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ABSTRACT 

 
Based on the particle linear depolarization ratio (PLDR) and single-scattering albedo (SSA) 

values obtained for 1020 nm from Aerosol Robotic Network (AERONET) Version 3 Level 2.0 data 
collected in five regions, namely, northern China, Northwest Asia, the Tibetan Plateau, southern 
China and Southeast Asia, we classified seven types of aerosol (viz., purely dust, dust-dominated, 
pollution-dominated, non-absorbing [NA], weakly absorbing [WA], moderately absorbing [MA] 
and strongly absorbing [SA]) in order to assess the spatial and temporal distributions of their 
constituents and the radiative effects of their fine- and coarse-mode particles. The fine fraction 
dominated in northern China and also played a crucial role on the Tibetan Plateau and in southern 
China and Southeast Asia, whereas the coarse fraction prevailed in Northwest Asia. Furthermore, 
the fine-mode aerosol on the Tibetan Plateau exhibited its maximum radiative forcing efficiency 
(110.3 W m–2) during high concentrations of SA aerosol. Also, the lowest values for both the 
radiative forcing and the radiative forcing efficiency in southern China occurred during summer. 
Finally, the various aerosol constituents displayed distinct spatial and temporal distributions in 
Southeast Asia, with the SA aerosol contributing approximately 20% of the total aerosol on the 
Indochinese Peninsula and the NA and WA aerosol forming the largest percentages on the Malay 
Peninsula. 
 
Keywords: Particle linear depolarization ratio, Single scatter albedo, Radiative forcing 
 

1 INTRODUCTION 
 

Polyphase aerosol suspended in the air often presents as solid and liquid particles (Sheng et 
al., 2019). In addition to affecting Earth’s radiation balance budget through scattering or absorption 
of radiation, atmospheric aerosol also impacts the regional and global climate (Zhang et al., 
1998a, b; Zhu et al., 2014b; Gui et al., 2017). Aerosol radiative forcing is a crucial indicator of the 
influence from aerosol on the climate and it is determined by constituents, temporal and spatial 
variation of concentration, and optical and physical properties of the aerosol (Xia et al., 2007a; 
Foyo-Moreno et al., 2019). Aerosol causes scattering and absorption of radiation which exerts a 
cooling or warming effect on the atmosphere, and it has an impact on the atmospheric radiation 
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balance (Ramanathan et al., 2008; Zhu et al., 2014; Zheng et al., 2017; Lolli et al., 2019). Different 
aerosols have diverse optical properties and therefore have different impacts on the climate. As 
a result, the ability to classify aerosol type has great significant meaning to the forecasting of 
aerosol radiative effect, which is particularly important in the evaluation of local climates 
(Satheesh and Krishna Moorthy, 2005). 

Although atmospheric aerosol impacts regional and global climate, the high spatial and 
temporal inhomogeneity makes it difficult to measure the properties and climatic effect of aerosol 
accurately (Holben et al., 1998). Several ground-based aerosol observation networks have been 
established to characterize the properties and radiative effect of aerosol, with the Aerosol 
Robotic Network (AERONET) being one of them (Holben et al., 1998; Xia et al., 2007a). A large 
global network of robotic stations has been constructed to measure the optical radiative character 
of aerosol using the CE-318 solar photometer with a 1.2° full field of view in the absence of 
precipitation. With eight spectral channels and one moisture band, the CE-318 instrument can 
retrieve various microphysical and optical parameters of aerosol such as the aerosol optical 
depth (AOD), single-scattering albedo (SSA) and particle linear depolarization ratio (PLDR) after 
the inversion of spectral direct and diffuse solar radiation. The uncertainty of AOD derive from 
AERONET is smaller than 0.01 when the wavelength is larger than 440 nm, smaller than 0.02 when 
the wavelength is shorter and the uncertainty from calibrated sky radiance is within 5%. The 
optical parameters data from AERONET official website (https://aeronet.gsfc.nasa.gov/) have 
been widely used in different aspects, including the aerosol properties, aerosol radiative effect 
and validate the satellites and models, to improve the understanding about aerosol climatological 
effect (Liu et al., 2005; Yu et al., 2016). 

Researchers have used SSA, the fine-mode fraction (FMF) and other optical parameters from 
AERONET to classify aerosol species (Schuster et al., 2006). Kim et al. (2007) have used the aerosol 
index (AI) and FMF from the satellite-based Moderate Resolution Imaging Spectroradiometer 
(MODIS) to classify aerosol. Shin et al. (2019) have used depolarization and SSA to classify aerosol 
type, and in contrast with previous studies that used FMF and SSA, classified mineral dust and 
mixtures of aerosol accurately. Rupakheti et al. (2019) investigate the relationship between four 
aerosol optical parameters and further differentiate aerosol types, and the conclusion has been 
validated using CALIPSO observations. Mielonen et al. (2009) distinguished six kinds of aerosol 
according to their size and spectral absorption based on the Ångström exponent (AE) at 440–870 nm 
and SSA at 440 nm. Zhu et al. (2014) have used the extinction Ångström exponent (EAE) and 
absorption Ångström exponent (AAE) to explore the dominant aerosol components in Xinglong, 
China, with the classification able to retrieve the main types of aerosol transmission trajectories. 
Based on threshold values for AOD and AE from Toledano et al. (2007), Tan et al. (2015) have 
distinguished five kinds of aerosol over Southeast Asia during the northwestern monsoon period 
and southern monsoon period. 

