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The study region was the East Asian summer monsoon (EASM) transition zone. The
datasets used in this study included the daily data of national stations, reanalysis
datasets of the European Centre for Medium-Range Weather Forecasts (ECMWF),
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and
Moderate Resolution Imaging Spectroradiometer (MODIS) data. All datasets covered
a total period of more than 1 year (from January 2008 to December 2016). We analyzed
the influence of EASM on aerosol optical depth (AOD) in the transition zone and the
response of different types of aerosols in the transition zone to the abundant and
deficient monsoon years. It was found that the AOD was 0.15 in abundant years, while
it was 0.09 in deficient years. The abundant year’s AOD was 40% larger than deficient
years. In deficient years, with less precipitation, the influence of precipitation on the AOD
was more significant. The dust was mainly distributed at 2–6 km in the western part of
the transition zone, while the polluted aerosols were distributed at 0–4 km in the central
and eastern region. The frequency of dust was significantly lower in abundant years,
and dust particles accounted for about 19.6%. The frequency of polluted aerosols had
an opposite trend, accounting for about 71.8%. Our findings bringed insight into the
vertical distribution of aerosols in the atmospheric boundary layer and the interannual
variation over the transition zone.

Keywords: summer monsoon, dust aerosols, optical depth, frequency, polluted aerosol

INTRODUCTION

Aerosol pollution can affect human health and has an important role in global climate change.
The concentration of aerosol in East Asia is relatively high, which is due to the large emissions
associated with rapid economic growth and industrialization. The interaction between the East
Asian summer monsoon (EASM) and aerosols had attracted much attention in climatic and
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environmental studies, such as the deterioration of air quality,
intensification of drought, and exacerbated flooding disasters
(Gao et al., 2018; Wang et al., 2018; Zhu et al., 2018; Duan
et al., 2019; Yu et al., 2019). The aerosol concentration
in eastern China had shown rising trend after South Asia
over time. In both regions, the main input of aerosol were
anthropogenic aerosols and the aerosol concentration in China
was relatively high (Zhang et al., 2013). In addition, East Asia
is one of the main monsoon regions. The climate characteristics
such as temperature, precipitation, and atmospheric circulation
display obvious seasonal variation. The variation over different
time scales are directly related to regional precipitation and
temperature. Many studies on the interaction have been the focus
of long-term global climate change research (Zhou et al., 2009;
An et al., 2015; Su et al., 2016).

In recent years, there have been many studies on the
interaction between aerosols and the monsoon climate. Bollasina
et al. (2011) conducted a series of simulation experiments using
the air-sea coupled model. It was found that the observed
decrease in precipitation in South Asia was mainly attributed
to the emission of anthropogenic aerosols, and aerosols played
an important role in the climate change process in South
Asia. Patil et al. (2017) studied the influence of aerosols on
cloud properties in abundant and deficient monsoon years,
and found that aerosols could change cloud properties in
opposite ways in different monsoon years. Using long-term
aerosol and cloud observation data from the South Great
Plains (SGP) of the United States, Li et al. (2011) studied
the effects of aerosols on clouds and precipitation under
various weather conditions. The results showed that in wet
areas or seasons, an increase in aerosol concentration would
lead to the development of deeper clouds. The frequency
and intensity of precipitation would increase significantly. In
contrast, aerosols would inhibit cloud development, reduce
precipitation, and increase the probability of drought in dry
season or regions. Wu G.X. et al. (2016) found that the
influence of aerosols was related to the regional monsoon
on the East Asian. The summer monsoon makes East Asia
warm and humid, and aerosols may enhance convection and
precipitation at this time.

