
1. Introduction
Atmospheric aerosols directly perturb the Earth's energy budget by scattering and absorbing radiation, which 
is named aerosol direct effect (e.g., Ohmura, 2009; Twomey, 1974; Wild et al., 2009). Aerosols can also alter 
the properties and lifetime of clouds by serving as cloud condensation nuclei and ice nuclei, which may further 
impact the radiation budget and precipitation efficiency (e.g., Albrecht,  1989; Breon et  al.,  2002; Coakley 
et al., 1987; Lohmann & Feichter, 2005), and eventually modify the energy and hydrological cycles of the Earth 
climate system (Ramanathan, Crutzen, Kiehl, & Rosenfeld, 2001, Ramanathan, Crutzen, Lelieveld, et al., 2001; 

Abstract Two relatively long-term satellite aerosol products during 1983–2020 and 2000–2020 are 
employed to investigate interannual relationships between anomalous aerosol loadings over the Bay of Bengal 
(BoB) and Arabian Sea (AS) in the early summer and Asian monsoon rainfall anomalies. It is shown that 
increased aerosol loading (IAL) over the BoB is primarily attributed to an intensified upstream aerosol transport 
by anomalous subtropical westerly winds and coincides with local sea surface temperature (SST) cooling due 
to intensified prevailing wind and the aerosol dimming effect, and vice versa. A deficient rainfall in India 
tends to concur with a BoB IAL while excessive rainfall with an AS IAL in May and June. In June, a BoB IAL 
coincides with significantly deficient rainfall in the southwestern China-Huaihe River Basin primarily linked to 
an anomalous cyclone off the coast of Southeast China. Meanwhile a related overturning of Walker Circulation 
is identified to be driven by the contrast of anomalous convective activity between the southeastern Indian-BoB 
and the South China Sea-Philippine Sea. An AS IAL is associated with air warming in North India due to an 
elevated aerosol semi-direct effect and remote forcing that reinforces the meridional air temperature gradient. 
The IAL over the respective BoB and AS in June are both preceded by cold SST anomalies in the western 
Indian Ocean that can be traced back to the preceding winter, but the corresponding atmospheric circulations 
driving aerosol-monsoon interactions differ distinctly. The above aerosol-monsoon relationships are sustained 
primarily during 2000–2020 and vague during 1983–2020.

Plain Language Summary The year-by-year aerosol variations over the Bay of Bengal (BoB) and 
Arabian Sea (AS) in early spring and their relationship to the Asian summer monsoon rainfall anomalies are 
studied using satellite-observed aerosol products. Increased aerosol loading (IAL) over the BoB is revealed to 
be accompanied by deficient rainfall in India and excessive rainfall in the northern South China Sea-Philippine 
Sea (NSCSPS), driven by the changes in Walker Circulation primarily caused by the contrast of anomalous 
convective activity between the southeastern Indian-BoB and the NSCSPS. An IAL over the AS tends to concur 
with excessive monsoon rainfall in India in May and June and is associated with air warming in northern South 
Asia partially due to the aerosol semi-direct effect that reinforces the meridional air temperature gradient. The 
aerosol dimming effect associated with an IAL over the BoB and AS, along with the intensified prevailing 
westerly, might be responsible for the cooling of the local sea surface temperature (SST) in early spring and 
vice versa. The SST anomaly in the western Indian Ocean, which can be traced back to the preceding winter, 
plays an important role in driving the aforementioned associated changes in the atmospheric circulations and 
monsoon rainfall anomalies.
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Rosenfeld et al., 2008; Seinfeld et al., 2016). These effects that aerosols have on clouds and precipitation as well 
as the atmospheric energy and hydrological cycles are generally called the aerosol indirect effects.

Aerosols exert large influences on climate, weather, air quality, hydrological cycles, and ecosystems on both 
global and regional scales directly as well as indirectly. For example, global aerosol direct and indirect effects 
may offset a significant part of the global warming caused by greenhouse gases (IPCC,  2021). At the same 
time, aerosol pollution in the Indo-Gangetic Plain and China also has a clear influence on regional Asia summer 
monsoon (see a general review by Li et al. (2016) and Jin et al. (2021)). Thus, long-term global and regional 
aerosol observations of climate quality are needed to determine the global and regional aerosol distributions and 
study how they are changing temporarily. The environmental and climate consequences of the aerosol changes 
must also be studied, particularly for those associated with anthropogenic activities. Long-term satellite aerosol 
climate data records for the past 40 years fit this observational need very well. This paper will study the regional 
scale interactions of aerosol and the Asian summer monsoon using long-term satellite aerosol observations.

South Asia, especially the Indian subcontinent and the tropical Indian Ocean, provides an ideal and unique natural 
laboratory for the study of the role of aerosols in climate change. As it is surrounded by oceans on three sides, 
anthropogenic aerosols (such as sulfate), dust particles, as well as marine aerosols (such as sea salt) are abundant 
over the Indian subcontinent (Jin et al., 2021; Krishnamurti et al., 1998; Li et al., 2016; Ramanathan, Crutzen, 
Kiehl, & Rosenfeld, 2001, Ramanathan, Crutzen, Lelieveld, et al., 2001). Dust particles mainly originate from the 
desert areas of Central Asia, South Asia, and Northeast Africa. Anthropogenic aerosols are mainly resulted from 
industrial pollution over the subcontinent, and marine aerosols are mostly from the northern Indian Ocean. In the 
late spring and summer, the polluted and pristine air is connected by a cross-equatorial monsoonal flow into the 
Intertropical Convergence Zone (ITCZ). The subtropical flow from the northeast to the southwest brings dry and 
polluted continental air over the ocean, which enables the pollutant-laden haze to accumulate and spread on an 
ocean basin scale. Long-term satellite observations also reveal an increasing trend of aerosol loadings in India, 
Southeast Asia, China, and their surrounding coastal oceanic areas (e.g., Jeong & Li, 2005; Li et al., 2016; Massie 
et al., 2004; Mishchenko & Geogdzhayev, 2007; Zhao et al., 2008), due to fast development in the economy in the 
last three decades and associated growth in the industrial emissions of the surrounding countries.

As one of the global monsoon systems, the Asian summer monsoon (ASM) geographically spans South Asia, 
Southeast Asia, and East Asia, and modulates the weather and climate variability in the regions. The ASM 
consists of a northward progression of the on-average zonally oriented rain belts that develop in the South China 
Sea (SCS) and Southern Bay of Bengal (BoB) in early to mid-May and reach northern India and northern China in 
later summer (e.g., Tao & Chen, 1987; Tanaka, 1992; Lau & Yang, 1997; Wang & LinHo, 2002; and many others). 
The annual cycle of the solar forcing and the associated thermal heating contrast between the land and ocean and 
changes in sea surface temperature (SST) in the Indo-Pacific Ocean is generally considered to be the most impor-
tant driving mechanism for the seasonally northward migration of the heavy rainfall. As direct or indirect effects, 
the El Niño–Southern Oscillation (ENSO) phenomenon in climate variability on seasonal-to-interannual time 
scales (e.g., Chang et al., 2000b; Kumar et al., 1999; Lau & Yang, 1997; Slingo, 1999; Wang et al., 2000; Webster 
et al., 1998; Yasunari, 1990; many others), Indian Ocean Dipole (IOD) (Ashok et al., 2001; Li et al., 2003; Saji 
et al., 1999; Webster et al., 1998), as well as the anomalies of land surface processing associated with the snow 
cover over the Tibetan Plateau (TP) and Eurasian land (Bamzai & Shukla, 1999; Chen & Wu, 2000; Hahn & 
Shukla, 1976; Wu & Qian, 2003; Xu et al., 2012; Xiao & Duan, 2016; Yasunari et al., 1991; Zhang et al., 2004; 
Zhao et al., 2007; many others), are the primary factors underlying the interannual variations of the ASM, which 
are characterized by early or later arrival of the rainy season and a deficit or excessive amount of rainfall.

The possible effects of anthropogenic aerosols and dust on the behavior of the ASM have been investigated 
in the past few decades by observation data analysis and modeling studies on a continental or regional scale 
(Bollasina et al., 2011; Ganguly et al., 2012; Jin et al., 2014; Kaskaoutis et al., 2018; Lau et al., 2006, 2008; Meehl 
et al., 2008; Menon et al., 2002; Ramanathan et al., 2005; Vinoj et al., 2014; Wang et al., 2009; many others). 
The results from these studies show that aerosol absorption may result in an increase in atmospheric stability in 
the ocean and a decrease in SST gradients in the Northern Indian Ocean (NIO), which leads to a decrease in the 
north-south thermal contrast between continents and oceans and, therefore, weakening of the prevailing summer 
monsoon westerly and a reduction of the Indian summer monsoon, which mostly occurs in the peak monsoon 
season (e.g., Meehl et al., 2008; Ramanathan et al., 2005; many others). On the other hand, Lau and Kim (2006), 
Lau et al. (2006, 2008), Yang et al. (2022), and Jin et al. (2014, 2021) demonstrated that in the early summer 
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atmospheric heating by aerosol absorption over northern India and the southern Tibetan Plateau would result 
in water cycle feedback and, therefore, strengthen ASM. Ramanathan et  al.  (2005) addressed such monsoon 
impacts in a numerical model simulation and additionally indicated that reductions in surface solar radiation due 
to solar dimming causes more cooling of the northern Indian Ocean than the southern Indian Ocean, thereby 
weakening the latitudinal SST gradients. Independent satellite retrievals document a strong correlation between 
aerosol optical depth in the Arabian Sea and monsoon precipitation in central India on short timescales (Jin 
et al., 2014, 2015; Vinoj et al., 2014).

Though the impact of anomalous aerosol loading on the Indian summer monsoon has been simulated and inves-
tigated in a number of modeling and observational studies, the temporal-spatial distribution of the relationship 
among related climate factors and complex aerosol-Asian monsoon interaction still needs to be explored. Tian 
et  al.  (2008) investigated the modulation of aerosols by the Madden-Julian Oscillation (MJO) using multiple 
global satellite aerosol products and found large variations in the aerosol over the equatorial Indian and western 
Pacific Oceans where MJO convection is active. Meehl et al. (2008) showed that the anomalous cooling of SST 
over the Indian Ocean due to the solar dimming effect could result in an enhanced rainfall during the pre-monsoon 
months (March-April-May) and yet a reduced rainfall during the monsoon months (June-July-August) over South 
Asia. Some of the studies that used an atmospheric model with fixed SST show that aerosols contribute signifi-
cantly to ocean temperature change and in turn, exert a strong impact on the change of monsoon circulation. On 
the other hand, while different types of aerosol may have different effects on climate variability, the distribution 
of aerosol loading is determined by meteorological conditions. In contrast to the aerosol sources over the land 
of Central Asia, South, and East Asia, the variability of the aerosol over the northern Indian Ocean has been 
a research-void area partially due to the unavailability of long-term observations in the ocean regions. It is of 
scientific importance to address the questions of what meteorological conditions contribute to the significant 
interannual variations of the aerosol loading and what physical processes associated with those atmospheric 
circulation changes impacts on the anomaly of the ASM in different stages. In order to answer these questions, 
different satellites products are needed so that they can be compared for validation. Additionally, the background 
of the interdecadal timescale still needs to be considered. Some recent studies point out that a change in an aerosol 
long-term trend occurs in the South Asian monsoon starting from early 2000 (Jin et al., 2021; Jin & Wang, 2017) 
that is accompanied by the summertime dust loading over the Arabian Peninsula (Ravi Kumar et al., 2019).

Compared to the South Asian monsoon, the time-space distribution of the interannual rainfall anomaly in East 
Asia primarily exhibits a significant north-south dry and wet contrast between the polar front in eastern and 
southeastern China and south Japan (Ding, 1992; Johnson et al., 1993; Tao & Chen, 1987). The question of how 
the changes of the differential surface heating by the aerosol direct effect in the Northern Indian Ocean affect the 
“downstream” (with respect to the direction of the summer monsoon prevailing westerlies) climate in East Asia 
is still poorly observed and investigated.

Given the complexity of the aerosol-atmosphere interaction and regionality of the timing for the ASM (which 
exhibits a continuous northward movement of the zonal rainfall belt and consists of different weather systems in 
different regions), the aerosol-monsoon interaction is subtle and complicated. With the help of satellite instru-
ments that provide consistent and relatively long-term observations of aerosol loading in the atmosphere from 
bottom to top, we can perform a systemic investigation of the aerosol-monsoon interactions, particularly over the 
two key Asian monsoon ocean regions of the Bay of Bengal (BoB) and the Arabian Sea (AS), where the high-
est monthly aerosol loading and significant interannual variability have been observed using the 38-year long-
term monthly product of the global ocean aerosol optical thickness (AOT) Climate Data Record (CDR), from 
Advanced Very High-Resolution Radiometer (AVHRR) satellite observations (Figure 1). In this study, emphasis 
is placed on exploring the interannual variability of the aerosol loading in these two regions based on the 38-year 
monthly AVHRR AOT products with climate quality generated by the National Centers for Environmental Infor-
mation (NCEI) and the 21-year aerosol optical depth (AOD) retrieved from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) Terra satellite, and their relationship to the anomaly of Asian monsoon rainfall 
during the boreal summer transitional season.