Increasingly, researchers are focusing on the PLDR which is sensitive to the shape of particles 
in lidar measurements (Cairo et al., 1999; Shin et al., 2015; Sheng et al., 2019; Shin et al., 2019). 
The linear depolarization ratio is defined as the ratio of the cross-polarized lidar return signal to the 
parallel-polarized backscatter signal (Shimizu et al., 2004; Freudenthaler et al., 2009). Researches 
have shown that if PLDR values exceed 0.3, the shape of the particles is non-spherical, which 
implies the dust plume; on the contrary, when the value is closer to 0, the particle shape is more 
spherical corresponding to non-dust plume. If the quantity of PLDR is between 0 and 0.3, the 
appearance of particle is between non-spherical and spherical particle; as a result, PLDR can 
easily distinguish fine- mode particles and coarse-mode particles (Freudenthaler et al., 2009; Shin 
et al., 2015). 

Although there are several different methods to identify aerosol category, most methods do 
not classify the dust component accurately. For example, when using AE and FMF, dust is considered 
as coarse particle by default. However, some dust is fine-particle dust, and considering dust as 
coarse-mode particles leads to overestimation of the contribution of mineral dust to AOD and 
systematic underestimation of the contribution of non-dust particle to AOD (Mamouri and 
Ansmann, 2017; Shin et al., 2019). Other shortcomings of utilizing AE and FMF as differentiating 
parameters have been revealed in other studies (Schuster et al., 2006; Lee et al., 2010). 

With ongoing economic development in East Asia, aerosol emissions release into the atmosphere 
have risen and exerting a significant influence on the climate (Gui et al., 2019). To understand 
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these trends, further studies about aerosol in Asia are necessary (IPCC, 2013; Balasubramanian 
et al., 2017). In this work, we use PLDR and SSA at 1020 nm from AERONET standard measurements 
to classify atmospheric aerosol over five regions in East Asia and Southeast Asia. We analyze the 
aerosol optical properties, the spatial and temporal distribution of aerosol components, the 
radiative forcing effects in each region, and the temporal distribution of radiative forcing and 
radiative forcing efficiency for fine- and coarse-mode aerosol at five principal stations. The 
remainder of this paper is organized as follows. In Section 2 we describe the station locations, 
AERONET data, aerosol optical parameters and classification method. In Section 3, we present 
the results of our analysis, followed by an analysis of key mechanisms, and finally, we summarize 
the work and give conclusions in Section 4. 
 

2 METHODS 
 
2.1 Site Description 

We selected 20 sites (stations) from AERONET located at Asia and Southeast Asia, divided into 
five regions (Fig. 1), to investigate the main types of aerosol at these locations. The five regions 
are northern China, Northwest Asia, Tibetan Plateau region, southern China and the Southeast 
Asia. The regions were chosen because they have diverse nature environments and influenced 
by different anthropogenic activities, making it worthwhile to explore the main aerosol types in 
each region. We further classified the five regions as either northern area (northern China and 

 

 
Fig. 1. The locations of the stations in the five regions (shown with black circles) in East Asia and 
Southeast Asia. 
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Table 1. The area classification, latitude, longitude, the observation period and data quality for each station (positive value of 
latitude means northern latitude, while the negative value means the contrary; Longitude suggests the east longitude). 

Site Latitude Longitude Period (year) Valid data amount Data quality (Level) 
Northern area 

Beijing 39.98 116.38 2001–2018 2923 2.0 
CAMS 39.93 116.32 2012–2018 1215 2.0 
Xianghe 39.75 116.96 2001–2017 4303 2.0 
Xinglong 40.40 117.58 2006–2014 442 2.0 
Dushanbe 38.55 68.86 2010–2018 925 2.0 
Issyk-Kul 42.62 76.98 2007–2019 9810 1.5 
SACOL 35.95 104.14 2006–2013 1128 2.0 
Zhangye 39.08 100.28 2008–2008 191 1.5 

Southern area 
Lumbini 27.49 83.28 2013–2018 1164 2.0 
Namco 30.77 90.96 2006–2017 2749 1.5 
Pantnagar 29.046 79.52 2008–2009 474 2.0 
Pokhara 28.19 83.98 2010–2018 1949 2.0 
Hangzhou 30.29 120.16 2008–2009 213 2.0 
NUIST 32.21 118.72 2007–2010 426 1.5 
Taihu 31.42 120.22 2005–2018 4626 1.5 
Xuzhou 34.22 117.14 2013–2019 4631 1.5 
Jambi −1.63 103.64 2012–2016 78 2.0 
Nha Trang 12.20 109.21 2011–2019 2156 1.5 
Silpakorn 13.82 100.04 2006–2019 7059 1.5 
Singapore 1.30 103.78 2006–2018 303 2.0 

 

Northwest Asia) or southern area (the plateau region, southern China and Southeast Asia) 
depending on their geographic locations. To account for heterogeneity in aerosol optical parameters 
and radiative effect, four stations were selected in each region. The detail information with 
respect to station including observation period and data quality are shown in Table 1. The Level 
1.5 and Level 2.0 data are all cloud-screened data but the Level 2.0 data have pre- and post-field 
calibrated (Smirnov et al., 2000; Che et al., 2014). We utilize the Level 2.0 data to investigate the 
aerosol climatological effect in principle, but for the stations without PLDR data in the Level 2.0 
dataset, it will be replaced by the corresponding Level 1.5 data. In the following sections, we 
describe the spatial and temporal variations of seven kinds of components, and the aerosol 
radiative properties for all stations.  

 
2.2 Aerosol Optical Parameters 

A comprehensive understanding of optical parameters and the ability to classify aerosol types 
helps greatly in the understanding ambient air quality (Holben et al., 2001). Dubovik et al. (2006) 
has suggested PLDR could be retrieved from AERONET, in which sun-sky radiometers are used to 
observe aerosol microphysical properties (Dubovik et al., 2006). PLDR from AERONET is calculated 
as in Eq. (1): 
 

( ) ( ) ( )
( ) ( )

22 11

22 11

1 ,180 ,180
1 ,180 ,180

F F
F F

λ λ
δ λ

λ λ
° °
°

−
=

+ °
 (1) 

 
where λ and 180° is the wavelength in each channel and the scanning angle, respectively. The F11 
and F22 of the Müller scattering matrix are calculated using the particle size distribution and 
complex refractive index (Bohren and Huffman, 2008). When the incident light is unpolarized, F11 
has a positive relationship with the flux of scattered light, while F22 is strongly affected by the 
angular and spectral distribution of the radiative intensity. 