Much attention has been paid to the influence of aerosols on
the intensity and precipitation of the Asian summer monsoon,
while less attention was given to the influence of the EASM on
aerosols. Some researchers have considered this issue and have
undertaken relevant studies. Through model and data analysis,
in a deficient monsoon year, it was found that the aerosol column
concentration and optical depth was well distributed in southern
China under the similar surface emissions. While in an abundant
monsoon year, the distribution extended to northern China. The
East Asian monsoon is also accompanied by an abundant water
vapor transport, which enhances the atmospheric humidity over
eastern China in summer (Yan et al., 2011). Li et al. (2012) showed
that the abundance of summer tropospheric water vapor in East
Asia relative to that in Europe and the United States would
enhance the growth of hygroscopic aerosols (such as sulfate
aerosols). The subsequent direct radiation forcing indicated that
the radiative effect of East Asian aerosols was closely related not

only to the aerosol concentration, but also to the water vapor
characteristics in the region.

The influence of the EASM gradually declines from southeast
to northwest China, and finally transits to the westerly zone,
which is the edge of summer monsoon activity. There have been
many different definitions proposed for the summer monsoon
boundary. Synthesizing these definitions, Hu and Qian (2007)
defined the northern boundary of summer monsoon using
precipitation (1/6 monthly average precipitation ≥20 mm),
wind (southwest wind), and the Pseudo equivalent temperature
(850 hPa potential temperature ≥335 K). Their definition
can objectively reflect the advance of summer monsoon. The
distribution of northern boundary of summer monsoon over the
past 44 years (Figure 1) was generally “southwest→northeast”
and it obliquely penetrated China hinterland.

However, the northern boundary of summer monsoon is
not fixed, and there will always be obvious interannual and
interdecadal oscillations. The summer monsoon oscillates about
33◦∼44◦ N near 110◦ E. The interannual oscillations of the
summer monsoon is 11◦ of latitude and the interdecadal
oscillations of the summer monsoon is 1.5◦ of latitude. Usually,
this oscillation region is called “the transition zone of summer
monsoon,” and there have been few studies on aerosols over
the transition zone. The region is very sensitive to the influence
of summer monsoon activity. Summer monsoon precipitation
makes a key contribution to annual precipitation. When the
EASM become weaker, the transition zone is exposed to drought
and desertification. This is the key region in our studies. In
this study, we investigated the distribution of aerosols in the
transition zone affected by EASM circulation and the response
mechanism of different kinds of aerosols to abundant and
deficient monsoon years. We employed observational, reanalysis
data and satellite remote sensing data to study the distribution
of aerosols in the transition zone. This is also a very prominent
scientific problem.

MATERIALS AND METHODS

Cressman Interpolation
The Cressman interpolation algorithm was proposed by
Cressman (Berjamin and Seaman, 1985). Cressman interpolation
algorithm is an objective analysis method and it is mostly
used in Meteorological Field. A stepwise correction method
is used to optimize the interpolation. The difference between
the actual data and the initial value is used to change and
revise the initial value. A new field is obtained, and then
the difference between the new field and the actual value is
obtained. The last field is corrected until the corrected field
approaches the actual data. For any meteorological element
α, α0 is the first guess value of α on the lattice point (i, j),
α′ is the correction of α on the lattice point (i, j) and 1αk is
the difference between the observed value and the first guess
value at the observation point k. Wi,j,k is the weighting factor,
which varies between 0 and 1. K is the number of stations
in the radius of influence R. The most important part of the
Cressman objective analysis method is the determination
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FIGURE 1 | Distribution of the summer monsoon transition zone in China (the area marked by the oblique line represents the summer monsoon transition zone).

of the weighting function Wi,j,k. The algorithm is defined
as follows:

α′ = α0 +1αij (1)

1αij =

∑K
k=1

(
W2

ijk1αk

)
∑K

k Wijk
(2)

Wijk =


R2
−d2

ijk

R2+d2
ijk

, dijk < R

0, dijk ≥ R
(3)

The radius of influence R is a constant, which is
selected by scanning from near to far. The commonly
used influence radius R are 1, 2, 4, 7, and 10. Di,j,k
is the distance between the lattice point (i, j) and the
observation point k.

The Cressman interpolation algorithm is an objective analysis
method. It is a gradual correction interpolation method which
inserts discrete points into regular lattice points and produces
smaller errors. It is widely used in the objective analysis
of various diagnostic and numerical prediction schemes in
meteorological fields.