For this purpose, we first document the interannual variations of the aerosol over the BoB and the AS in May and 
June, respectively, and compare the results from different satellites in Section 3. Then, we analyze the relationship 
between anomalous aerosol loadings over the BoB and the AS and Indian and East Asian summer rainfall anom-
alies in Section 4. The anomalous spatial structures of the atmospheric circulation and SST changes associated 
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with an anomalous aerosol loading over the BoB and monsoon rainfall anomaly, as well as underlying processes 
are explored in Section 5. Section 6 is the same as Section 5 but focuses on the Arabian Sea. In Section 7, we 
explore the precursory signals of SST anomaly (SSTA) in the Indian Ocean and their connections to the anoma-
lous aerosol concentration over the BoB and AS, and ASM rainfall anomalies. Conclusions are given in Section 8.

2. Data and Analysis Procedure
2.1. NCEI Global Ocean AOT CDR From AVHRR

The AVHRR AOT CDR (Zhao & NOAA CDR Program, 2017) is derived from the Pathfinder Atmospheres–
Extended (PATMOS-x) Cloud Properties CDR products in NCEI within the National Ocean and Atmospheric 
Administration (NOAA). PATMOS-x CDR products include a full suite of cloud and atmospheric products 
derived from the AVHRR sensor flown on polar-orbiting weather satellites beginning in the late 1970s and 
continuing through the present. They are produced by the Cooperative Institute for Meteorological Satellite Stud-
ies at the University of Wisconsin–Madison (Heidinger et al., 2014). The NCEI AOT CDR is derived from the 
global water (or ocean) surface at a 0.63  μm channel using a two-channel AVHRR aerosol retrieval algorithm 
(Zhao et  al.,  2004) from the AVHRR clear-sky reflectance from 1981 to present. The PATMOS-x AVHRR 
all-sky reflectance and cloud probability CDR products (Heidinger et al., 2014) are used to determine the clear-
sky reflectance for each orbital pixel. Due to the limited channels of the AVHRR instrument, only the aerosol 
over water is retrieved. In addition, the retrieval from a wider 0.86  μm channel is contaminated by water vapor 
absorption, which is difficult to accurately quantify especially in the AOT trend detection. Because of this, 
only the AOT retrieved at the 0.63   μm channel achieves a climate quality. The retrieval algorithm has been 
validated by comparing it with the Aerosol Robotic Network (AERONET) ground AOT measurement (Zhao 
et al., 2003, 2004) and the MODIS satellite AOT observation (Zhao et al., 2005), which confirms the data quality 
and the utilization of long-term AVHRR aerosol products in climate studies. In this study, the monthly NCEI 
AOT CDR v3.0 product on a 0.1° × 0.1° grid from 1983 to 2020 is used.

2.2. MODIS-Aqua and Terra Aerosol Optical Depth (AOD) Product

In this study, we also use the AOD retrieved at 0.55  μm from the MODIS aboard the Terra (originally known 
as EOS AM-1) and Aqua (originally known as EOS PM-1) satellites. There are two MODIS monthly global 

Figure 1. The long-term monthly mean of the aerosol optical thickness (AOT) from Advanced Very High-Resolution 
Radiometer aerosol optical thickness Climate Data Record (AVHRR AOT CDR) in (a) May and (b) June, and the 
standard deviation in (c) May and (d) June from 1983 to 2020. The two boxes in (c) denote the areas for the Bay of Bengal 
(80°E–100°E, 8°N–22°N) and the Arabian Sea (51°E–76°E, 7°N–25.5°N), respectively. The shading scale bars in a default 
case are applied to the figures in the same column.
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data product files: MOD08_D3 contains the data collected from the Terra (DOI: 1250 https://doi.org/10.5067/
MODIS/MOD08_M3.006) and MYD08_D3 from the Aqua (DOI: 1251 https://doi.org/10.5067/MODIS/
MYD08_M3.006, Platnick et al., 2015). Separate algorithms have been applied over oceans (Tanré et al., 1997) 
and land (Kaufman et al., 1997; Remer et al., 2005), respectively. The algorithms are continuously evaluated and 
periodically updated (Hsu et al., 2006; Levy et al., 2007a, 2007b; Remer et al., 2008). Collection 6.1 monthly 
AOD products contain combined dark target and deep blue retrievals over land and ocean on a 1° × 1° grid from 
February 2000 to December 2020 for Terra and from July 2000 to December 2020 for Aqua. In contrast to Terra, 
we use an improved version for Aqua, which is marked “best” over the ocean and “corrected” over the land. The 
data is downloaded from the NASA GIOVANNI website (https://giovanni.gsfc.nasa.gov/giovanni/).

2.3. SeaWiFS Aerosol Product

The third satellite aerosol data set used is the SeaWiFS aerosol optical thickness product from 1997 to 2010 (Hsu 
et al., 2013). Even though the SeaWiFS is primarily used for routine global ocean color measurements and ocean 
bio-optical property data generation due to its high accuracy in calibration and high spectral band signal-to-noise 
characteristics (Gordon & Wang, 1994), it also measures aerosol optical thickness and Angström components. 
In this study, the SeaWiFS deep blue Level 3 monthly product at 0.55 μm in a 1° × 1° spatial resolution from 
September 1997 to December 2010 is used. The data are downloaded from the NASA GIOVANNI website.

2.4. The Fifth-Generation Atmospheric Reanalysis of the European Centre for Medium-Range Weather 
Forecasts (ERA5)

The ERA5 monthly averaged data (Hersbach et al., 2019, 2020) on pressure levels and at 10 m surface on a 
0.25° × 0.25° grid from 1983 to 2020 was used in this study. The changes in associated circulation are analyzed 
by using atmospheric parameters of air temperature, specific humidity, geopotential height, wind, and vertical 
velocity at various levels.

2.5. Global Precipitation Climatology Centre (GPCC) Monthly Precipitation

Operated by Deutscher Wetterdienst (DWD, National Meteorological Service of Germany), the GPCC produces 
monthly global land-surface precipitation from rain-gauges built on Global Telecommunication System 
(GTS)-based and historic data (Schamm et al., 2014). In this study, the monthly data with spatial resolutions of 
1.0° latitude by longitude from 1983 to 2020 was used.

2.6. Global Precipitation Climatology Project (GPCP) Monthly Precipitation

The GPCP monthly precipitation CDR provides a consistent analysis of global precipitation from an integration 
of various satellite data sets over land and ocean and a gauge analysis over the land (Adler et al., 2016). In our 
study, the Version 3.1 monthly data on a 2.5° grid from 1983 to 2020 is downloaded from the NOAA Physical 
Sciences Laboratory.

2.7. The NOAA 1°/4° Optimum Interpolation SST (OISST)

The OISST is a long-term CDR generated in NOAA NCEI that incorporates observations from different plat-
forms including satellites, ships, buoys, and Argo floats (Huang et al., 2021; Reynolds et al., 2002). In this study, 
the V2.1 data on a 0.25 longitude by latitude grid is used. The OISST has a temporal resolution of daily, and the 
data are averaged monthly in this study.

3. Comparison of Variabilities of the Aerosol Over the BoB and the AS Among 
Different Satellites Observations in May and June
A limited number of studies pointed out that the Northern Indian Ocean is one of the regions over the global 
ocean where the largest aerosol loading has been observed climatically (e.g., Li et al., 2016; Jin et al., 2021; many 
others). This motivates our efforts to investigate the temporal-spatial distributions of aerosol variability in the 
BoB and AS and aerosol-monsoon interactions through an in-depth analysis of the NCEI-produced long-term 
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AVHRR satellite AOT CDR. Moreover, to avoid the uncertainty of the satellite observations from different 
sensors, we also compare the AVHRR AOT to the MODIS AOD, which contains relatively short periods but 
more advanced observations.

Figure 1 shows the distributions of the long-term monthly mean of AVHRR AOT (Figures 1a and 1b) and the 
standard deviation (Figures 1c and 1d) during the 1983–2020 period, respectively. It demonstrates that over the 
Indian Ocean and West Pacific Ocean, the maximum aerosol is observed off the coast of the Indian Peninsula in 
May whereas minimum aerosol centers are located primarily over the tropical Indian and West Pacific Oceans 
between 10°S and the equator. In June, aerosols increase distinctly over both BoB and AS and display a remark-
able meridional aerosol gradient, implying that aerosol transport from the land to the ocean tends to be dominant 
in the aerosol loading in these two regions (Figures 1a and 1b). The distribution of standard deviation shows 
that high variance primarily occurs over the BoB in May (Figure 1c) and appears over both AS and BoB in June 
(Figures 1b and 1d).

While the above different features exhibit distinct aerosol variations in May and June, the timing of the monsoon 
wet phase, which is associated with the aerosol rainfall wash-out effect, differs in the BoB and AS. A number of 
previous studies (Lau & Yang, 1997; Tanaka, 1992; Tao & Chen, 1987; Wang & LinHo, 2002) have indicated 
that in eastern India from early May, the timing of the South Asian summer monsoon rainfall is characterized by 
the northward migration of the convection center from south of the equator to the southern BoB and occurring 
in the southern corner of the Indian subcontinent in late May, before finally arriving in the Northern Indian 
Himalayan Foothills (NIHF) in late June. In the western Indian Ocean, a separate monsoonal convention center 
appears in early May in the equator and then moves northward and arrives in the southern Arabian Sea south 
of 15°N in late May, and finally reaches coastal northwestern India in late June. Therefore, in this study, we not 
only treat the aerosol variation in May and June, respectively, but also separate them into two regions while some 
common features are also summarized. Accordingly, we define two separate domain-averaged aerosol indices 
over the BoB (80°E–100°E, 8°N–22°N) and AS (51°E–76°E, 7°N–25.5°N), respectively. These two domains are 
marketed by the two black rectangle frames in Figure 1c.

Figure 2 shows the climatological annual cycle of the AOD and AOT indices over the BoB and AS from satel-
lite aerosols of the 38-year AVHRR AOT, 21-year Terra, and 19-year Aqua AOD, as well as 11-year SeaWiFS 
AOT data sets. The annual variation over the BoB is exhibited by a peak in June and a low in November in the 
AVHRR, Aqua, and Terra data, while SeaWiFS data shows a peak in May. Over the AS, all observations consist-
ently display a distinct peak in July and a low in December-January. Other than that, the SeaWiFS data contains a 
relatively smaller variance in the AS, which may be related to the saturation of the SeaWiFS observation in heavy 
aerosol loading conditions (Li et al., 2009).

Figure 3 displays the time series of BoB aerosol indices in May (Figure 3a) and June (Figure 3b) from different 
satellite observations. The AVHRR AOT (0.63 μm) varies from 0.2 to 0.4 while MODIS and SeaWiFS AOD 
(0.55 μm) fall in the range from 0.3 to 0.5 both in May and June. In May all the high aerosol years (e.g., 2003, 
2005, 2008, 2013, and 2019 in Figure 4a) and low years (e.g., 2000, 2004, 2006, 2010, 2018, and 2020) are 
consistent for all products. We also provide a quantitative estimation of the strength of the relationship among the 
products in Table 1, which shows the correlation coefficient values of aerosol over the BoB among AVHRR AOT 
and MODIS AOD each month. The SeaWiFS data are not included due to its short observation period (11 years). 
The values between the Terra and Aqua are above 0.96 in all months, indicating the significant consistency 
between these two aerosol products, whereas quantitatively the values of Aqua AOD are slightly larger than those 
derived from Terra (Figures 3a and 3b). For the AVHRR data, May and June are the two of the best correlated 
months, with values of 0.91 (0.83) between the AVHRR AOT and Terra (Aqua) AOD in May, and 0.91 (0.91) 
between the AVHRR AOT and Terra (Aqua) AOD. August is the worst month in which correlation coefficient 
values drop to 0.61 between AVHRR AOT and Terra AOD, and 0.50 between AVHRR AOT and Aqua AOD. 
The latter only exceeds the significance level of 95% while the values in other months exceed the level of 99%.

Similarly, Figure 4 and Table 2 present the AS aerosol indices and their respective correlation coefficient values. 
For AVHRR AOT, a weakening of the amplitude of year-to-year variation is seen after late 1990 (Figures 4a 
and 4b), and its relationship to the Terra and Aqua AOD becomes weaker than those over the BoB. The correla-
tion values between AVHRR AOT and Terra AOD, and between AVHRR AOT and Aqua AOD drop to 0.50 and 
0.66 in May, and 0.58 and 0.58 in June, respectively. In the worst-correlated month of August, the AVHRR-Terra 
and AVHRR-Aqua correlations are only 0.23 and −0.05.

 21698996, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038112, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

ZHANG ET AL.

10.1029/2022JD038112

7 of 39

The above difference might be caused by a couple of reasons. The spatial resolution of heritage AVHRR obser-
vation (∼4 km) is lower than that of advanced MODIS observation (∼0.5 km) and MODIS also has more obser-
vational spectral channels compared to AVHRR (36 channels vs. 5 channels). Thus, the cloud detection and 
screening scheme based on MODIS observation is more accurate than that of AVHRR, especially during the 
cloudy and rainy monsoon season. As a result, AVHRR observation may miss more aerosol detection, especially 
in some heavy aerosol scenarios due to relatively strong transport associated with vigorous monsoon dynamic 
and thermodynamic processes. This is the major cause for the relatively large difference between AVHRR and 
MODIS aerosol observation during the peak monsoon months (July and August). The cloud detection and screen-
ing effect on aerosol retrieval is small in the dry pre-monsoon season, which is the major reason that we focus our 
study on May and June rather than the peak monsoon months.