As the normalized value of particle linear depolarization ratio, the dust ratio (Rd) is an optical 
parameter that can be used to identify dust and non-dust particles in a mixture of aerosol (Tesche 
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et al., 2011). The importance of Rd is that it can quantify the contribution of dust compared with 
the total backscattering coefficient of the aerosol mixture. Assuming that coarse-mode aerosol 
and fine-mode aerosol are externally mixed, Rd can be calculated as: 
 

( )( )
( )( )

2 1

1 2

1
1dR

δ δ δ
δ δ δ
− +

=
− +

 (2) 

 
where δ is the PLDR as measured by solar photometer at 1020 nm. δ1 and δ2 represent the PLDR 
of coarse-mode and fine-mode aerosol, respectively, with both of them determined based on 
previous studies (Shin et al., 2018). Values of 0.3 for δ1 and 0.02 for δ2 were used to calculate Rd. 
When Rd is larger than 1 or smaller than 0, Rd is set to 1 or 0, respectively, so the range of Rd is 
from 0 to 1. 

The absorption aerosol optical depth (AAOD) and AAE optical parameters are calculated using 
Eqs. (3) and (4), respectively: 
 
AAOD(λ) = [1 – SSA(λ)] × AOD(λ) (3) 
 
AAE = –dln[AAOD(λ)]/dln(λ) (4) 
 

AAOD is a quantitative indicator: A higher AAOD means there are more absorptive aerosol in 
the air mass. AAE can be regarded as an indicator of the dominant absorptive aerosol types. AAE 
is a qualitative parameter, so a larger value of AAE corresponds to stronger absorption for the 
aerosol. A comprehensive evaluation of AAOD and AAE is essential in the analysis of optical 
properties of aerosol.  

Under the cloud-free assumption, a radiative transfer module can calculate the direct radiative 
forcing (ADRF) in AERONET (García et al., 2008). ADRF is defined as the difference in the net solar 
radiative flux in the presence of aerosol (FP) and in the absence of aerosol (FA), as in Eq. (5): 
 
ADRF = (F↓P – F↑P) – (F↓A – F↑A) (5) 
 

The up and down arrows indicate the upward and downward flux of solar radiation, respectively. 
The ADRF at the top and bottom of the atmosphere from the AERONET is defined as FTOA and 
FBOA, and shown in Eqs. (6) and (7), respectively. The gap between FTOA and FBOA is the solar 
radiative energy stored in the air (ΔF) and as shown in Eq. (8). Positive values of ΔF indicate solar 
energy store in the atmosphere while negative values of ΔF indicate the contrary.  
 
FTOA = (FTOA

↑A – FTOA
↑P) (6) 

 
FBOA = (FBOA

↓P – FBOA
↓A) (7) 

 
ΔF= FTOA – FBOA  (8) 
 

Another parameter, the radiative forcing efficiency, defined as the rate at which the atmosphere 
is forced per unit of AOD (Che et al., 2014), has been widely used in previous studies. The radiative 
forcing efficiency in the air is calculated as: 
 

500
eff

nm

F
F

AOD
∆

=  (9) 

 
2.3 Classification Method 

Using the threshold of Rd which was calculated from PLDR and SSA at 1020 nm, seven kinds of 
aerosol were classified on the basis of aerosol size and their spectral absorption. The reliability 
of PLDR derive from AERONET products has been proved by previous research, which has shown 
high correlation between PLDR (especially at 1020 nm) from AERONET and data from Mie 
scattering lidars in East Asia (Noh et al., 2017). Shin et al. (2019) obtained PLDR from AERONET 

https://doi.org/10.4209/aaqr.200503
https://aaqr.org/


ORIGINAL RESEARCH 
 https://doi.org/10.4209/aaqr.200503 

Aerosol and Air Quality Research | https://aaqr.org 6 of 23 Volume 21 | Issue 7 | 200503 

Level 2.0 Version 3 products to retrieve the main aerosol types and their optical properties in 
East Asia (Shin et al., 2019). The boundary between dust and non-dust aerosol could be clearly 
identified by PLDR at 1020 nm. Following this distinguish method, the threshold values were 
generated. 

As shown in Fig. 2, the flow chart presents the classification method specifically. Rd was used 
to distinguish fine-mode aerosol and coarse-mode aerosol firstly, which reveal that the content 
of dust is the criteria between fine- and coarse-mode aerosol in this article. Rd values below 0.17 
indicate fine-mode aerosol; the rest of particle will be recognized as coarse-mode aerosol. In the 
range of coarse-mode aerosol, Rd values exceeding 0.89 are regarded as pure dust. The value of 0.53 
(the middle value between 0.89 and 0.17) can separate two kinds of dust-pollution mixed aerosol 
according to the magnitude of the different components; the mixture is either dust-dominated 
aerosol (more dust components) or pollution-dominated aerosol (less dust components). 

Secondly, to further identify aerosol types based on spectral absorption, fine-mode aerosol 
was distinguished by using SSA. The absorptive effect produced by the interaction between 
aerosol and solar radiation occurs over the wavelength band spanning near-infrared to shorter 
visible wavelengths (Lee et al., 2010). Strong absorption aerosol mainly with a weak wavelength 
dependence (such as black carbon), which implies that it reveals strong ability of absorption both 
at blue wavelengths and near-infrared wavelengths, different from other aerosols showing 
absorption mostly in blue wavelength. Furthermore, previous research has also proposed that 
the SSA of different aerosol types has a wide range at near-infrared wavelength than at shorter 
wavelengths (Hess et al., 1998). 