Summer Monsoon Index
The EASM has the obvious inter-annual variability. The monsoon
index reflects the inter-annual variability of large scale, which

can be used to indicate the intensity of the monsoon. The
EASM includes not only equatorial and mid-latitude circulation
systems, but also lower and upper tropospheric systems. Based
on this, Zhao et al. (2015) defined a new EASM index using the
200 hPa zonal wind field. The index could capture the interannual
and interdecadal variability of the EASM. Compared with the
other 15 summer monsoon indices, the new index was more
effective at describing precipitation and temperature in East
Asia. Because the EASM has an obvious interannual variation,
a study of the aerosol characteristics under the background of
monsoon intensity in extreme years would have a clear physical
significance and scientific basis. In this study, the new EASM
index (NEWI) was calculated from 2008 to 2016. According to
the NEWI results, the abundant monsoon years were 2010 and
2013, and the deficient monsoon years were 2008 and 2015, as
shown in Figure 2.

Data
The datasets used in this study include observational data from
surface stations, the reanalysis product from European Centre
for Medium-Range Weather Forecasts (ECMWF) (horizontal
resolution of 2.5 × 2.5 and vertical height of 100–1000 hpa),
MODIS level 3 gridded product (MOD08) and the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) Level 2 aerosol layer products. All datasets covered
a total period of more than 1 year (from January 2008 to
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FIGURE 2 | The new East Asian summer monsoon index (NEWI) for 2008–2016.

December 2016). The CALIPSO satellite has contained an
active lidar instrument called the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) Lidar and a passive infrared
visible imager. It could provide new data for studying the
vertical structure and characteristics of the cloud and aerosol
(Wu Y.R. et al., 2016; Wu et al., 2017).

CALIPSO aerosol model was based on cluster analysis
of Aerosol Robotic Network (AERONET) measurements and
determined the types, physical and optical properties (Omar et al.,
2005). Aerosol types were divided to six based on this approach:
clean marine, dust, polluted continental, clean continental,
polluted dust and smoke (in Table 1). δV is the depolarization
ratio, β

′

532

(
km−1

· sr−1
)

is the backscattering coefficient, Area
is underlying surface and Lift phenomenon means whether the
particles could lift. Because the study region include only inland
areas, we mainly studied dust, polluted continental, polluted dust,
smoke. The lidar ratios at 532 nm (1064 nm) were 40(55), 70(30),
65(30), and 70(40)sr, respectively. The result was comparable
with other findings and confirmed by a lot of observation (Voss
et al., 2001; Liu et al., 2002). Based on lidar ratios of different
aerosol types, we classified aerosols as dust and polluted aerosols
that include polluted continental, polluted dust and smoke.

We analyzed the characteristics of dust and polluted aerosols in
abundant and deficient year.

RESULTS

The Aerosol Spatial Distribution
The error source of satellite retrieving aerosol optical depth
(AOD) is surface albedo. NASA estimate the error range of
MODIS AOD. The error range is 1τ = ± 0.05 ± 0.2τ and
the relative error is about 20% (Chu et al., 2002). In the dense
vegetation surface inland, the root mean square error is less than
0.1. However, that is up to 0.3 in the coastal region. Retrieval
of AOD is in the environment background. The extinction
coefficient of aerosol is significantly affected by relative humidity.
In the case of high relative humidity, the water-soluble aerosol
particles are increased significantly through moisture absorption
growing with the extinction coefficient increment. In abundant
years, with the higher relative humidity, the error is larger.

Figure 3 shows the monthly average AOD from the MOD08
and the distribution of precipitation interpolated to lattice points
by the Cressman interpolation algorithm. In abundant years,

TABLE 1 | Level 2 dataset aerosol classification.