Lacking spectral channels for AVHRR aerosol retrieval relative to MODIS retrieval may also impact the final 
AOT values. However, this impact from the difference in the AVHRR and MODIS aerosol retrieval algorithms is 
mainly over land. Actually, the AOT differences caused by the aerosol retrieval algorithm of AVHRR to that of 

Figure 2. The time series of the domain-averaged climatological monthly mean aerosol indices calculated from Advanced 
Very High-Resolution Radiometer Climate Data Record (AVHRR CDR) (blue), Terra (cyan), Aqua (yellow), and SeaWiFS 
(red) over the (a) Bay of Bengal (BoB) (80°E–100°E, 8°N–22°N) and (b) the Arabian Sea (51°E–76°E, 7°N–25.5°N) areas 
which are denoted in Figure 1c.
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MODIS over the ocean are relatively smaller (Li et al., 2009; Zhao et al., 2005). MODIS radiometric calibration 
uncertainties in reflectance (±2%) are also more accurate than that of AVHRR (±5%), which may result in a 
large difference in AOT retrievals. However, AVHRR reflectance has been cross-calibrated with MODIS before 
using for deriving AOT CDR, which brings the AVHRR calibration uncertainty close to that of MODIS (Cao 
et al., 2008; Heidinger et al., 2002, 2010) and minimizes the impact on the AOT retrieval caused by the calibra-
tion uncertainties.

For a further comparison of aerosol data derived from different satellite missions and revealing the spatial distri-
bution patterns associated with the domain-averaged indices over the receptive BoB and AS, we calculate the 
correlation coefficient between the aerosol indices and itself or other satellite 2-dimensional aerosol fields, 
respectively. As the MODIS/Aqua product provides a quality-improved aerosol data set over both land and ocean 
during 2003–2020, here we can extend our analyses from the ocean to land. Among the correlation maps, Figure 5 
presents the self-correlations between the AVHRR AOT BoB and AS indices and its 2-dimensional fields (left 
panels) and those between the Terra AOD indices and Aqua AOD fields (right panels) during 2003–2020. The 
color shading areas where values are larger than 0.47 or smaller than −0.47 indicate an exceeding of the 95% 
confidence level. We can see the correlation patterns of AVHRR based AOT and its indices over BoB and AS are 
generally similar to those of MODIS based AOD and its indices in both May and June. It is notable that because 

Figure 3. The time series of the domain-averaged aerosol indices calculated from Advanced Very High-Resolution 
Radiometer aerosol optical thickness Climate Data Record (AVHRR AOT CDR) (blue), Terra (cyan), Aqua (yellow), and 
SeaWiFS (red) over the Bay of Bengal (BoB) in (top) May and (bottom) June.
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the correlation coefficient values between Terra and Aqua AOD indices over the BoB are 0.96 and 0.98 in May 
and June (Table 1), and 0.99 and 0.99 over the AS in May and June (Table 2), respectively, the right panels, 
whereas they are the correlations between Terra aerosol Index and Aqua aerosol fields, are very similar to those 
of Terra and Aqua self-correlations which have not been shown.

Examining in details, Figures 5a and 5b show that an increased aerosol loading over the BoB is accompanied by 
an aerosol increase in the downstream SCS and the marginal seas of East Asia as well as the northwestern Pacific 
Ocean and vice versa. Furthermore, the self- or cross-correlations between Terra and Aqua data sets display 
remarkable out-of-phase variations between the BoB and AS in May in Terra and Aqua data sets (Figure 5e and 
ignored figures) and high negative correlations in the southern Indian Ocean south to 10°S (Figures 5e and 5f). 
Increased loading in the downstream regions is not observed for an increased aerosol loading over the AS in May 
(Figures 5c and 5g), whereas it is concurrent with a significant increase of aerosol in central Africa between 10°S 
to 10°N in the Aqua data (Figure 5g). The AVHRR AOT self-correlations in June (Figure 5d) exhibit a broad 
positive correlation band extending from the Arabian Sea, the southern BoB, SCS, and tropical west Pacific 
Ocean, implying that aerosols dwelled over the AS are transported to broader downwind areas by monsoon flow 
in June than in May. This monsoon flow transport is also noticed in the distribution of Terra and Aqua AOT 
cross-correlation in Figure 5h. As the correlation coefficient between AVHRR AOT and Aqua (Terra) AOD indi-
ces over the AS is 0.58 (0.58) in June (Table 1), some differences between Figures 5d and 5h are expected, and the 

Figure 4. Same as Fig. 3, but for the Arabian Sea.
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latter presents relatively weaker signals in the BoB and marginal seas of Southeast Asia for an increased aerosol 
loading over the AS in June. Overall, the above evidence indicates that large-scale aerosol spatial distributions 
correlated to the aerosol loading over the BoB and AS differ distinctly. An increased aerosol loading over the BoB 
is apparently accompanied by a distinct increase of the aerosol in Southeast and East Asia and adjacent ocean 
regions far extending to the middle West Pacific Ocean, suggesting that the aerosol-monsoon interactions over 
the BoB and AS are likely dominated by different circulation patterns and are consistent with what we uncover in 
the following sections. It is also notable that in June the correlation between the AOD index over the AS and the 
aerosol observed by Aqua is highly positive over the land regions in the northwestern India (Figure 5h) along the 
western Himalayan foothills, reflecting a concurrency of aerosol increase in the region. This consistently provides 
a possible cause of overlapped air warming by the semi-direct aerosol effect which will be further discussed with 
other atmospheric parameters later.

4. Relationship Between Anomalous Aerosol Loadings Over the BoB and AS and 
Summer Rainfall Anomalies in South and East Asia
The evidence identified in the above section confirms that the annual and interannual variations of the aerosol 
over the BoB and AS regions observed by the AVHRR and MODIS satellites are consistent each other. In the 
subsequent studies, we start by investigating the relationship between the interannually anomalous aerosol load-
ings over the BoB (and AS) and the Asian monsoon rainfall anomalies in the early summer. In the first step, we 
compute the correlations between precipitation and aerosol indices of the Terra AOD and AVHRR AOT during 
2000–2020, and then also calculate those with respect to the AVHRR AOT indices during 1983–2020. Consid-
ering that the primary monsoonal rainfall belts sit in different locations during the summer monsoon transitional 
period (May and June), we perform the above analysis in May and June separately.

4.1. Relationship of the Aerosol Loadings Over the BoB and Asian Summer Monsoon Rainfall 
Anomalies

Figure 6 presents the correlations of the GPCC or GPCP precipitation with respect to the Terra AOD index over 
the BoB during 2000–2020 and to the AVHRR AOT index during 1983–2020. It is shown that there exists a 
significantly negative correlation between aerosol loading over the BoB and rainfall in South Asia extending 
from central and northeast India to Bangladesh-northern Myanmar in May (Figure 6a) during 2000–2020. In 
Southeast Asia, a high positive correlation is visible in the southern Indochina peninsula covering Cambodia 
and south Vietnam, as well as the northern Philippines. In June, a negative northwest-southeast-tilted tongue is 
observed in central India between 15°N to 20°N latitude (Figure 6b). In Southeast and East Asia, the correlations 
display a conspicuous northeast-southwest-oriented teleconnection pattern in which positive correlations are visi-
ble primarily in the northern Indochina peninsula and northwestern Korea while significant negative correlations 
occupy a larger area extending from Southwest China to the Huaihe River Basin.

As a combined precipitation data set from an integration of various satellite data sets in the ocean and gauge 
analyses over land, the GPCP precipitation, though containing a coarser grid resolution compared to GPCC data, 
is very helpful in the investigation of the related tropic convective activity. The GPCP precipitation exhibits a 
correlation pattern similar to that of GPCC over the land in South and East Asia. It also reveals considerably nega-
tive correlations in the southwestern BoB and on the coast of the southwestern Indian subcontinent, as well as the 
region zonally covering the southeastern Indian Ocean between 10°S and the equator with an extension to central 
Indonesia (Figure 6c). In the SCS and the west Pacific Ocean, a northeast-southwest-oriented zone of positive 
correlations extends from the central SCS, the Philippine Sea and the North Pacific Ocean, to the south of Japan 
(Figure 6c). In Figure 6d, compared to those of GPCC, the GPCP-AOD index correlation maps in June exhibit a 
conspicuous north-south-oriented teleconnection pattern in Southeast and East Asia. Consistently, a significant 
positive correlation center appears in the northern SCS-Philippines Sea and is accompanied by a negative one in 
the southern SCS-central Indonesia with a westward extension along 5°N and reaching 85°E in the tropic eastern 
Indian Ocean (Figure 6d).

To confirm the results from MODIS/Terra AOD data, we also compute the correlation between the GPCC and 
GPCP precipitation and AVHRR index over the BoB during 2000–2020 as shown in Figure S1 in Supporting 
Information S1. One can see that the correlation maps of rainfall to the two satellites' aerosol data are quite simi-
lar, and both capture the prominent features including deficient rainfall along the regions spanning northeastern 
India, Bangladesh and northern Myanmar (Figure S1a in Supporting Information S1), intensified convective 
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activity in the southwestern BoB and a teleconnection intensified rainfall pattern along the western North Pacific 
Ocean in May (Figure S1c in Supporting Information S1). However, the negative correlation between AVHRR 
AOT and GPCC is relatively a little bit weaker compared to the Terra AOD index on the coast of the southwestern 
India (Figure 6a and Figure S1a in Supporting Information S1). In June, prominent deficient monsoon rainfall 
in the Indian subcontinent and China ranging from the southwest region to the Huaihe River Basin, and signifi-
cant seesaw changes of convection between southern SCS and the northern SCS-Philippine Sea are documented 
consistently (Figure 6d and Figure S1d in Supporting Information S1).

For a longer time period of 1983–2020, the negative correlations between aerosol loading over the BoB and rainfall 
in South Asia spanning central and northeast India, Bangladesh and northern Myanmar are still dominant in May 
(Figure 6e), but the signals in central-eastern India are relatively weaker (Figure 6f) in June. In Southeast Asia, 
high positive correlations are visible in the Indochina Peninsula primarily sitting in the southern region in May 
and in the northeastern one in June, while a dry-wet meridional contrast between the tropic Indonesia-Malaysia 
and subtopic northern Philippines can also be seen in May and June during 1983–2020 (Figures 6e and 6f). In 
East Asia, the area of remarkably negative correlations in China identified during 2000–2020 is mainly located 
over a smaller domain of 30°N–38°N and 100°E–110°E during 1983–2020, and the positive correlations over the 
northeastern China-northern Korea are much stronger (Figure 6f).

In summary, our correlation analyses for both AVHRR and MODIS aerosols reveal that in the early summer, though 
strength and locations might be slightly different from May to June, an increased anomalous aerosol loading over the 
BoB tends to be negatively related to monsoon rainfall in South Asia and to be concurrent with suppressed convec-
tive activity in the eastern tropic Indian Ocean and an intensified convective activity in the SCS-Philippine Sea. It is 
notable that deficient rainfall observed in the regions spanning the northeastern India, Bangladesh, and the northern 
Myanmar in May and the central and southern India subcontinent in June might imply a dry or delayed arrival of the 
summer Indian monsoon in the regions and vice versa. In Southeast and East Asia, a north-south-oriented rainfall 
teleconnection pattern is dominant with alternating signs propagating from the equator to the middle latitude in Asia, 
and a distinct dry (wet) phase of rainfall extending from Southwest China to the Huaihe River Basin occurs in June.

4.2. Relationship of the Aerosol Loading Over the Arabian Sea and the Asian Monsoon Rainfall 
Anomalies

Figure 7 presents the correlation between the MODIS Terra AOD index over the AS and monthly GPCC and GPCP 
precipitation during 2000–2020, respectively. Figure 7a shows that a high positive center is primarily observed in 
the South India and Northeast Indochina Peninsula in May. In June, significant positive correlations are visible 
primarily in North India along the Himalayan foothills and Northeastern China, while a weak positive correlation 
center can also be seen on the coast of Southeast China as well as a negative one in Southwest China (Figures 7b 
and 7d), exhibiting a seesaw change pattern of rainfall anomalies. Compared to that of GPCC in Figure 7a, the 
GPCP-aerosol correlation map in Figure 7c displays a larger positive correlation area in South India in May which 
extends to the eastern Arabian Sea, and a high correlation center in the southern Indian Ocean at 10°S and 80°E.

We also calculate the correlations between the AVHRR AOT index over the Arabian Sea and GPCC and GPCP 
precipitation during 2000–2020. The results are shown in Figure S2 in Supporting Information S1. The significant 
positive correlations in South India in May and North India along the Himalayan foothills in June in Figure 7 
are consistently observed in Figure S2 in Supporting Information S1, whereas the size of domains in Figure S2 
in Supporting Information S1 is relatively smaller than those in Figure 7. Comparatively, the results of AVHRR 
AOT index also displays a small negative zonal tongue in the Huaihe River Basin in June, which is located to the 
south of the maximum center in Northeast China (Figure S2b in Supporting Information S1). Additionally, a high 
negative correlation is also identified along the equator over Malaysia and Indonesia in Figure S2b in Supporting 
Information S1 as part of the southwest-northeast-oriented teleconnection pattern in the marginal seas of the 
western Pacific Ocean (Figure S2d in Supporting Information S1).