 

 
Fig. 2. Flow chart in terms of aerosol identification based on PLDR, SSA in 1020 nm. 
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For the reasons above, SSA at 1020 nm was used to identify the absorption of aerosol. An SSA 
value of 0.95 can be used as a threshold to judge whether particles are absorptive or not (Shin et 
al., 2019). As a result, SSA > 0.95 indicates non-absorbing (NA) aerosol. Absorptive aerosol 
constituents have been further distinguished by their spectral absorption, such as weakly 
absorbing (WA; 0.9 < SSA ≤ 0.95) aerosol, moderately absorbing (MA; 0.85 ≤ SSA ≤ 0.9) aerosol, 
and strongly absorbing (SA; SSA < 0.85) aerosol. 
 

3 RESULTS AND DISCUSSION 
 
3.1 Optical Parameters in the Northern and Southern Areas 

We analyzed the distribution of AOD, AE, fine-mode AOD, coarse-mode AOD, AAOD, AAE in 
Figs. 3 and 4, to investigate the optical radiative properties of aerosol in each region; the AOD, 
fine and coarse-mode AOD, AAOD are all from 440 nm, while the AE and AAE are in the wavelength 
of 440–870 nm. AOD measures the ability of backward extinction from aerosol to incident 
radiation. AOD exceeding 0.4 has great significance to the inversion of other parameters. To 
ensure the reliability of optical parameter estimation, we restricted the analysis to periods when 
AOD > 0.4. The AOD of fine-mode and coarse-mode aerosol represents the extinction effect of 
fine and coarse particles, respectively. AE is a vital indicator of the size of particles; high AE values 
are associated with smaller aerosol radii, whereas particles with low AE are generally coarse-
mode. If AE (440–870 nm) < 0.75, coarse-mode particles dominate in the environment, and if AE  

 

 
Fig. 3. Box plots of AOD, AE, fine-mode AOD, coarse-mode AOD, AAOD, AAE for eight stations in the northern area. The blue 
boxes and red boxes represent the stations in northern China and northwestern Asia. 
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(470–870 nm) > 1.0, fine-mode particles is more prevalent in the air; AE (470–870 nm) values 
between 0.75 and 1.0 suggest complicated aerosol components (Wang et al., 2014). AAOD 
measures the quantity of absorptive aerosol in the air; a large value of AAOD is corresponding to 
high concentration of absorptive aerosol in the air. As a vital indicator of ability of aerosol 
absorption, AAE < 1 indicates that the aerosol is mixed with coating and coagulation of black 
carbon with organic and inorganic material. AAE close to 1 indicates black carbon aerosol from 
fossil fuel burning. Finally, AAE > 1.10 indicates absorptive aerosols mainly from biomass burning 
or mineral dust (Bergstrom et al., 2007; Russell et al., 2010). 

The mean values of AOD in northern area stations is 0.87, 0.86, 0.83, 0.72, 0.58, 0.62, 0.58, 
0.63 (Fig. 3). AOD in northern China is higher than that in Northwest Asia, which indicates that 
air quality is worse in northern China. The extinction effect of aerosol in northern China is stronger 
than that in Northwest Asia. AE is 0.96, 1.02, 1.00, 0.89, 0.45, 0.22, 0.67, 0.40 at the stations. The 
mean radius of aerosol in Northwest Asia is larger than that in northern China, because Northwest 
Asia is dominated by a desert environment (Ma et al., 2017). Combined with the fine-mode and 
coarse-mode extinction results, the mean values of coarse-mode AOD is 0.28 in Northwest Asia 
suggest that coarse-mode aerosol is the main component of aerosol in Northwest Asia. The mean 
values of fine-mode AOD extinction in northern China is 0.43; under the influence of intensive 
emissions from anthropogenic activity, fine-mode particles are more prevail in northern China 
(Che et al., 2014). 

With the exception of the Zhangye station, AAOD in northern China (can reach 0.06) is higher 
than that in Northwest Asia. The release of fine-mode particles from residential heating especially 
during the winter is the main contributor to produce more absorptive aerosol in northern China 
(Zhao et al., 2015). However, AAOD at the Zhangye station is 0.11, suggesting that Zhangye suffers 
from higher concentrations of mineral dust. AAE in Northwest Asia is 1.84, higher than that in 
northern China (1.52). The higher AAE in Northwest Asia indicates the presence of strong absorptive 
aerosol; for instance, the iron oxide present in the mineral dust will considerably enhance aerosol 
absorption. The magnitudes of AAOD and AAE suggest that there is more absorptive aerosol in 
northern China, but with relative weak absorption, and less absorptive aerosol in Northwest Asia 
but with relatively stronger absorption. 

