM index and TC frequency over the WNP basin 
(r = 0.58, p < − 0.05) (Fig. 5b). Also, there is significant association 
between spring eastern China AOD and PMM in subsequent seasons. The 
correlation between spring eastern China AOD and the PMM is − 0.61 for 
MAM, − 0.66 for JJA and − 0.79 for SON, respectively (Fig. 5a). As 
expected, the peak season PMM index has a significant correlation with 
the DGPI over the main development region (r = 0.63, p < − 0.05) 
(Fig. 5c). Similarly, there is a significant correlation (r = − 0.57, p <
− 0.05) between spring eastern China AOD and peak season DGPI over 

Fig. 5. (a) Standardized time series of 
March–May-averaged AOD over eastern 
China from MERRA-2 and the Pacific 
Meridional Mode (PMM) index for March-
–May, June–August, September–November 
and July–November during 2003–2020, (b) 
As in (a) but for July–November-averaged 
PMM index and July–November Western 
North Pacific TC frequency. (c) As in (a) but 
for July–November-averaged PMM and the 
July–November-averaged dynamic genesis 
potential index (DGPI), (d) As in (a) but for 
March–May-averaged eastern China AOD 
and July–November Western North Pacific 
TC frequency. Correlation coefficients that 
are statistically significant are denoted with 
an “*”.   
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the main development region (Fig. 5d). These results indicate that 
changes in spring aerosols over eastern China likely modulate TC fre-
quency over the WNP through changes in the large-scale environment 
via its remote forcing of a PMM-like mode(Cai et al., 2022; Fu et al., 
2023; Wang and Wang, 2019). 

Changes in eastern China AOD also appear to modulate the SST 
gradient from equator to mid-latitude and land-sea temperature 
contrast, thus impacting the TC environment. As seen in the correlation 
map between AOD and 850-hPa wind in Fig. S4, increased AOD is 
associated with an anomalous anticyclonic circulation over the WNP 
basin and a weakened monsoon circulation. Furthermore, as shown in 
Fig. 6a, there is a significant negative correlation (shading) between 
March–May eastern China AOD and July–November Northern Hemi-
sphere temperature. Strong anomalous cooling over the WNP associated 
with high eastern China AOD further reduces the interhemispheric dif-
ferential, thus weakening cross-equatorial flow(Cao et al., 2022b). The 
anomalous low-level southward cross-equatorial flow weakens the 
ascending branch of the WNP Hadley circulation. Increased eastern 
China AOD can then increase the negative meridional temperature 
gradient (equator to ~20◦N) (Fig. 6b), leading to westerly upper 
tropospheric anomalies over the southeastern WNP, thus enhancing 
vertical wind shear. All of these changes in the large-scale environment 
also disfavor WNP TCs. 

5. Discussion and conclusion 

This study focuses on a potential linkage between aerosol loading 
over eastern China and WNP TC frequency during 2003–2020. We find a 
significant negative relationship between eastern China AOD and WNP 
TC frequency during this period, meaning an increase of spring aerosol 
emission over eastern China being associated with a decrease of 
July–November WNP TC frequency. During years with larger AOD over 
eastern China, there is an anomalous TC tripole pattern, with a decrease 
of TCs over the South China Sea/Philippines and the southeastern WNP 
and little change in the central WNP. Changes in large-scale conditions 
associated with changes in eastern China AOD are largely responsible for 

changes in the WNP TC genesis frequency distribution. A budget analysis 
of DGPI further suggests that changes in vertical motion and vertical 
wind shear associated with AOD anomalies appear to be the two most 
important dynamical factors. 

Changes in large-scale factors are found to be closely associated with 
an AOD-driven negative PMM mode. There is a potential connection 
between spring aerosols over eastern China and WNP TCs via the impact 
of aerosols on the development of a PMM mode via the transport of the 
SWJ. The SWJ likely delivers more aerosols in spring during years with 
increased aerosol emissions over eastern China, resulting in cooling 
along the northern side of the SWJ exit region. During high spring AOD 
years, the meridional temperature gradient subsequently increases and 
strengthens the SWJ. This results in anomalous subsidence and an 
anomalous anticyclone located on the southern side of the SWJ exit 
region. This low-level anomalous anticyclone further cools SST through 
a wind-evaporation-SST feedback, favoring the development and 
persistence of a negative PMM phase. Via a Gill-type response, an 
anomalous anticyclonic circulation develops, thus inhibiting WNP TCs. 
Our analyses also show the potential importance of the AMO/PDO phase 
change in promoting the AOD-driven PMM development, the combined 
effect and their respective role remains unsolved in this study that de-
serves further investgations. 

Increased AOD can also directly cool the WNP, thus decreasing the 
interhemispheric thermal differential, which then weakens cross- 
equatorial flow and the Hadley Cell. These changes then result in 
anomalous subsidence and anomalous low-level easterlies over the 
WNP. The anomalous WNP cooling due to increased AOD can increase 
the meridional equator to mid-latitude temperature gradient, resulting 
in anomalous upper-level westerlies, thus enhancing vertical wind shear 
over the southeastern WNP. All of these dynamic environment changes 
inhibit WNP TCs. TC changes over the middle portion of the WNP are not 
well captured by the DGPI, possibly due to the greater importance of 
mid-level relative humidity over this region. 

The results of this study highlight the potential impact of spring 
eastern China AOD on WNP TC activity, improving our understanding of 
drivers of WNP TC variability. One caveat of this study is that this is an 

Fig. 6. (a) Pressure–latitude cross section of the cor-
relation pattern between March–May eastern China 
AOD and July–November air temperature (shading), 
the Hadley Cell (contour) as well as wind (vectors) 
averaged over 110◦E–180◦. (b) Pressure–latitude 
cross section of the correlation pattern between 
March–May eastern China AOD and the July–No-
vember temperature gradient (shading) as well as 
zonal wind (vectors) averaged over 5◦N–15◦N. Grey 
dots and red vectors denote significant correlations. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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observational study highlighting the relationship between eastern China 
AOD and WNP TCs over a relatively short study period. Further obser-
vational and modeling studies are needed to confirm these relationships. 
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