Figures 7e and 7f display the correlation maps between the GPCC precipitation and the AVHRR AOT index 
over the AS during 1983–2020 in May and June, respectively. While the positive correlation still can be seen in 
South India in May in Figure 7e, the significant positive correlations in North India along the Himalayan foothills 
reduce in June in Figure 7f in contrast to those in Figures 7b and 7c.

In summary, analyses of both AVHRR and Terra aerosol products reveal that an increased (decreased) aerosol 
loading over the Arabian Sea tends to be concurrent with a wet (dry) monsoon rainfall in the Indian subcontinent 
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Figure 5. The self-correlations between the Advanced Very High-Resolution Radiometer aerosol optical thickness (AVHRR AOT) domain-averaged indices (over 
the Bay of Bengal (BoB) and the Arabian Sea (AS)) and AVHRR AOT fields (left panels): (a) BoB index in May, (b) BoB index in June, (c) AS index in May, (d) AS 
index in June, and the correlations between the MODIS/Terra AOD indices (over the BoB and AS) and Aqua AOD data which are observed over land and ocean during 
2003–2020 (right panels): (e) BoB index in May, (f) BoB index in June, (g) AS index in May, (h) AS index in June. The color shading areas where values are larger than 
0.47 or smaller than −0.47 indicate an exceeding of the 95% confidence level.
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Figure 6. The correlation coefficient between the MODIS/Terra aerosol optical depth (AOD) index over the Bay of Bengal (BoB) and monthly precipitation of (a) 
Global Precipitation Climatology Centre (GPCC) in May, (b) GPCC in June, (c) Global Precipitation Climatology Project (GPCP) in May, and (d) GPCP in June during 
2000–2020, and between Bay of Bengal Advanced Very High-Resolution Radiometer aerosol optical thickness (BoB AVHRR AOT) index and precipitation of GPCP 
in (e) May and (f) June during 1983–2020. The shading areas with values larger than 0.43 or smaller than −0.43 during 2000–2020, and larger than 0.32 or smaller than 
−0.32 during 1983–2020 are exceeding the 95% significance.
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Figure 7. Same as Fig. 6, but with respect to the MODIS/Terra aerosol optical depth index averaged over the Arabian Sea.
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whereas the location of maximum might be different from May to June. However, the relationship becomes 
weaker when the time period before 2000 is included, especially in North India in June. It is also notable that 
compared to the correlation results between rainfall and the aerosol over the BoB (Figures 6c and 6d), the rela-
tionship between rainfall in East Asia and the aerosol over the Arabian Sea is relatively weaker.

5. Atmospheric Circulation and SST Changes Associated With the Anomalous 
Aerosol Loadings Over the BoB
To understand the possible connection between the ASM and an anomalous aerosol loading over the BoB, we 
calculate the correlations of the ERA5 wind, height, and air temperature, and SST data sets to the aerosol indices 
over the BoB in May and June, respectively.

5.1. Variation of the Wind, Height, Air Temperature, and SST Fields

Figure 8 displays the regression of the 850-hPa wind anomalies with respect to the Terra AOD during 2000–2020 
and AVHRR AOT indices over the BoB during 1983–2020, respectively. In May (Figure 8a), it is shown that, for 
an increased aerosol loading over the BoB, most regions of the Indian subcontinent are under control by anoma-
lous northwesterly or northerly winds that change to westerly ones in the southern BoB, leading to a deepening 
of the Bay of Bengal Trough (BBT) along the coast of East India. This broad zonal belt of anomalous westerly 
winds visibly spans the southern BoB, the southern SCS and the Philippine Sea. In the tropical Indian Ocean, a 
remarkable basin-wide anti-clockwise monsoon gyre is observed containing a southeast-northwest-tilted band of 
anomalous southeasterly winds ranging from 60°E to 100°E longitude and between 10°S and 8°N latitude, and 
northeasterly or northerly winds in the Southwestern Indian Ocean to the west of 70°E. The former and northern 
neighboring westerly wind belts produce strong convergences along the southern BoB near 10°N. In East Asia, 
an anomalous cyclone appears offshore the coast of Southeast China with its center located in the northern Phil-
ippine Sea, and associated anomalous northeasterly winds are visible over the northwestern Philippine Sea, the 
East China Sea, and the southern portion of the Japan Sea.

In June (Figure 8b), an increased aerosol loading in the BoB is associated with the development of the anomalous 
northwesterly winds not only in North India including most of the Indo-Gangetic Plain and Thar Desert regions 
but also in the North AS and neighboring land regions. In Southeast and East Asia, similar to that in Figure 8a, an 

Figure 8. Regression of the wind anomalies with respect to the Terra aerosol optical depth (AOD) index over the Bay of 
Bengal (BoB) at 850 hPa in (a) May and (b) June during 2000–2020, and to the Advanced Very High-Resolution Radiometer 
aerosol optical thickness (AVHRR AOT) index over the BoB at 850-hPa in (c) May and (d) June during 1983–2020. Shading 
areas denote those correlations of AOD or AOT index and u or v component at 850 hPa exceed the 95% significance. The 
wind scales are displayed at the low right corners in a unit of ms −1.
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anomalous westerly winds belt is dominant in the BoB and the southern Southeast Asia in Figure 8b. However, 
they can be located further north than these regions in May and cover the southern Indochina peninsula, the 
central SCS, and the northern Philippines (Figure 8b) as does the anomalous cyclone offshore the coast of south-
eastern China. As a result, the associated anomalous northeasterly winds are observed prevailing on the coast 
of southeastern China while anomalous southeasterly winds are steadily seen in the Korean peninsula and the 
southern portion of Japan Sea. In the tropical Indian Ocean, the basin-wide anti-clockwise monsoon gyre retreats 
southwestward and anomalous northeasterly winds develop primarily along the coast of eastern Africa while 
cross-equatorial southerly winds are visible between 80°E and 95°E.

To compare the results observed from different satellites, we also produced the regressed 850-hPa wind anom-
alies with reference to the AVHRR AOT over the BoB during 2000–2020 and shown in Figure S3 in Support-
ing Information S1. In May, comparing Figure S3 in Supporting Information S1 to Figure 8a, the anonymous 
southeasterly winds in the tropical Indian Ocean which are associated with the anti-clockwise monsoon gyre and 
anomalous cyclonic winds associated with the anomalous cyclone offshore the coast of Southeast China depicted 
in Figure S3a in Supporting Information S1 are relatively weaker in those derived by Terra AOD data in Figure 8a 
whereas most of the features of the anomalous weather system are similar to each other. In June, the regressed 
850-hPa winds with respect to the AVHRR AOT index (Figure S3b in Supporting Information S1) show that 
there exist strong anomalous northeasterly winds along the coast of eastern Africa to west of 60°E and weak 
cross-equatorial southerly winds between 80°E and 95°E.

Figures 8c and 8d display the regression of the 850-hPa wind anomalies with respect to the BoB AVHRR AOT 
indices during 1983–2020 in May and June, respectively. Compared to those that have been revealed during 
2000–2020 in May (Figure 8a and Figure S3a in Supporting Information S1), the tropical anonymous southeast-
erly winds in the tropical Indian Ocean associated with the anti-clockwise monsoon gyre are much weaker and 
stronger signals can only be seen near the coast of the northwestern Sumatra. The strong anomalous northwesterly 
winds in North India, North AS, and Northwest BoB depicted in June in Figure 8b and Figure S3b in Support-
ing Information S1 weakened remarkably during the 1983–2020 periods (Figure 8c), and so do the anomalous 
cyclonic winds associated with the anomalous cyclone on the coast of Southeast China. Those may partially 
explain why the relationship between the aerosol loading over the BoB and monsoon rainfall in South Asia and 
East Asia is weaker than it was from 2000 to 2020 (Figures 6b and 6f).

We also compute the correlations of the aerosol indices over the BoB from AVHRR AOT and Terra AOD to 
the height and vertical velocity (Omega) fields at 500 hPa, and specific humidity at 700 hPa during 2000–2020. 
Because the results between AVHRR AOT and Terra AOD data are quite similar, Figure 9 only presents the 
results for the Terra AOD indices during 2000–2020. In May (Figure 9a), minimum correlations between 500-hPa 
height and Terra AOD index over the BoB are revealed over northern India and the central SCS-Philippine Sea. In 
June (Figure 9b), significantly negative correlations of height can be identified in the southwestern TP and north-
ern SCS. Considering that climatically during boreal spring cold and dry northwesterly winds prevail over India 
and are concurrent with the existence of TP topographic trough (TPTT) in southern TP and the adjacent regions 
(Wu et al., 2013, 2014), a decrease of the 500-hPa height in northern India and the BoB benefits the development 
of a deep TPTT and strengthened circumferential westerly winds. Also, a decrease of the 500-hPa height in the 
SCS and the Philippine Sea reflects a weakening and eastward retreat of the western North Pacific subtropical 
high which has a significant effect on droughts, heat waves, and tropical cyclone tracks over East Asia and the 
northwest Pacific and will be further discussed in the later subsections.

Gandham et al. (2020, 2022) point out that climatically an eastward zonal transport of dust primarily appears 
within a layer between 850 and 700 hPa in the Indian Subcontinent during summer. Here the humidity-aerosol 
correlation maps at 700-hPa show a distinct dry-wet contract between the Indian Peninsula-west BoB and the 
SCS-Philippine Sea in May (Figure 9c), and between central India and the SCS-Philippine Sea in June (Figure 9d), 
respectively. The dry atmospheric conditions in the Indian subcontinent not only help more local aerosol emis-
sions but also reduce the rainfall-washing effect in aerosol transport over the upstream regions of the BoB.

The distributions of correlations between 500-hPa vertical velocity and aerosol over the BoB (Figures 9e and 9f) 
exhibit a similar pattern to the 700-hPa humidity (Figures 9c and 9d). Namely, a descending motion, presented by 
a significantly positive correlation, tends to coincide with a dry condition in India-BoB regions, and a strong aris-
ing motion, corresponding to a high negative correlation, is concurrent with a wet condition in the SCS-Philippine 
Sea. Moreover, if we compare those features of humidity and vertical motion to the low and upper-level wind 
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Figure 9. Correlation between the Terra aerosol optical depth (AOD) index over the Bay of Bengal (BoB) and the 500-hPa height (a) in May and (b) June, 700-hPa 
humidity in (c) May and (d) June, and 500-hPa vertical velocity in (e) May and (f) June. The shading areas with values larger than 0.43 or smaller than −0.43 are 
exceeding 95% significance.
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anomalies, we can find that the concurrence of the anomalous 850-hPa westerly (Figure 8) and 200 hPa easterly 
winds (Figure S4 in Supporting Information S1) in the tropical Indian Ocean plays an important role in building 
up a bridge between these two separate regions. Furthermore, to the south of the strong ascending branch in the 
SCS-Philippine Sea, notable positive correlations are also visible in the southeastern Indian Ocean and southern 
SCS-Java Sea and imply a strong descending motion and precipitation deficiency (Figures 6c and 6d). Consider-
ing the existence of the 850-hPa cross-equatorial flows in the longitude domain from 100°E to 110°E and 120°E 
to 130°E in May (Figures 8a) and 120°E to 140°E in June (Figure 8b), they consistently indicate the strengthening 
of the Hadley Circulation in the marginal seas of the western Pacific. Most importantly, the associated highly 
positive correlations observed in the East Asia regions between 22°N and 40°N latitude (see Figures 9e and 9f) 
imply that the Hadley Circulation may play a dominant role in the modulation of far northward-positioning 
monsoon rainfall anomalies in East Asia.

Figure 10 presents correlation maps between SST and AVHRR AOT indices over the BoB during the two peri-
ods, and the Terra AOD during 2000–2020, respectively. In May the correlation between SST and aerosol over 
the BoB was highly negative in the BoB and the southern SCS during 2000–2020 (Figures 10b and 10c), while 
the signals are relatively weaker during 1983–2020 (Figure  10a). Apparently, the cold SST almost overlaps 
with  the anonymous low-level westerly winds in the regions (Figures 8a and 10a and 10b). Positive correlations 
are observed in a southwest-northeast-oriented band in the West Pacific Ocean with paralleling negative cells to 
its two sides during two time periods (Figures 10e and 10f), but their values are reduced both for AVHRR AOT 
and Terra AOD data during 2000–2020. Negative correlations are presented in the maritime continent both for 
AVHRR AOT and Terra AOD data during 2000–2020 but are absent during 1983–2020. As shown in Figure 1, 
high AOT values have also been observed over the AS, BoB, and the seas surrounding the maritime conti-
nent, which may result in an enhanced surface radiative dimming effect. As a result, SST becomes cooler and 
convective precipitation may be inhibited, which is consistent with the above correlation analysis between AOT 
and precipitation (Figure 6c). The upward motion anomaly (Figure 9e) over the SCS-Philippine Sea due to the 

Figure 10. The correlation coefficient between sea surface temperature (SST) and (a) Advanced Very High-Resolution Radiometer aerosol optical thickness (AVHRR 
AOT) over the Bay of Bengal (BoB) in May during 1983–2020, (b) AVHRR AOT over the BoB in May during 1983–2020, (c) Terra AOD over the BoB in May 
during 2000–2020, (d) AVHRR AOT over the BoB in June during 1983–2020, (d) AVHRR AOT over BoB in June during 2000–2020, and (f) Terra AOD over BoB 
in June during 2000–2020. The shading areas with values larger than 0.32 or smaller than −0.32 during 1983–2020, and larger than 0.43 or smaller than −0.43 during 
2000–2020 are exceeding the 95% significance.