In Fig. 4, we show results for 12 stations in the three southern regions. It is worthy to noticing 
that the incident which AOD > 0.4 is rare in Namco; as a result, the article will not take the data 
from this station into account when calculate the mean values. The mean values of observed AOD 
in the plateau area, southern China, and southeastern Asia is 0.85, 1.04, and 0.91, respectively. 
The highest values of total AOD are at Jambi, which may be the result of large number of hotspots 
in dry season (Kusumaningtyas et al., 2019). Mean values of AE at the plateau area, southern 
China, and southeastern Asia is 1.40, 1.31, 1.51, respectively, suggest that the sites above are all 
dominated by fine-mode aerosol. In terms of fine-mode AOD and coarse-mode AOD, the distribution 
of fine-mode AOD values at all stations is similar with AOD, which means that fine-mode aerosol 
in the three southern areas contributes greatly to the local AOD, much larger than the respective 
coarse-mode contributions. The coarse-mode aerosol contribution to AOD in southern China is 
larger than that in the other two regions, with mean values reaching 0.06 and this phenomenon 
may be the result of long-distance transport of dust in spring (Chen et al., 2009). In the plateau 
region, Namco has clean ambient air; the Namco station located at a higher altitude and there is 
less anthropogenic activity, leading to a pristine environment (Che et al., 2015), as a result, is 
susceptible to anthropogenic aerosol from the south of the Himalayan mountains, as well as 
emission from other regions. In the south of the Tibetan Plateau, the frequency of anthropogenic 
activity is higher, with more biomass burning and contribute greatly to the dominance of fine-mode 
aerosol (Ramanathan and Ramana, 2005; Rupakheti et al., 2017; Wan et al., 2017). Accumulation-
mode particles are more susceptible to hygroscopic growth than coarse particles, which is 
conducive to the increase in AOD in southern China. Furthermore, the abundant moisture in 
southern China results in hygroscopic growth of fine particles in June and September, strengthening 
scattering and extinction (Che et al., 2018; Sun et al., 2019). The reasons above lending to high 
value of fine-mode AOD in southern China. Owing to biomass burning, emissions of anthropogenic 
aerosol, and to its remoteness from dust sources, fine-mode aerosol is dominant in Southeast Asia. 
Natural aerosol is also produced in this region, including from forest fires and volcanic eruptions; 
emission produced from incomplete combustion biofuels and forest fires also facilitates the  
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Fig. 4. As in Fig. 3 but for 12 stations in the southern area. The blue, red and green boxes suggest stations in Tibetan Plateau, 
southern China, and Southeast Asia, respectively. 
 

increase in AOD in Southeast Asia. Emissions from vehicles in densely populated urban areas, 
such as Singapore, also increase fine-mode emissions (Salinas et al., 2009). 

AAOD in the plateau region, southern China, and Southeast Asia is 0.08, 0.06, 0.04, respectively. 
In the plateau region, large numbers of SA aerosol, such as black carbon produced by agricultural 
activities and biomass burning, have strong absorption, which may release into the atmosphere 
manifests as high AAOD values in the plateau. Abundant moisture in southern China enables 
hygroscopic growth of aerosol, which increases scattering and gives rise to lower AAOD (Che et 
al., 2018). High-relative-humidity environments are also present in Southeast Asia. The low level 
of AOD in Southeast Asia may be the contributor to the lower values of AAOD there when compared 
with southern China. Finally, the AAE in each region is 1.13, 1.20, 1.15, respectively. Combine 
with previous studies, high AAE is mainly induced by local biomass burning in southern regions. 
 
3.2 Spatial and Temporal Distribution of Seven Different Aerosol Components 
3.2.1 Spatial distributions at each station 

The spatial distribution of seven kinds of aerosol components are shown in Fig. 5, which shows 
that pollution-dominated aerosol (POD) dominates the composition of air masses at the stations 
in northern China, which makes up about ~30% of total aerosol. With economic development 
and growth, there is more fine-mode aerosol in the air. NA and WA aerosol, with relatively weak 
absorptivity but strong scattering of solar radiation, make up a large proportion compared with 
others aerosol types. Pure dust makes up ~2% of total aerosol in northern China, which is similar 
to previous results (Shin et al., 2019).  

Aerosol type in southern China is mainly dominated by fine-mode aerosol. The most evident 
difference between the northern and southern regions is dust accounts for a much lower percentage 
of total aerosol in southern China. In addition, the high-humidity conditions in southern China  
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Fig. 5. Pie charts showing the percentage composition of several different aerosol types based on long-term observations at the 
20 stations. They are from northern China, southern China, Northwest Asia, the Tibetan Plateau, and Southeast Asia. The DD is 
dust-dominated aerosol and the DUST means the pure dust. 
 

will facilitate photochemical processes; the sulfate produced from these interactions is one of 
the reasons why there is more fine-mode aerosol in southern China (Li et al., 2015). A higher 
concentration of SA have observed in Hangzhou than other southern China station, which have 
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a good agreement with previous researchers who suggested that there are more absorptive 
aerosol, such as released by biomass burning and industrial activities, gathers in urban sites (Che 
et al., 2018). 

The proportions of DD and POD are greatly increased in Northwest Asia and play a leading role 
in determining local aerosol type. There are many sources of sand and dust, with desertification 
a serious problem. For example, at the Dushanbe station, pure dust accounts for over 30% of the 
aerosol. The northwestern region of Asia is a significant channel for dust transport to China. 
Under the influence of the Mongolian cyclone in spring and winter, dust will gradually affect the 
west, north and the south of China (Zhang et al., 2012).  

Biomass burning in the south of the plateau should account for the large proportion of SA 
aerosol in the plateau region. The aerosol comes from anthropogenic activity, with biomass 
burning in the south of the Himalayan mountains producing large amounts of aerosol with strong 
absorption (such as black carbon). Lifted by the southwestern wind, the fine-mode particles pass 
through the Himalayas and then affect air mass composition in the plateau (Zhu et al., 2019), 
such as the Namco station. The DD and POD in the plateau region may also be the result of long-
distance transport of sand and gravel from the Taklamakan Desert. 

The main types of aerosol in the Southeast Asia region are fine-mode aerosol, similar to the 
results from southern China. However, it is clear that there is more SA aerosol and less POD in 
Southeast Asia than in southern China, which implies the decreasing of PLDR and the particles 
reveal more spherical in Southeast Asia than those in southern China. An interesting finding in 
terms of the spatial distribution of aerosol type in Southeast Asia is that the aerosol type in the 
Indochinese Peninsula is different from that in the Malay Archipelago. SA aerosol accounts for 
~20% of total aerosol in the Indochinese Peninsula, with biomass burning and forest fires 
generating aerosol such as black carbon. At lower latitudes in Southeast Asia, there is a lower 
proportion of SA aerosol and a higher proportion of NA aerosol in Malay Peninsula. There is a 
large proportion of NA aerosol than any other aerosol type in the Malay Peninsula, which may 
be the result of the vehicle emissions from metropolitan areas. 
 