Mark Aerosol δV β
′

532

(
km−1

· sr−1
)

Area Lift phenomenon

1 Clean marine <0.075 <0.0015 Ocean No

2 Dust >0.20 – – No

3 Polluted continental <0.075 >0.0005 Land No

4 Clean continental <0.075 <0.0005 Land No

5 Polluted dust 0.075–0.20 – Land No

6 Smoke <0.075 >0.0005 Land/Ocean Yes
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FIGURE 3 | Aerosol optical depth (AOD) and precipitation over the transition zone in abundant and deficient years (Left: abundant years; Right: deficient years).

the high AOD values were mainly distributed in the middle
of the transition zone. While in deficient years, the high AOD
values were mainly distributed in the middle and northeast of the
transition zone. Due to the warm wet air flow and high relative
humidity caused by the summer monsoon, the AOD was larger
in abundant years. In abundant years, the mean AOD was 0.15
in the transition zone, while the mean AOD was 0.09 in deficient
years. The abundant years’ AOD was about 40% larger than that
of deficient years.

The variation of EASM intensity and the north-south swing
determined the change in the transition zone. Huang et al.
(2009) studied the relation between the north boundary of
summer monsoon in East Asian and the precipitation with
soaking rainfall. They found that the change of the north
boundary had a great impact on the precipitation in the transition
zone. The summer rainfall along the belt had comparatively
interannual change and the precipitation positively correlated
with the intensity of summer monsoon (Tang et al., 2006). Based
on the distribution of precipitation, it was apparent that the
precipitation had a stepwise decreasing trend from southeast to

northwest in East Asia. It was more prominent in the transitional
zone and the precipitation decreased sharply from southeast to
northwest, especially in abundant years. In summer, there is
abundant water vapor content in the air. Because of high relative
humidity, the AOD is increased significantly through moisture
absorption growing (Xia et al., 2007). In abundant years, the water
vapor content is higher over the transition zone. So the AOD is
also larger. Besides, we considered the aerosol’s wet deposition
and the correlation between the AOD and precipitation was
calculated. The correlation coefficient between the AOD and
precipitation was−0.65 in abundant years, but the corresponding
value was −0.77 in deficient years, with the confidence level
of 95%. It showed that the correlation between the AOD and
precipitation was stronger in deficient years. So the impact of
precipitation on the AOD is more significant.

Frequency of Dust and Polluted Aerosols
Because aerosols and clouds usually have great spatial variability
and strong backscattering intensity at low altitude, the focus of
this study was the altitude region between 0 and 10 km. It was
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divided into five layers of 0–2, 2–4, 4–6, 6–8, and 8–10 km,
respectively. Figure 4 shows the frequency of dust and polluted
aerosols in the transitional area affected during the abundant and
deficient monsoon years in different altitude layers.

In abundant years, the frequency of dust is about 4% at
0–2 km. It is about 6% at 2–4 km and distributed primarily
in central of the transition zone. For 4–6 km, it is about 8%
in the west of the transition zone. The land here is mainly
desert and the frequency of dust is the highest in this altitude.
Zhang et al. (2005) found the existence of convective boundary
layer extending up to 4 km during extreme arid region in
summer sunny day. Over the Sahara desert, Marsham et al.
(2008) observed the deep convective boundary layer up to 5.5 km
and the characteristics of its residual layer were very prominent.
The deep boundary layer convection could transport dust to
the higher altitudes (Takemi, 1999) and it provided advantages
for long-distance transportation of dust in horizontal direction
(Iwasaka et al., 2003).

In deficient years, the frequency of dust is about 8.9% at
2–4 km and about 9.3% at 4–6 km. It is distributed primarily in
the central and west of the transition zone. The characteristics
are significantly different from the abundant years. We find the
dust particles at 6–8 km. There were studies that showed the
spaceborne lidar was an effective tool to height measurement of
boundary layer (Ao et al., 2012). As a tracer, dust particles can
be used to retrieve the height of boundary layer. Jordan et al.
(2010) firstly proposed the maximum standard deviation method,
which calculated the height of boundary layer by CALIPSO 532
nm extinction backscattering. CALIPSO data also showed that
the dust was mixed throughout the depth.