 21698996, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038112, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

ZHANG ET AL.

10.1029/2022JD038112

19 of 39

overturning of the Walk Circulation seems to overpower the SST cooling in the SCS-Philippine Sea and maintain 
accordingly a positive correlation between AOT and precipitation (see Figure 6c).

In June, negative correlations are still visible in the northern SCS and the Philippine Sea during 1983–2020 
(Figure 10d) though the signals are relatively weaker than those in May. Noticeable positive correlations can also 
be identified in the eastern equatorial Pacific during 1983–2020, but reduced during 2000–2020 (Figures 10e 
and 10f), especially for the Terra AOD data (Figure 10f). They also become much weaker compared to those in 
May. During 2000–2020, significant negative correlations occurred in the SCS and elongated from the northern 
Philippine Sea, the Yellow Sea, and the East China Sea to the northwestern Pacific Ocean south to Japan.

In the northern Indian Ocean and the BoB, no noticeable signal of SST-aerosol correlations is visible during 
1983–2020 with respect to the AVHRR AOT index (Figure 10d), but during 2000–2020, Terra AOD data presents 
a stronger negative correlation to the SST in the central equatorial Indian Ocean which also intrudes northward 
into the central BoB (Figure 10f). These signals can also be seen in the correlation to the AVHRR AOT index 
though the signals are much weaker.

Figure 10 demonstrates that an increased aerosol loading in the BoB is concurrent with a cold SST anomaly in the 
BoB, implying that the aerosol dimming effect due to the anomalous aerosol loadings might cool the local SST, 
and vice versa. In the boreal early summer on the other hand, the prevailing wind over the BoB is southwesterly, 
so the anomalous westerly winds strengthen the prevailing wind (Figures S5b and S5d in Supporting Informa-
tion S1), this may trigger stronger offshore ocean current and strengthen upwelling, thus, leading to stronger SST 
cooling (Wu et al., 2012).

5.2. Physical Processes Underlie the Aerosol-Monsoon Interactions in the BoB and Their Relationship to 
Asian Summer Monsoon Rainfall Anomalies

5.2.1. Favorable Environmental Circulation for an Anomalous Aerosol Loading Over the BoB

Based on the evidence presented in the previous subsections, we will explore further the dominant circula-
tion changes underlying an increased (decreased) aerosol loading in the BoB and its relationship to the Asian 
summer rainfall. The first question we want to answer is what kind of circulation is favorable for an increased or 
decreased aerosol loading over the BoB. According to previous studies (Gandham et al., 2020, 2022; Ravi Kumar 
et al., 2019) summertime dust loading over the Arabian Peninsula tends to occur in the low-level atmosphere. 
At first, Figure 8 reveals that the northwesterly or northerly winds from the Indian subcontinent provide a direct 
dispersing of the continental aerosols to the coastal oceans, especially during 2000–2020 in May (Figure 8a), 
and produce strong convergence with the southeasterly winds from the tropic Indian Ocean to the southwest BoB 
associated with the anomalous basin-wide anti-clockwise monsoon gyre. This is also confirmed by the correla-
tion maps between the meridional component of 10-m surface wind and Terra AOD index in which two neigh-
boring high correlation centers with opposite signals are observed in India and the western BoB, respectively 
(Figures S5a and S5b in Supporting Information S1). The development of the BBT along the northwestern coast 
of India where anomalous winds change direction from northerly or northwesterly to westerly also dynamically 
trapped the transported aerosol. Compared to what happened in May, although the convergence over the south-
western BoB is reduced due to the weakening of the southeasterly winds to its south in June (Figure 8b and 
Figure S5c in Supporting Information S1), strong low-level aerosol transport is primarily exhibited by intensified 
westerly winds crossing from the northern Arabian Sea to the Indian subcontinent (Figure 8b and Figure S5d in 
Supporting Information S1).

A dry atmospheric background in the upstream regions, indicated by strong negative correlations to humidity 
(Figures 9c and 9d), also greatly favors an increased emission of aerosol in the Indian subcontinent and Arabian 
Peninsula while the strengthening of the subtropical westerly winds enhances the aerosol transport. Additionally, 
as the prevailing surface winds are westerly in the BoB in May and June, the high positive correlations between 
surface wind speed and aerosol index (Figures S5b and S5d in Supporting Information S1) indicate a strong 
increase in wind speed and this intensified surface prevailing flow can also contribute to more local aerosol emis-
sions (Madhavan et al., 2008; Moorthy & Satheesh, 2000).

5.2.2. Physical Processes Underlie the Monsoon Rainfall Anomalies in May

Our correlation analyses show that for an increased aerosol loading over the BoB, an anomalous descending 
motion with suppressed convective activity in the southwestern BoB is concurrent with an ascending motion 
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with intensification of convective activity in the south SCS and Philippine Sea in May (Figures 9e and  6c). 
They are also accompanied by anomalous westerly winds at 850 hPa (Figure 8a) and easterly winds at 200 hPa 
(Figure S4a in Supporting Information S1) between these two regions along about 10°N longitude. This observa-
tional evidence is presented to show an overturning of the east-west Walker Circulation in the subtropical Asian 
monsoon region.

Besides the zonal remote forcing associated with the change of Walker circulation on suppressed convective 
activity in the southwestern BoB, the following contribution is also remarkable. The regression fields of 850-hPa 
wind with reference to the BoB aerosol indices display an anti-clockwise monsoon gyre in the Indian Ocean basin 
between 10°S and 8°N (Figures 8a and 8c). The associated southeasterly winds to the east of 70°E and easterly 
or northeasterly winds along the eastern African coast remarkably weaken or delay the arrival of cross-equatorial 
southerly or southwesterly winds along the coast of eastern Africa to the Indian subcontinent. These result in the 
cutting down of the transport of warm and moist air toward India which is necessary for heavy monsoon rainfall, 
which also leads to suppressed convection in the southwestern BoB.

On the other hand, the correlations between the aerosol index over the BoB and precipitation reveal a chain of 
high negative centers along northeastern India, Bangladesh, and northern Myanmar in May (Figures 6a and 6c). 
These regions almost overlapped with a northeast-southwest-oriented band of positive correlation between verti-
cal velocity and BoB aerosol indices and implies the control of the weak descending motion in these regions 
(Figure 9c), and therefore, leading to deficient rainfall.

Considering the timing of the summer monsoon in the region, the SSTA in the BoB seems also to play an important 
role. The practical timing of the ASM in May is characterized by a northwestward migration of the monsoonal 
convection center from the southeastern BoB to land in South Asia (Wang et al., 2001; Wang & Lin, 2002; Wu & 
Zhang, 1998). In the BoB, the in situ cold SSTA can effectively reduce the temperature and humidity of the atmos-
pheric boundary layer by reducing latent and sensible heat exchange between the ocean and atmosphere as well as 
turbulent mixing in the boundary layer. As a result, a delayed northward migration or reduction of the amount of 
monsoon rainfall might be caused in the BoB and neighboring northeastern India and Bangladesh. This is supported 
reversely by the studies of Wu et al. (2012, 2014) which reveal that a strong springtime SST warm pool in the 
eastern-central BoB tends to benefit a generation of the monsoon vortex which can lead to the onset of the ASM.

A conspicuous feature of East and Southeast Asia in May is the anomalous cyclone that stretches 
southeast-northwestward from the central SCS to the northeastern Philippine Sea while associated anomalous 
northeasterly winds occur in the East China Sea and westerly winds in the southern SCS-Philippine Sea to its 
south. A significant SST cooling (Figures 10a–10c) in the southern SCS is likely associated with the strong 
anomalous surface southwesterly winds (Figures 8a and 8c). Therefore, enhanced convective activity is observed 
in the central SCS-Philippine Sea, North West Pacific Ocean to southeast Japan (Figure 6c).

5.2.3. Physical Processes Underlie the Monsoon Rainfall Anomalies in June

Compared to that in May, for an increased aerosol loading over the BoB, the intensified convective activity in 
the SCS-Philippine Sea regions become more zonal-oriented and migrated further north to the region between 
10°N and 20°N latitude, and a deficient rainfall is mainly located in the Indian subcontinent from 10°N to 20°N 
(Figures 6b and 6d). Similar to that in May, these observations, along with the anomalous wind fields at 850 and 
200 hPa (Figure 8b and Figure S4b in Supporting Information S1) suggest the existence of overturning of the 
Walk Circulation which exerts considerable impacts on the seesaw changes of the monsoon rainfall anomalies 
between these two regions. An anomalous anti-clockwise monsoon gyre observed in the central-western Indian 
Ocean (Figure 8b), which reflects the weakening of southwesterly cross-equatorial flows offshore the coast of 
eastern Africa, is directly attributed to deficient monsoon rainfall in the southern part of the Indian Peninsula.

In East Asia, to the north of the intense convection activity in the northern SCS and the Philippine Sea, an anom-
alous cyclone is observed at 850 hPa on the coast of southeastern China with its location primarily confined to 
the northern SCS (Figure 8b). As a response, anomalous northeasterly winds develop in South and Southwestern 
China which result in a noticeable reduction of the prevailing southwesterly winds, and, thus, directly leads to 
a deficient summer monsoon rainfall over southwestern China and Huaihe River Basin (Figures 6b and 6d) by 
strongly reducing the moisture supply from BoB and SCS.

The existence of the anomalous anticyclone in the 850-hPa wind field offshore the coast of southeast China 
has been documented as one of the important components in stimulating the interannual variability of the Asia 
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summer monsoon in China (Chang et al., 2000a, 2000b; Wang et al., 2000 and others), whereas the associated 
location and strength of rainfall might differ slightly. In these studies, the trigger of the anticyclonic or cyclonic 
is primarily attributed to the SST anomalies in the western and central-eastern Pacific Ocean, as well as the 
intensity and location of the western North Pacific subtropical high. In our study, which is consistent with the 
above ones, the anomalous cyclonic circulation in the SCS is accompanied by a warming SST in the western and 
equatorial eastern Pacific Ocean but its strength is not as strong as those in the previous studies. We present that 
such anomalous cyclonic circulation tends to be triggered by the combination of a number of factors from the 
intense convection activity to its south, the eastward retreat of the western North Pacific subtropical high implied 
by the negative correlation in the SCS and the Philippine Sea at 500 hPa (Figure 9b), as well as a strong cold SST 
in the SCS (Figures 10e and 10f). A weakened and eastward retreat of the west North Pacific subtropical high 
is also favorable for a southward invasion of the extratropical cool air masses, reflecting the mixed tropical and 
baroclinic properties of the East Asian monsoon (Chen & Chang, 1980; Chang et al., 2000a, 2000b). It is notable 
that despite the above conclusions being primarily drawn for the time period 2000–2020, the changes in general 
circulation patterns associated with the Walk and Hadley circulations are similar to those during 1983–2020 and 
play a dominant role in the determination of the strength and location in monsoon rainfall anomalies.

6. Atmospheric Circulation and SST Changes Associated With the Anomalous 
Aerosol Loadings Over the Arabian Sea
6.1. Variation of the Wind, Height, Air Temperature, and SST Fields

Figures 11 and 12 present regressions of 850 and 200-hPa wind anomalies with reference to the AVHRR AOT 
and MODIS AOD indices over the AS during the periods of 1983–2020 and 2000–2020, respectively. It is shown 
that in May an increased aerosol loading observed by the AVHRR instrument is concurrent with two weak anom-
alous cyclonic cells over the AS and BoB, respectively (Figures 11a and 11b), and the resulting low-level conver-
gence favors the aerosol accumulation over the AS during both two time periods. To the south of the cyclonic 
cells, significantly anomalous cross-equatorial southwesterly winds are visible offshore the coast of eastern 
Africa which turn to the northwesterly in tropical northern India. Compared to those observed from AVHRR 
data, the wind anomalies regressed from the Terra AOD index display stronger anomalous cyclonic cells over the 
AS and southwesterly cross-equatorial flows (Figure 12a). The above evidence indicates that the accumulation of 
the aerosol is mainly contributed to by sources from both the Arabian Peninsula and the coast of eastern Africa.

Figure 11. Regression of the 850-hPa wind anomaly with respect to the Advanced Very High-Resolution Radiometer aerosol 
optical thickness (AVHRR AOT) over the Arabian Sea in (a) May during 2000–2020 and (b) May during 1983–2020, (c) 
June during 2000–2020 and (d) June during 1983–2020. Shading areas denote those correlations of AOT index and u or v 
component at 850 hPa exceed the 95% significance. The wind scales are displayed at the low right corners of each panels in a 
unit of ms −1.

 21698996, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038112, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

ZHANG ET AL.