3.2.2 Temporal distributions of seven aerosol components at five principal 
stations 

We chose one station from each of the five regions to investigate the temporal variations of 
seven aerosol types over the whole observed period in Fig. 6. Each of the stations is affected by 
aerosol emissions from natural sources and anthropogenic activity.  

In northern China (Beijing), fine-mode particles make up a large proportion of total aerosol in 
the air mass, except in March, April and May. Dust is transported to downwind areas by dust 
storms, especially in spring (Huebert et al., 2003; Eck et al., 2005; Eck et al., 2010; Cao et al., 
2014). The Mongolian cyclone develops during most winters; under its influence, and with 
abundant desert in central Asia, the proportion of POD and coarse particles increases in spring. 
The maximum values of dust proportion occur in April due to dust being carried with strong 
northwesterly winds, while with much lower values in other months. In the following months, 
the fine-mode particle concentration increases rapidly, reaching a maximum in July corresponding 
to the change in wind direction. The large proportion of SA aerosol in winter suggests an increase 
in emissions from residential heating. 

Similar with the situation in northern China, coarse-mode particle concentrations increase 
during spring in southern China (Taihu), as a result of long-distance transport of dust plumes, but 
pure dust is scarce in this region over the whole year. Fine-mode aerosol makes up a large 
proportion of total aerosol in June and August in southern China. When the subtropical anticyclone 
moves northwards, southeasterly winds facilitate moisture transmission to Taihu in June, which 
is favorable to the hygroscopic growth of fine-mode aerosol. Furthermore, the humid surroundings 
also provide a humid environment in Taihu (Khan et al., 2019). It is interesting that fine-mode 
aerosol concentrations reach a maximum in June and August in Taihu, representing the movement 
of the subtropical anticyclone northwards and then back to the south, respectively. The strong 
relationship between the anticyclone position and the fine-mode particle concentration is also 
evident from the Beijing observations. When the anticyclone moves northward in July and 
August, fine-mode aerosol concentrations in Beijing reach their climax. As the anticyclone later 
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Fig. 6. Monthly occurrence rates for seven aerosol components at five representative stations, presenting the seasonal variational 
of the components over the whole year. 
 

move southward, the fine-mode aerosol concentrations decrease until the SA aerosol concentration 
increases in December. The relatively high concentration of SA aerosol in July and during winter 
may result from biomass burning and combustion of coal, respectively.  

In Northwest Asia (SACOL), dust and coarse-mode aerosol are dominant over the whole year. 
The occurrence of fine-mode aerosol increases in summer, and reaches a maximum in 
September, but fine-mode aerosol is rarely observed in spring. This phenomenon can be explain 
by fewer dust storms in autumn and winter compared with spring and summer (Gong et al., 
2003). Northwest Asia experiences high wind speeds and low levels of atmospheric moisture, 
which favors dust emission, and dust plumes play a crucial role in winter and spring (Xin et al., 
2016). The coarse-mode aerosol dominance in spring corresponds to the maximum in wind 
speed, which occurs in March and April (Deng et al., 2014). 

Compared with the other regions, the occurrence rate of SA aerosol is higher in the plateau 
region (Namco) for the whole year. DD and POD aerosol are prevalent in the plateau region from 
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March to July due to sources in the Taklamakan Desert and strong wind speeds, especially in 
spring. With increasing anthropogenic activity in summer, the occurrence rate of SA aerosol 
increases rapidly. Biomass burning in India and Nepal associated with agriculture activity in 
summer also contributes greatly to the high concentrations of SA aerosol in summer. After a brief 
dip in October, the occurrence rate of SA aerosol rises again in winter as a result of combustion 
of coal and other fossil fuels, as well as agricultural activity in the southern Tibetan Plateau, in 
agreement with the findings of previous research (Rupakheti et al., 2019). 

In Southeast Asia (Silpakorn), aerosol types are under the influence of the Asian monsoon 
circulation. There is an increasing proportion of SA aerosol in Silpakorn in winter, while coarse-
mode aerosol takes up a large proportion in summer than the other seasons. In winter, the strong 
northeastern monsoon is underway, which take larger magnitude of SA aerosol (mostly comes 
from biomass burning and anthropogenic activities) from the Indochinese Peninsula to the 
coastal area (Feng and Christopher, 2013). With the wind direction change to southwest, coarse-
mode aerosol comes from ocean are dominated in June, the monsoon blows from ocean to the 
land also contribute to an increasing proportion of NA in summer.  
 
3.3 Radiative Forcing in the Northern and Southern Area 

Radiative forcing can be used to measure the influence of a factor to the radiative energy 
balance. Radiative forcing from aerosol is dependent on AOD, the capacity of aerosol absorption, 
and the underlying surface (Yoon et al., 2005). The criterion for the particle identified as fine-mode 
aerosol or coarse-mode aerosol is whether the Rd is larger than 0.17 or not (as shown in Fig. 2) in 
this research. As a result, the fine-mode aerosol includes SA, MA, WA and NA, and the coarse-
mode aerosol contains the DUST, DD, and POD. In Fig. 7, we show top-of-atmosphere (TOA) and 
bottom-of-atmosphere (BOA) radiative forcing (FTOA and FBOA, respectively) and their difference, 
from fine-mode and coarse-mode aerosol. The solar flux was only evaluated for solar zenith 
angles (SZAs) between 50° and 80°, which is where the solar geometry conditions are the most 
appropriate for retrieving aerosol properties (Dubovik et al., 2002). 