The height of polluted aerosols was lower, which were
distributed primarily in central and east of the transition zone.
They concentrated from ground to 4 km. In the abundant year,
the frequency of polluted aerosols was about 19% at 0–2 km and
21% at 2–4 km; In the deficient year, the frequency of polluted
aerosols was about 15% at 0–2 km and 18% at 2–4 km. If we
only considered wet deposition, the same as dust, the frequency
of polluted aerosols was lower in abundant year than that in
deficient year. Interestingly, observation was just the opposite.
We attempted to determine the reason for this. Figure 5 showed
the ECMWF reanalysis (ERA) wind at 700 hPa and 850 hPa. At
700 hPa, the deficient year’s prevailing wind was northwest in
the transition zone and the north boundary of summer monsoon
displays obvious recession to the south. But the abundant
year’s prevailing wind was southeast and the north boundary of
summer monsoon moves to north. At 850 hPa, the prevailing
wind were the southern both in the abundant and deficient years.
Southern winds were stronger in abundant years. The polluted
particles were transmitted from South China to the transition
zone by atmospheric circulation. In the following study, we would
simulate the trajectory of pollutants by numerical model.

The main components of the aerosols over the transition
zone were dust and polluted aerosols (Figure 6). In abundant
years, dust accounted for about 19.6%, while polluted aerosols
accounted for about 71.8%. The two kinds of aerosols accounted
for about 91.4% of the total aerosols. In deficient years,
dust accounted for about 31.2% of the total aerosols, while

FIGURE 4 | Frequency of dust and polluted aerosols over the transition zone
(red curve region) in abundant and deficient years (Left: abundant years;
Right: deficient years).
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FIGURE 5 | The wind field in summer of ECMWF at 700 hPa (above chart)
and 850 hPa (bellow chart) over the transition zone in abundant and deficient
monsoon years (Left: abundant years; Right: deficient years).

FIGURE 6 | The proportion of dust and polluted aerosols over the transition
zone in abundant and deficient years.

polluted aerosols accounted for 61.4%, i.e., the two kinds of
aerosols accounted for about 92.6% of the total atmospheric
aerosol. Therefore, the total amount of aerosol particles over
the transition zone was basically the same in different extreme
monsoon years. The proportion of large particle size (dust) and
smaller particle size (polluted aerosols) were different. Due to
general circulation and moisture transfer in abundant years, the
proportion of polluted particles increased and the particle size
of polluted particles became larger through moisture absorption
growing. This phenomenon would affected AOD of this field. The
main factors affecting the atmospheric AOD of this field were the
wet deposition of dust particles and the hygroscopic growth of
polluted particles. In further studies, we need to figure out which
is the main factor to AOD of this field.

CONCLUSION

In this study, we investigated the distribution of AOD and
the vertical frequency of two aerosols over the transition zone
and analyzed the mechanism controlling this difference. The
following conclusions were obtained:

(1) The deficient years’ AOD was lower than abundant years’
about 40% over the transition zone. In deficient years, less
precipitation, the impact of precipitation on the AOD is
more significant.

(2) It was found that dust was mainly concentrated at 2–6 km
and was distributed in the west of the transition zone.
Polluted aerosols were concentrated from the ground to
4 km and were primarily distributed in the central and
eastern parts of the transitional zone. The frequency of
dust is lower in abundant years, while the frequency of
polluted aerosols was higher in abundant years. The total
amount of aerosol particles over the transition zone was
basically the same in different extreme monsoon years.
The proportion of large size particles (dust) and small
size particles (polluted aerosols) were different. Due to the
general circulation, the polluted particles were transmitted
from the South of China to the transition zone and
gathered in abundant years. So the proportion of polluted
particles is increased in abundant years.

In future studies, the numerical model will be used to simulate
the transport trajectory of polluted particles. In addition, we will
investigate the vertical distribution and composition of aerosols
over the transition zone around the monsoon onset.
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