10.1029/2022JD038112

22 of 39

In June, strong anomalous northwesterly winds are readily visible extending from the Arabian Peninsula to south-
eastern AS (Figures 11c and 11d and 12b) and turning to westerly or southwesterly along the coast of East AS. 
During 2000–2020, strong southwesterly reaches the Indo-Gangetic Plain and southeasterly is also seen along 
the Himalayan foothills, implying the strengthening of the monsoon trough in the regions (Figures 11c and 12b). 
Meanwhile, a clockwise monsoon gyre can be identified in the northern central Indian Ocean offshore the corner 
of South India, and associated intensified anomalous southeasterly winds flow northward from the central equa-
torial Indian Ocean and converge into the southeastern AS between 65°E and 75°E. But during 1983–2020 
(Figure 11d), the anomalous westerly wind belt is limited to south of 20°N and a trough is seen southward-located 
along the coast of Southwest BoB and the convergent southwesterly from the equatorial Indian Ocean is very 
weak while the aforementioned clockwise monsoon gyre disappears. The difference in strength and location of 
convergence of the  southwesterly winds to the Indian subcontinent from the AS and neighboring ocean regions, 
which is associated closely with the moisture supply, provide a reasonable explanation for why the interannual 
relationship between the aerosol loading over the AS and Indian monsoon rainfall is relatively weaker in June 
during 1983–2020 shown in Figure 7e. A couple of recent studies (Jin & Wang, 2017; Sanap & Pandithurai, 2014) 
identified that Indian monsoon rainfall has increased since early 2000 while a summertime dust amplification 
appears over the Arabian Peninsula (AP) starting from 2000 (Ravi Kumar et al., 2019). The facts all consistently 
imply that the interdecadal background needs to be taken into account in studying the aerosol-monsoon interac-
tions in the past four decades.

In Southeast and East Asia, the AVHRR AOT index exhibits considerable circulation variations related to the anom-
alous aerosol accumulation over the AS (Figures 11c and 11d), but those features are shown vaguely in those related 
to the Terra AOD index (Figure 12b). The AVHRR AOT index regressed wind fields display the prevailing of the 
anomalous westerly winds in the Maritime Continent and the existence of an anomalous cyclone in northern SCS 
during both periods of 1983–2020 and 2000–2020. Strong anomalous easterly winds are associated with the cyclone 
and can be clearly seen along the coast of southeastern China, which is favorable for deficient rainfall in southwest-
ern China (Figure 7f and Figure S2b in Supporting Information S1). The reduction of the consistency between the 
AVHRR and MODIS Terra observed aerosol over the AS in May and June can be also noticed in Table. 2, which 
shows that the correlation coefficients between AVHRR AOT and Terra AOD are 0.50 and 0.58 in May and June, 
respectively. Comparatively, those values are 0.91 and 0.83 in May and June over the BoB, respectively (Table 1).

Figure 12. Regression of the wind anomalies with respect to the Terra aerosol optical depth (AOD) index over the Arabian 
Sea at 850 hPa in (a) May and (b) June, and at 200 hPa in (c) May and (d) June during 2000–2020. Shading areas denote 
those correlations of AOD or aerosol optical thickness (AOT) indices and u or v component at 850 hPa exceed the 95% 
significance. The wind scales are displayed at the low right corners in a unit of ms −1.
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While the issues discussed in the above two paragraphs indicate that the importance of interdecadal background in 
the aerosol-monsoon interactions, as well as disparities between different satellite observations are both subjects 
deserving of further investigation, neither are the primary focus in this study. In the following discussions, the 
proposed mechanism is mainly applied in those during 2000–2020.

To depict details of the structures of anomalous circulation, we also present the regressions of 200-hPa wind 
anomalies with reference to the MODIS AOD indices over the AS in Figures 12c and 12d, and their correlations 
to the 500-hPa height, air temperature, and vertical velocity (Omega) in Figure 13. At 200 hPa, an anomalous 
anticyclone is identified in northwestern South Asia in May (Figure 12c), and then shifts northward from 30°N to 
35°N in June along 65°E, sitting over southeastern Central Asia (Figure 12d). Associated anomalous northeast-
erly winds are visible in central India and the AS in May and over the TP and the northern India in June, thereby 
leading to a strong upper-level divergence in the eastern part. In May, strong anomalous easterly winds are also 
observed in the equatorial Indian Ocean.

A notable low-pressure tongue, indicated by the significantly negative correlations, is situated in the southern 
AS (Figure 13a) in May while a weak high-pressure center is visible over the Indus Plain (IP) and Thar Desert 
regions. The anomalous middle-level low height benefits the development of the anomalous low-level cyclonic 
circulation along the coast of South India and the adjacent regions (Figures 11b and 12a). Similarly, in June the 
appearance of anomalous low-pressure in the eastern portion of North India (Figure 13b) helps the development 
of the trough over the IP and induces the anomalous low-level southwesterly winds which flow into the central 
Indian Peninsula (Figures 11d and 12b).

Figure 13 shows that the Terra-observed aerosol index over the AS has a significantly positive correlation to 
the 500-hPa air temperature in a zonal-oriented region of central-western India covering the southern IP and 
Thar Desert in May (Figure 13c) and a meridional-oriented area covering the upper Gangetic Plain and West TP 
along the Himalayan foothills in June (Figure 13d), respectively, while a negative correlation is observed in the 
southern AS along 10°N, especially in June. Associated with the above air temperature variations in May, strong 
ascending motions, indicated by negative correlation centers, are primarily located in the northeastern coast of 
the AS and a larger area covering the southeastern AS, South India and the southern BoB (Figure 13e). In June, 
strong ascending motion is mainly visible over the entire Gangetic Plain along the Himalayan foothills and a weak 
descending motion to its northeast over the northern Indus Plain and adjacent west slopes of the TP (Figure 13f).

When comparing the 500-hPa vertical velocity correlations maps (Figures 13e and 13f) to the precipitation ones 
(Figures 7a–7d), one can see that the excessive rainfall centers almost overlapped to the above-mentioned ascend-
ing motion centers both in May and June. But compared the velocity correlation maps (Figures 13e and 13f) 
to those of air temperature (Figures 13c and 13d), the anomalous ascending motion centers are partially over-
lapped with the warming regions. It can also be seen that the ascending motion in the northeastern coast of AS 
(Figure 13e) intrudes into the warming region (Figure 13c) from southwest to the lower Indus Plain and the Thar 
Desert regions in May while the ascending motion in the upper Gangetic Plain overlapped with the southern 
part of the air warming area. The aerosol accumulations on the northeastern AS coast in May (Figure 5g) and 
North India Himalayan foothills in June (Figure 5h) have an in-phase trend with the aerosol loading over the 
AS, and climatologically the dust-forced radiative heating plays a significant warm effect in above anomalous 
warming regions (Wang et al., 2020; Xu et al., 2018; Yuan et al., 2019). This evidence suggests that, besides the 
regional impact from the diabetic heating in the southern part and weak descending motion in the northern part, 
the heating involves the rising-motion-induced semi-direct effect of the absorbing aerosols proposed by Lau and 
Kim (2006). Lau et al. (2006) is also one of the important contributors to the air temperature warming at 500 hPa. 
The processes that impact the above air temperature anomalies will be further discussed in the following sections.

It is also notable that the anomalous ascending motion associated with the AS increased aerosol loading in South 
India-southern BoB (Figure 13e) in May is generally opposite to those for the aerosol loading over the BoB 
(Figure 9e), and in June ascending motion is observed both in India and the northern SCS (Figure 13f). These 
exhibit a distinct circulation pattern that differs from the case for an increased aerosol loading over the BoB in 
which a significantly zonal overturning of Walker Circulation is dominant. In contrast to that, ascending motion 
is observed both in India and the northern SCS.

Figure  14 displays the correlations between the SST and AVHRR AOT or Terra AOD indices over the AS, 
respectively. The SST correlation patterns during 1983–2020 are different from that during 2000–2020 for the 
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Figure 13. Same as Figure 9, but for the correlations of 500-hPa height, air temperature, and vertical velocity with respect to the Terra aerosol optical depth (AOD) 
over the Arabian Sea. White contour denotes the 3,000-m elevation of the Tibetan Plateau.
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AVHRR AOT data in May. The former presents broad warm SSTA in the eastern Indian Ocean, the western 
Pacific Ocean, and the eastern Pacific Ocean (Figure 14a), while the latter only displays warm SSTA in the 
eastern Pacific Ocean (Figure 14b). During 2000–2020, both AVHRR AOT and Terra AOD indices exhibit a 
negative correlation of SST in the central-western Indian Ocean while minimum centers are located in the central 
Indian Ocean and the southern AS (Figures 14b and 14c). In Figures 14c and 14a significant SST cooling in the 
offshore coast of East Africa and the southern AS is concurrent with an enhancement of cross-equatorial flow in 
the region (Figure 12a) and significantly increased aerosol loading in the region (Figures 5c and 5g). Moreover, 
a small-size SST cooling is also observed in the central-equatorial Indian Ocean and accompanied by intensified 
westerly winds (Figure 12a). Therefore, an intensification of the upwelling might be attributed to the sea surface 
cooling, along with an in-phase of aerosol dimming effect, especially over the offshore coast of East Africa and 
the southern AS. During 1983–2020, the above correlation of AOT and surface wind disappeared which may 
partially explain why the relationship between SST and aerosol over the AS and southern India only exists during 
2000–2020.

In June, significantly negative correlations between SST and aerosol are visible in the eastern and western equa-
torial Indian Ocean, respectively (Figures 14d–14f). The negative correlations are also visible in the northern 
AS whereas the signals for the AVHRR AOT during 1983–2020 are weaker. Compared to the 850-hPa wind 
anomalies shown in Figures 11c and 12b, the SST cooling centers in the Indian Ocean are concurrent with the 
strengthening of the prevailing winds. Significantly negative correlations between SST and Terra AOD index 
are also observed in the western equatorial Pacific Ocean and extend northeastward reaching the coast of North 
America at around 40°N. While a similar pattern is also observed between SST and AVHRR AOT, the signals 
are relatively weaker. It is also notable that the broadly distributed cold SSTA in the equatorial Indian-western 
Pacific Oceans between 5°S and 10°N latitude in Figure 14f is coincident with the occurrence of heavy loading 
of aerosol in these regions in Figure 5d. This suggests possible contribution of the aerosol dimming effect due to 
an increased aerosol loading to the cooling of the SST.

Figure 14. Same as Figure 10, but with respect to the aerosol indices over the Arabian Sea.
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6.2. Physical Processes Underlying the Aerosol-Monsoon Interactions in the AS and Their Relationship 
to Indian Monsoon Rainfall Anomalies

Based on the above discussions, we can conclude that the dominant low-level convergence associated with the 
850-hPa anomalous cyclonic circulation in the northern Arabian Sea exerts a direct effect upon the trapping of 
aerosol in the Arabian Sea. This feature is readily observed both in May (Figure 12a) and June (Figure 12b), 
whereas there is a slight north-south shift of location between those 2 months. At 200 hPa, the concurrence of the 
divergence associated with the anomalous anticyclonic circulation (Figures 12c and 12d) centered in the south of 
the Iran-Afghanistan-Pakistan regions strengthens the low-level convergence and middle-level ascending motion 
(Figures 13b and 13d), while the anomalous anticyclonic circulation center is located both along 65°E and at 
30°N in May and 35°N in June. Coherently, the 850-hPa cyclonic cells in May and June, though with a shift in 
the location, bring in the aerosol emitted from the different regions in May and June, respectively. The former is 
primarily transported from the neighboring coastal regions of northwest India, the Arabian Peninsula, as well as 
East Africa where a strengthened cross-equatorial flow occurs in Somalia, the latter is mainly transported from 
the Arabian Peninsula.

The strong local air-sea interactions are also documented as being related to an increased aerosol loading over the 
AS. The local enhanced prevailing westerly or southwesterly winds not only lead to a cold SSTA in the region but 
also provide more aerosol emissions by producing more marine aerosols such as sea salt and sulfates. Moreover, the 
cold SSTA close to the coast of the eastern African and southern AS in May and in the equatorial Indian-West Pacific 
Ocean between 5°S and 10°N latitude in June are concurrent with heavy loading of aerosol in these regions, which 
implies that the dimming effect due to increased aerosol has also contributed to the cooling of the ocean surface. This 
leads to an increase in the meridional air temperature gradient between south Asia and the tropical Indian Ocean, 
which intensifies the low-level monsoonal southerly or southwesterly winds flowing into the Indian subcontinent.

In May for an increased aerosol loading over the AS, the development of the cyclonic circulation zone is visibly elon-
gated from the northeastern AS to the southwest BoB and is accompanied by the anomalous low-level cross-equatorial 
southwesterly winds off the coast of East Africa and reversed flows at 200 hPa, as well as a lower pressure zone at 
500 hPa. As a result, excessive monsoon rainfall is found along the southeastern AS-South Indian regions (Figure 7c).

In June, the anomalous southwesterly winds pass the Arabian Peninsula and meet the cross-equatorial flow 
between 60°E and 75°E in southeastern AS and extend to the Gangetic Plain (Figure 12b). Partially due to the 
topographic forcing of the Himalayas Mountain, the direction of winds changes from southwesterly to south-
easterly along the Himalayan Foothills, which contributes to the development of a northwest-southeast-tilted 
trough and triggers strong ascending motion along the Himalayan Foothills (Figure 13f). In the upper level, 
intensified anomalous southward flow occurs over the region of 75°E–95°E and 25°N–45°N, which is asso-
ciated with the  anomalous anticyclonic cell in the southeastern Central Asia and a cyclonic one centered 
in the eastern TP. This upper-level southward flow changes from northerly to northeasterly in the northern 
BoB and easterly in the northwestern India, stimulating strong divergence. The combination of the low-level 
convergence and upper-level divergence, as well as topographic effects, brings about an enhanced arising 
motion (Figure 13f) that benefits an excessive monsoon rainfall in North India along the Himalayan Foothills 
(Figures 7b and 7d).