The observations show that in northern China, fine-mode aerosol has stronger scattering 
ability than coarse-mode aerosol at the top and bottom of the atmosphere, with large quantity 
of heating retained in the air. The mean values of FTOA, FBOA, and the net radiative forcing for fine-
mode aerosol in northern China is –50.43 W m–2, –113.78 W m–2, and 63.35 W m–2, respectively. 
Previous research (Semenov et al., 2005) has suggested that the Issyk-Kul station, in Northwest 
Asia, showed nearly no radiative forcing because of low AOD. Therefore, this station is not 
included in the calculation of mean radiative forcing for this region. In Northwest Asia, the mean 
values of TOA and BOA radiative forcing is –25.0 W m–2 and –76.3 W m–2, respectively, giving a 
net value of 51.4 W m–2. Here, coarse-mode aerosol is the main contributor to backward scattering 
of solar radiation, leading to heating of the atmosphere, except in Dushanbe. In Dushanbe, fine-
mode aerosol comes from the burning of fossil fuels for residential heating and cogeneration 
power stations, especially in winter which may strengthen the atmospheric heating effect of fine-
mode particles (Yan et al., 2015). Emissions from anthropogenic activity, biomass burning and 
soot emissions, especially in winter (Zheng et al., 2017) induce a stronger heating effect in Beijing 
where there is a higher mean values of net radiative forcing for the total aerosol (58.8 W m–2). 
Contrast the two regions, the heating effect is more obvious in northern China and this phenomenon 
is corresponding to the high value of AOD and AAOD as shown in Fig. 3. 

We reveal the radiative forcing results for stations in the three southern regions in Fig. 8 with 
regards to the radiative forcing of fine-mode aerosol; the atmosphere at the Namco station is 
much more pristine than that at any other site because it is located at a higher altitude. Therefore, 
this station was excluded when calculating the mean values of radiative forcing for the plateau 
region. The negative values of FTOA for fine- and coarse-mode aerosol in the three different 
regions suggest that the aerosol has a cooling effect in the earth–atmosphere system. Fine-mode 
aerosol is the main contributor to aerosol radiative forcing in the southern regions. The mean 
values of net radiative forcing in the plateau area, southern China and Southeast Asia for fine-
mode aerosols are 77.1 W m–2, 60.6 W m–2, 39.5 W m–2, respectively. In contrast, the maximum 
net value appears in the south of the Tibetan Plateau (the Lumbini station), indicating the 
presence of strong absorptive aerosol released from biomass burning, which has a stronger  
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Fig. 7. Radiative forcing in the northern area, including at the top of the atmosphere, at the bottom 
of the atmosphere and the net radiative forcing (equal to the radiative flux in the air). The blue 
boxes and yellow boxes represent the radiative forcing from fine- and coarse-mode aerosol. 

 

heating effect on the atmosphere. The net radiative forcing in southern China is smaller than that 
in northern China, in agreement with the results of Che et al. (2018), who reported that aerosol 
absorption is relatively weak in southern China (Che et al., 2018). The smallest net radiative 
forcing is found for the Southeast Asian region. This may result from the hygroscopic growth of 
fine-mode particles, which enhances scattering and reduces the solar energy reaching the ground. 
The high relative humidity environment in Southeast Asia also facilitates the formation of 
secondary aerosol species (Hennigan et al., 2008). The secondary aerosol species such as sulfate, 
nitrate and ammonium will further leading to a cooling effect and decreasing the solar energy 
stored on the air in Southeast Asia. 

 
3.4 Seasonal Dependence of Radiative Forcing and Radiative Forcing Efficiency 
for Fine-mode and Coarse-mode Aerosol 

Fig. 9 presents the seasonal trends for the net radiative forcing and net radiative forcing 
efficiency from fine-mode and coarse-mode aerosol at five principal sites. The data amount (the 
SSA and PLDR are all available) in five present stations for each season all exceed 100 to ensure 
the reliability. We analyze the radiative forcing properties and combine with seasonal variation 
of AAOD, AAE from fine- and coarse-mode aerosol as shown in Fig. 10 to further understand the 
mechanism behind phenomenon.  

In Beijing, the net radiative forcing from fine-mode aerosol is larger than that from coarse-
mode aerosol over the whole year, which means there are more absorptive and fine-mode 
aerosol suspended in the atmosphere over Beijing, due to the dense population and absorptive  
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Fig. 8. As in Fig. 7 but for stations in the southern three regions. The blue boxes and yellow boxes represent the radiative forcing 
from fine- and coarse-mode aerosol. 
 

nature of the aerosol released from fossil fuel burning. Results from Fig. 10 also reveal that it is 
fine-mode aerosol account for the large value of AAOD (AAOD from fine-mode aerosol in four 
seasons is 0.035, 0.032, 0.039 and 0.035) although the AAE from coarse-mode aerosol is higher 
than that from fine-mode aerosol throughout the year. Residential heating in winter can 
contribute greatly to the heating effect in the atmosphere over northern China. 0.035 of AAOD 
from fine-mode aerosol and mean values of 1.62 about AAE from two kinds of aerosol produce 
the highest net radiative forcing (81.5 W m–2) during winter in Beijing. The net radiative forcing 
efficiency from coarse-mode particles is 65.3 W m–2, 56.4 W m–2, 58.1 W m–2, 56.0 W m–2 in 
spring, summer, autumn, and winter, respectively, which for each season is higher than the 
corresponding value for fine-mode aerosol. 