It is very interesting to note that an anomalous aerosol loading over the AS is in-phase with the aerosol change in the 
NIHF observed by Aqua land AOD data (Figure 5h), and the circulation and rainfall revealed in June resemble what has 
been documented by Lau and Kim (2006) and Lau et al. (2006, 2008). In their study, the upward motion in the south-
ern slope of TP is proposed to be associated with the semi-direct aerosol effect of the absorbing aerosols originating 
from the elevated air pollution of India and dust from the nearby deserts, thereby inducing a large-scale upper-level 
heating anomaly over the TP in the early summer, and thus, reinforcing the meridional temperature gradient and inten-
sifying the monsoon over India in June. Additionally, Gautam et al. (2009) consistently reported widespread warming 
over the Himalayan-Gangetic region and consequent strengthening of the land-sea thermal gradient. Comparing the 
distribution of the correlation maps between the aerosol over the AS and 500 hPa air temperature (Figure 13d) and 
vertical velocity (Figure 13f), one can see that the northwestern part of the air warming center (Figure 13d) coincides 
with a descending motion but its southeast part concurs with an ascending motion (Figure 13f). This implies that, in 
spite of being part of the large-scale remote teleconnection component that will be further discussed later, the anon-
ymous warm air temperature over the NIHF is likely triggered by the combination of regional effects of descending 
flow in the northern part and elevated heat pump in the southern part of the warming region.
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7. Precursory Signals of SST Anomaly in the Indian Ocean and Its Role in the 
Aerosol-Monsoon Interactions
In the previous sections, we indicate that the environmental atmospheric circulation for increased aerosol load-
ings over the BoB and AS in May and June are associated with a strengthening of aerosol transport from their 
upstream land regions and a favorable location lower-level trapping convergence that likely cool the ocean 
surface by the aerosol dimming effect. They are also concurrent with strong local air-sea interaction between the 
enhanced surface wind and underlying SST in which a strong upwelling cools the SST. These variations in atmos-
pheric circulation and SST may exert an impact on the monsoon rainfall anomalies in India as well as Southeast 
and East Asia through a combination of remote forcing and the local effect. However, these analyses have not 
yielded a complete explanation of how the environmental atmospheric circulation for an increased or decreased 
aerosol loading over the BoB and the AS is induced and sustained, and especially what role the SSTA play in the 
modulation of the changes in monsoon circulation and anomalous aerosol accumulation.

Figure 15 displays the lagged correlations of aerosol indices over the BoB in June to the SST in the prior months 
from March to May. It is shown that the anomalous aerosol loading over the BoB in June is negatively corre-
lated to the SST in the tropic western and central Indian Ocean with a slight eastward migration from the coast 
of East Africa to 80°E from March to May, and they can be observed in both AVHRR (Figures 15a–15c) and 
Terra data (Figure 15c, d, f). This negative relationship passes the 95% significance test whereas the signals 
observed from Terra AOD are slightly stronger. In the northwestern Pacific Ocean, a northeast-southwest-ori-
ented positive correlation center is found extending from the southern Philippines Sea to the dateline and south 
of 20°N, and to its northern and southern sides, accompanied by two negative zones in the SCS-northeastern 
Philippine Sea extending to the western subtropical Pacific Ocean and the southern Pacific Ocean, respectively. 
The latter consists of a northwest-southeast-oriented band located between the equator to 20°S and 170°W to 
100°W. Compared to those in the Indian Ocean, signals of the cold SST in the northwestern Pacific Ocean are 
relatively weaker.

Figure 15. Left: Lagged Correlations between the Advanced Very High-Resolution Radiometer Bay of Bengal aerosol optical thickness (AVHRR BoB AOT) index 
in June and the sea surface temperature (SST) in the prior months from March to May. Right: Same as right, but with respect to the Terra BoB aerosol optical depth 
(AOD) index. March (−3), April (−2), and May (−1) denote the prior months and numbers refer to the reference month (June). The shading areas with values larger 
than 0.43 or smaller than −0.43 are exceeding 95% significance.
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Figure 16 presents the lagged correlation between the Terra AOD index over the AS in June and SST from prior 
months. We also calculated the correlation of SST to the AVHRR AOT index, but without showing the results 
here as they are similar to each other. A basin-wide SST cooling is observed in most of the Indian Ocean in the 
preceding March (Figure 16a) and in the central Indian Ocean between 55°E and 70°E in April (Figure 16b), 
while its shape changes to a zonal belt in the central and eastern equatorial Indian Ocean in May (Figure 16c). 
In the meantime, a warm SSTA has been observed in the northwestern Pacific Ocean centered around 155°E 
and 15°N and the strength of signal reduces gradually from March to May (Figure 16), fading away in June 
(Figure 14f). The cold SSTA is also visible in the equatorial eastern Pacific Ocean extending from the dateline to 
120°W and between 10°S and 15°N.

The above results clearly demonstrate that an increased aerosol loading over the BoB and AS in June is preceded 
by a strong cold SST anomaly in the Indian Ocean. For further analysis, Figure 17 displays the lagged correla-
tions between the aerosol indices in June and SST in the tropic western Indian Ocean covering 55°E–80°E and 
5°S–5°N starting from October of the preceding year to September of the current year. The cold SSTA signals 
for an increased aerosol loading over the BoB in June from AVHRR AOT (blue solid line) and Terra AOD 
(blue dashed line), can be traced back to December in the preceding year, and readily persists to May whereas 
a weakening occurs in February. The results for AVHRR and Terra are quite similar to each other. Figure S6 in 
Supporting Information S1 shows that a negative correlation between aerosol over the BoB in May and SST in 
the equatorial western Indian Ocean can also be seen clearly in the preceding March and April. For an increased 
aerosol loading over the AS in June, the correlations are presented by red lines, and a notable cold SST anomaly 
is seen starting from March to May for both the Terra AOD (red dashed line) and AVHRR AOT (red solid line). 
However, only the correlations to the Terra AOD data have passed the 95% significance test.

Figure 18 presents lagged correlation between the Terra AOD index over the BoB in June and the 500-hPa air 
temperature (left panels) and height (right panels) in the preceding months from March to May, as well as June. 
It is shown that, as a correspondence to the cold SSTA, an increased aerosol loading over the BoB in June is 
preceded by a strong middle-level air cooling zone in the southeastern AS, the southern BoB, and North SCS in 
the preceding March (Figure 18a), which also presents as part of the northwest-southeast-tilted teleconnection 
pattern crossing the coast of northern AS to Central Asia. In April, the anomalous cold air temperature sustains 
and extends northward reaching the coast of North AS (Figure 18b), and persisting until May (Figure 18c). In 
June, two separate cool centers are visible in the central AS, and the coastal Northwest BoB, respectively.

As we have described in the previous sections, during the transitional season of the ASM, its timing in the 
northern Indian Ocean and South Asia is characterized by the establishment of summer tropical prevailing atmos-
pheric circulation and tropical convection. It primarily includes northward retreatment of the subtropical west-
erlies which are replaced by northward tropical southwesterly winds over Indian land, the establishment of the 
cross-equatorial southwesterly winds offshore the coast of East Africa, as well as northward migration of the rain-
fall belt primarily situated in the BoB, India, and the Arabian Sea. While the interhemispheric thermal contrast 
resulting from differential solar radiation is the primary mechanism that drives large-scale seasonal changes in 
circulation and rainfall, the spatial distribution of thermal condition and thermal contrast between the ocean and 
continent is also crucial in the determination of the regionality of the timing of the ASM. Figures 18a–18d show 
that for an increased aerosol loading over the BoB in June how the middle-level cold atmosphere, which is also a 
reflection of the later retreat of the winter monsoon, is maintained in the northwestern Indian Ocean from early 
spring to the early summer in response to the cold SSTA in the Indian Ocean (Figure 15). This is also accom-
panied coherently by the humidity (Figures 9c and 9d) and wind fields (Figure 8), in which a dry atmosphere 
is favorable for more aerosol emission and stronger low-level subtropical westerly winds intensify the aerosol 
transport to the downstream BoB regions. On the other hand, the strong up-welling associated with the enhanced 
subtropical westerly winds and the aerosol dimming effect (due to increased aerosol loading) tends to cause a 
cold SST in the northern Indian Ocean, which not only suppresses the generation of onset vortex but also in turn 
reinforces the reduction of the meridional temperature gradient between the subtropical region and the equatorial 
Indian Ocean. The latter benefits the delayed development of the cross-equatorial southwesterly winds offshore 
the coast of eastern Africa. These factors favor a delayed arrival of the Asian summer monsoon in South Asia.

In 500-hP height fields, Figure  18e exhibits a teleconnection pattern similar to that of the air temperature 
(Figure 18a) as the high (low) pressure center corresponds to the warm (cold) centers and vice versa. Then, 
anomalous low-pressure centers are visible along the coast of North AS from April to May (Figures 18f and 18g). 
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In May, a wide significantly anomalous low-pressure zone is found in the tropical Indian and Pacific Oceans 
(Figure 18g), and consistently reflects a weaker and eastward retreat of the western North Pacific subtropical high 
which is closely related to the tropical convective activity situated in the SCS (Chang et al., 2000a, 2000b; Wang 
et al., 2001). In June, an anomalous low-pressure zone appears extending from the northeastern BoB-Southern 
slope of TP to North SCS between 15°N and 30°N latitude (Figure 18h) and are overlapped with a weak-warm 
center (Figure 18d). Conversely, a pattern of high-pressure center versus cold center is observed in June over the 
northern AS, which is different from the configuration of low-pressure center versus cold center for the dry winter 
monsoon condition in March. Dynamically, this anomalous low pressure over southern TP helps the development 
of low-level subtropical northwesterly winds in the Indian peninsula for a strengthened aerosol transport and 
deepening of the BBT which favors a trapping of the aerosol over the BoB. As we have discussed previously, 

Figure 16. Same as Figure 15, but with respect to the Terra aerosol optical depth (AOD) index over the Arabian Sea.
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referring to the detailed analysis by Chang et al. (2000a, 2000b) for a similar 
pattern but forced primarily by the ENSO, a low-pressure zone in the north-
ern SCS implies an interannual eastward retreat of the western North Pacific 
subtropical high which is modulated by the diabetic heating of the convec-
tion and is favorable for the development of 850-hPa anomalous cyclone off 
the coast of the southeastern China. The latter, along with the cold SSTA 
in  the SCS and BoB, and a southward invasion of the vortex from the higher 
latitude due to the weakening of the western North Pacific subtropical high, 
exerts an important impact on the drought over the regions extending from 
southwestern China to the Huaihe River Basin, and vice versa.

Similar to Figure 18, Figure 19 presents the lagged correlation between the 
Terra AOD index over the AS in June and the 500-hPa air temperature and 
height in the prior months. Compared to what has been involved in the aero-
sol loading over the BoB, the relationship between the aerosol loading over 
the AS and SST changes in the Indian Ocean and the associated monsoon 
rainfall anomaly is more complicated and subtler. While noticeable cold air 
temperature anomalies at 500 hPa, reflected by the highly negative correla-
tions, are visible from preceding March to May in the western Indian Ocean 
(Figures 19a–19c) and the southern AS in June (Figure 19d), those over South 
Asian land exhibit completely different features since the preceding May. 
From preceding March to April, air temperature anomalies in the northwest-
ern Indian Ocean are likely part of seesaw variations between the subtropical 
Indian-west Pacific Ocean and middle-latitude regions in the Northern Hemi-
sphere. Two cold centers in the northern Indian Ocean and the northwest-
ern Pacific Ocean are observed and concurrent with two weak warm ones to 

their north in Central Asia and Northeast Siberia, respectively. However, in the preceding May significant warm 
temperature anomalies start to occur in South Asia as part of a teleconnection pattern which is characterized by 
a northeast-southwest-oriented wave train spanning the southern India-western Indian Ocean, the northwestern 
TP, the northeastern Asia and the northeastern Siberia (Figure 19c). In June, the warm temperature anomalies 
move southwestward from the northwestern TP to North Indus Plain-Gangetic Plain along the Himalayan foot-
hills while the cold temperature anomalies only confine to the southern AS (Figure 19d). Corresponding to an 
increased meridional temperature gradient between South Asia and the northern Indian Ocean owed to dominant 
warming in the northern Indus Plain-Gangetic Plain and the SST cooling in the western Indian Ocean, strong 
cross-equatorial southerly winds are stimulated in the northern Indian Ocean in the longitude domain from 65°E 
to 75°E (Figures 11d and 12b), providing sufficient water vapor supply favoring excessive monsoon rainfall in 
North India along the Himalayan Foothills.

The correlation maps between 500-hPa height fields and the AS aerosol index (Figures 19f–19h) are consistent 
with the evolution of the air temperature anomalies from spring to early summer (Figures 19b–19d). Furthermore, 
low-pressure anomalies that benefit the development of the monsoon trough in the region are readily visible along 
the NIHF in both May and June. Therefore, as a direct impact factor, the evolution of the 500-hPa anomalous air 
temperature and height field suggests that a remote teleconnection pattern associated with the SST changes in  the 
Indian Ocean plays an important role in the development of the excessive monsoon rainfall in northern India in 
June.

It is notable in this study that while a remote teleconnection of large-scale circulation driven primarily by the 
Indian Ocean SST anomalies remarkably stimulates the favorable background, the regional three-dimensional 
circulation, and India monsoon rainfall distributions associated with the aerosol-monsoon interactions over the AS 
exhibit some similar features which have been documented by Lau and Kim (2006) and Lau et al. (2006, 2008). 
Using the Atmospheric Radiative Transfer model and 10-year Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observation (CALIPSO), Wang et al. (2020) pointed out that the Indus Plain and Gangetic Plain are among 
those where the climatic average of the dust-forced radiative heating (DRH) at the near-surface is 3–3.6 times 
warmer than the column-average from spring to summer. In these regions, the aerosol-induced elevated heat 
pump proposed by Lau and Kim (2006) and Lau et al. (2006, 2008) may work as a regional effect to reinforce the 
air temperature. This conclusion is also supported by recent studies (e.g., Xu et al., 2018; Yuan et al., 2019) that 

Figure 17. Lagged correlations between the aerosol anomaly in Bay of Bengal 
(BoB) (blue lines) and Arabian Sea (AS) (red lines) in June observed from 
Advanced Very High-Resolution Radiometer (AVHRR) (solid lines) and Terra 
(dashed lines) and the sea surface temperature (SST) anomaly in the western 
Indian Ocean (55°E–80°E, 5°S–5°N), YEAR (−1) and YEAR (0) refer to the 
year before and the reference year, respectively. The dashed horizontal green 
lines indicate a correlation of 95% confidence level. The yellow vertical bar 
marks the reference month.
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Figure 18. Left: Lagged correlations between the Terra aerosol optical depth (AOD) over the Bay of Bengal (BoB) in June and the 500-hPa air temperature in the prior 
months from March to May. Right: Same as right, but with respect to the 500-hPa geopotential height. March (−3), April (−2), and May (−1) denote the prior months 
and numbers refer to the reference month (June). The shading areas with values larger than 0.43 or smaller than −0.43 are exceeding 95% significance.
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Figure 19. Same as Fig. 18, but with respect to the Terra aerosol optical depth (AOD) over the Arabian Sea.

 21698996, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038112, W
iley O

nline L
ibrary on [23/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

ZHANG ET AL.

10.1029/2022JD038112

33 of 39

investigated the dynamic and thermal impact of TP on the dust aerosols transport over the regions adjacent to the 
northwest TP, and indicated that dry convection prevailing over the western TP could uplift the dust aerosols to 
the upper troposphere during the spring and early summer.

8. Summary and Discussions
Based on the satellite-observed aerosol from the NOAA AVHRR instrument from 1983 and MODIS Terra prod-
ucts from 2000 to the present, we explore the interannual relationship between the anomalous aerosol loadings 
over the BoB and the AS and Asian monsoon rainfall anomalies in the boreal early summer and their association 
with the SST anomalies in the Indian Ocean. In the first part of this study, our comparison analyses present the 
consistency of the annual and interannual variability of the aerosol products between AVHRR AOT and Terra 
AOD products over the BoB and the AS in May and June. We also confirm that the two data sets describe similar 
temporal-spatial features in the relationship between the anomalous aerosol loadings over the BoB and the AS 
and monsoon circulation variations during 2000–2020.

Our study identifies that the strong low-level aerosol transport through southerly or southwesterly winds primar-
ily from the Indian subcontinent, the local trapping effect associated with the development of BBT, and the 
low-level meridional convergence along the northwestern coast of the BoB are responsible for an increased aero-
sol loading over the BoB in May, and vice versa. In June strong low-level aerosol transport by intensified westerly 
winds from the northern Arabian Sea to the Indian subcontinent becomes dominant. Furthermore, the intensified 
surface-prevailing westerly winds in the BoB also lead to further production of local marine aerosol by increas-
ing the sea salt flux from the ocean to the atmosphere both in May and June. A dry atmospheric background in 
northwestern India benefits increased emissions of aerosol in the Indian land and Arabian Peninsula. The above 
features are schematically presented in Figure 20, which exhibits the primary physical processes involving the 
interactions between the increased aerosol loading over the BoB and Asian monsoon in June. These processes 
also exist in May whereas their locations are generally situated southward in contrast to those in June, as a reflec-
tion of the northward migration of the South Asian monsoon from the BoB to North India, as well as the East 
Asian monsoon from the SCS to North China.

It is shown that when an increased (decreased) aerosol loading is observed over the BoB, a deficient (excessive) 
rainfall is primarily observed in the regions extending from the northeastern India, Bangladesh to the northern 
Myanmar in May, and in the central and the southern Indian subcontinent in June, implying a dry (wet) or delayed 
(earlier) arrival of Indian monsoon rainfall in these regions. Moreover, these monsoon rainfall anomalies concur 
with suppressed (intensified) convections in the southeastern BoB and the central-eastern tropic Indian Ocean 
and intensified (suppressed) ones in the SCS-Philippine Sea. The associated changes of horizontal wind fields 
at 850 and 200 hPa, and 500-hPa vertical velocity and height suggest an overturning of the east-west Walker 

Figure 20. Schematic diagram showing the primary physical processes that are associated the interactions between the 
increased aerosol loading over the Bay of Bengal (BoB) and South Asian monsoon (left part with blue arrows) and East and 
East Asian monsoon (right part with green arrows) in June.
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Circulation between the southwestern BoB and the SCS-Philippine Sea along the tropical region between 10°N 
and 20°N latitude. In Southeast and East Asia, the intensified (suppressed) convections in the SCS-Philippine 
Sea display also as part of the north-south-oriented large-scale anomalous rainfall teleconnection pattern which 
propagates northward with alternating signs from the equator to the middle latitude. Among these dry or wet 
centers, a distinct dry (wet) monsoon rainfall appears extending from southwestern China to the Huaihe River 
Basin in June. The existence of an anomalous cyclone (anticyclone) cell on the coast of Southeast China plays 
an important role in the determination of the monsoon rainfall anomalies in East Asia. A noticeable associated 
reduction (enhancement) of the prevailing southwesterly winds occurs in South and Southwestern China and 
leads to a lower (higher) moisture supply from the BoB and the SCS to the land. Therefore, deficient (excessive) 
summer monsoon rainfall appears in the southwestern China and Huaihe River Basin.

The above driving physical processes contain the most important circulation systems which modulate the changes 
of the East Asian summer monsoon rainfall associated to the occurrence of the ENSO (Chang et al., 2000a, 2000b; 
Wang et al., 2000) whereas the ENSO signals of the SSTA in the tropical central-eastern Pacific Ocean are very 
weak in our study. However, the impacted geographic domain stretches southwest-northeastward from Southwest 
China and eastern North China covering the Huaihe River Basin, rather than a straight north-south displacement 
between the Southeast Coast and the low Yangtze River Valley. Our study, presents that, while the ENSO signal is 
very weak (Figure 10), such anomalous cyclonic or anticyclonic circulation can still be triggered by the combina-
tion of intense convective activity in SCS to its south, an eastward retreat of the western North Pacific subtropical 
ridge as well as a strong cold (warm) SSTA in the SCS.

Similar to previous but using different satellite aerosol data sets during a longer time period, this study also reveals 
that an increased aerosol loading over the Arabian Sea is primarily due to the dust transport from the Arabian 
Peninsula and neighboring land by anomalous westerly or southwesterly winds, a trapping effect by the low-level 
anomalous cyclonic circulation over the AS, as well as more local marine aerosols emissions by enhanced local 
prevailing winds associated with the Somali Jet. This study implies that, while the role of enhanced prevailing 
winds could not be ignored, the aerosol dimming effect due to increased aerosol also contributes to the cooling 
of the SST close to the coast of the eastern African and southern AS in May and in the equatorial Indian-West 
Pacific Ocean between 5°S and 10°N latitude in June.

An increased aerosol loading over the AS is highly correlated to enhanced monsoon rainfall in South India in 
May and North India along the Himalayan foothills in June, and vice versa. For an increased aerosol loading 
over the AS, anomalous cyclonic circulation at 200 hPa is dominant in the northeastern India along 65°E with 
a north-south shift from 30°N in May to 35°N in June at 200 hPa, accompanied by 500-hPa air warming in the 
southern Indus Plain-Thar Desert which is partially intensified by the semi-direct aerosol effect of the absorbing 
aerosols in June (Lau & Kim, 2006; Lau et al., 2006). The latter reinforces the meridional temperature gradient 
between the land and the equatorial Indian Ocean, thereby inducing anomalous strong low-level cross-equatorial 
southwesterly winds off the coast of East Africa. Along with reversed flows at 200 hPa, excessive monsoon 
rainfall occurs over the eastern AS-South Indian regions and vice versa. In June, the anomalous southwesterly 
winds prevail in the Arabian Peninsula and meet the cross-equatorial flow between 60°E and 75°E in south-
eastern AS and extend to the Gangetic Plain. A northwest-southeast-tilted trough then forms and triggers strong 
ascending motion along the Himalayan Foothills by topographic forcing which induces air temperature warming 
combined with the semi-direct aerosol effect of the absorbing aerosols. These factors tend to contribute to exces-
sive monsoon rainfall in North India.

This study also finds that the increased (decreased) aerosol loading over the BoB and the AS in June is preceded 
by the cold (warm) SSTA in the equatorial western Indian Ocean from the preceding winter to early summer of 
the current year. But the evolution of simulated atmospheric circulation changes and monsoon-aerosol interac-
tions over these two regions differ distinctly, and result in different summer monsoon rainfall anomalies. For an 
increased aerosol loading over the BoB, the cold air temperature at 500 hPa driven by the cold SST is maintained 
in the western Indian Ocean and the coast of northern AS in the early spring. It moves to the Indian subcon-
tinent  in June and tends to either sustain a dry winter Asian monsoon or delay the arrival of the wet summer 
monsoon, which contributes greater aerosol emission and transport through enhanced subtropical westerly winds. 
The SST cooling due to the enhanced westerly winds which intensify ocean upwellings and aerosol dimming 
effect in the BoB and the SCS in turn benefits a weaker ASM in India in June. For an increased aerosol loading 
over the AS, while the cold air temperature at 500 hPa driven by the cold SST is maintained in the western Indian 
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Ocean and the coast of northern AS in the early spring, warm air temperature anomalies occur as a component 
of the stimulated teleconnection pattern and aerosol absorb heating in the NIHF. This reinforces the meridi-
onal temperature gradient between the land and ocean in the northern Indian Ocean, and thereby, strengthens 
the low-level cross-equatorial southwesterly winds flowing into the Indian Peninsula, driving a strong summer 
monsoon there.

It is notable that the above interannual relationship between aerosol loadings over the BoB and the Arabian Sea 
and Asian monsoon rainfall anomalies in early summer and the role of SST anomalies in the Indian Ocean are 
dominant primarily during the time period of 2000–2020, where they are observed significantly both by AVHRR 
and MODIS Terra products. The change in the long-term background of the atmospheric circulation might be 
one of the key factors causing the weakening of the aerosol-monsoon relationship for the whole time period 
of 1983–2020. In East Asia, compared to those during 2000–2020 for an increased loading of aerosol over the 
BoB, the strength of the anomalous westerly winds in the tropic northeastern Indian Ocean, the SCS, and west 
Phillippe Sea and anomalous cyclonic circulation along the coast of Southeast China are much weaker during 
1983–2020 (Figure 8d and Figure S4b in Supporting Information S1), therefore the impacted area is smaller and 
mainly located in the southwestern North China. Similarly, the anomalous westerly or northwesterly winds are 
relatively weaker in North India and the western BoB as is the cold SSTA over the BoB (Figure 10d). These may 
partially account for a weaker monsoon rainfall anomaly along the coast of eastern India (Figure 7f and Figure 
S4b in Supporting Information S1).

For an increased loading of the aerosol over the AS in June, the BBT is stronger and located far northward on 
the coast of northern BoB during 2000–2020 (Figures 11c and 12b) compared to this during 1983–2020 which is 
primarily observed on the coast of the southwestern BoB (Figure 11d). Associatively, stronger anomalous south-
westerly winds are observed in the NIHF during 2000–2020 while only westerly winds prevail mainly to south 
India south of 20°N altitude during 1983–2020 (Figure 11d). Therefore, more northward transport with increased 
loading of aerosol, along with stronger moisture supply to its south, ensures the occurrence of the “elevated heat 
pump (EHP)” which is associated with the semi-direct aerosol effect of the absorbing aerosols proposed by Lau 
and Kim (2006) and Lau et al. (2006). Some clues in recent studies indicate that monsoon rainfall has increased in 
India since early 2000 (Jin & Wang, 2017; Sanap & Pandithurai, 2014), and that a summertime dust amplification 
has been occurring over the Arabian Peninsula for about the past two decades (Ravi Kumar et al., 2019). There-
fore, an in-depth investigation of aerosol interdecadal variation over the AS and BoB, along with more complex 
methods in a broader geographic domain is needed and is going to be pursued in separate studies.

Data Availability Statement
The AVHRR AOT CDR is downloaded at NCEI via Zhao and NOAA CDR Program (2017). The MODIS monthly 
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Copernicus Climate Change Service via Hersbach et al. (2019). The GPCC monthly precipitation is downloaded 
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