In Taihu, the lowest net radiative forcing from fine-mode aerosol (35.7 W m–2) and coarse-
mode aerosol (20.3 W m–2) occurs in summer. The mean values of AAOD and AAE from two kinds 
of aerosol are 0.01 and 1.04, which are minimum at the same time. The high ambient humidity 
in southern China is conducive to hygroscopic growth of fine-mode aerosol (Zhang et al., 2015), 
strengthening the scattering ability of aerosol and increasing solar radiation backscatter to the  
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Fig. 9. The net radiative forcing and radiative forcing efficiency of fine-mode and coarse-mode 
aerosol at five principal stations in spring (March, April, May), summer (June, July, August), 
autumn (September, October, November) and winter (January, December, February). The blue 
boxes and yellow boxes represent the radiative forcing and radiative forcing efficiency from fine- 
and coarse-mode aerosol. 

 

top of the atmosphere. High values of net radiative forcing (58.3 W m–2 for fine-mode aerosol 
and 48.5 W m–2 for coarse-mode aerosol) occur in Taihu during winter, in good agreement with 
the low SSA values found in previous research (Xia et al., 2007b). The lowest net radiative forcing 
efficiency for fine-mode aerosol (58.5 W m–2) and coarse-mode aerosol (56.6 W m–2) occur in 
summer, which corresponding to the higher values of AOD compared with the other seasons 
(0.84, 0.88, 0.8, 0.75 in spring, summer, autumn and winter, respectively). Highest net radiative 
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forcing at SACOL from both kinds of aerosol appear in spring, with value of 59.6 W m–2 (fine-
mode aerosol) and 52.8 W m–2 (coarse-mode aerosol). From Fig. 10, we can conclude that 
although the AAOD in SACOL during spring is not the highest (0.015, 0.011, 0.016, 0.018 from 
coarse-mode aerosol in spring, summer, autumn, and winter, respectively), it is large value of 
AAE especially during spring (2.02) leading to the highest mean values of radiative forcing. 
Mineral dust particles in Northwest Asia may be coated with high-absorption components, which 
can prompt the absorption of dust aerosol. High net radiative forcing during winter may be partly 
due to the influence of high surface albedo in the region, leading to a heating effect on local 
climate (García et al., 2012). The mean values of net radiative forcing efficiency in spring are  

 

 
Fig. 10. As in Fig. 9 but for AAOD and AAE of fine-mode and coarse-mode aerosol at five principal 
stations in four seasons. The blue boxes and yellow boxes represent the parameters from fine- 
and coarse-mode aerosol. 
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133.6 W m–2 and 99 W m–2 for fine- and coarse-mode aerosol, respectively, which is the highest 
of any season at this location. This signifies that coarse-mode aerosol is the main contributor to 
the high AOD in spring. 

In Lumbini, high net radiative forcing values occur during pre-monsoon period and post-
monsoon period; the mean values in the two periods are 81.5 W m–2 and 91.7 W m–2, respectively. 
The phenomenon above is corresponding to the seasonal variation of AAOD (0.045, 0.023, 0.04, 
0.033 in spring, summer, autumn and winter, respectively) and AAE (1.19, 0.95, 1.30, 1.19) from 
fine-mode aerosol as shown in Fig. 10. Previous research has shown that cement factory emissions 
and biomass burning from the residue of paddy and wheat in the harvest season result in high 
concentrations of absorptive aerosol during the two periods (Wan et al., 2017). These phenomena 
are conducive to high atmospheric radiative forcing in the air. The mean values of net radiative 
forcing efficiency of fine-mode aerosol for the whole year is highest (110.3 W m–2) when compared 
those from other four principal sites. 

High net radiative forcing is found in spring and winter at Silpakorn in Southeast Asia, whereas 
the lowest net radiative forcing occurs in summer (12.1 W m–2 for fine-mode aerosol and 8.5 
W m–2 for coarse-mode aerosol). The temporal distribution of AAOD from fine-mode aerosol is 
also similar with this trend (0.020, 0.006, 0.013, 0.023 in spring, summer, autumn and winter, 
respectively), higher in winter and spring but lower in summer. This is the result of high 
concentrations of SA aerosol in winter and high concentrations of NA aerosol in summer. The 
mean values of net radiative forcing efficiency for fine-mode aerosol is 102.25 W m–2, which is 
larger than that for coarse-mode aerosol (81.3 W m–2). In this regard, fine-mode aerosol heats 
the atmosphere more effectively than coarse-mode aerosol in this region.  
 

4 CONCLUSIONS 
 

We used PLDR and SSA values for 1020 nm from the AERONET Version 3 Level 2.0 dataset to 
differentiate seven types of aerosol in five regions of East and Southeast Asia. We investigated 
the aerosol optical parameters measured at various stations, characterized the spatial and temporal 
variation in the concentrations of the different aerosol types, and evaluated the seasonal radiative 
forcing and radiative forcing efficiency due to both the fine- and the coarse-mode aerosol in each 
region.  

In northern China, pure dust contributed approximately 2% of the total aerosol. Compared to 
Northwest Asia, the air stored more heat, with a mean net radiative forcing of 63.35 W m–2 from 
the fine mode. Also, the large quantities of SA aerosol that occurred from November till spring 
corresponded to the high net radiative forcing observed during winter as a result of the fine mode. 

The fine mode also dominated the aerosol in southern China, except during spring. Summer 
exhibited the lowest net radiative forcing efficiencies (35.7 W m–2 and 20.3 W m–2 for the fine 
and the coarse mode, respectively), owing to the AOD values peaking during this season, as well 
as the lowest mean AAOD (0.01) and AAE (1.04). 

The AAOD and AAE values for Northwest Asia suggested that the aerosol in this region was 
lower in quantity but higher in absorptivity than that in northern China. Whereas the coarse 
mode contributed a large percentage of the total aerosol during most of the year, the fine mode 
became prevalent solely in autumn. Additionally, the purely dust aerosol reached its maximum 
concentration during April. Although Northwest Asia displayed only a moderate AAOD during 
spring, the high AAE, particularly in this season (2.02), led to the maximum mean radiative forcing 
values found in this study. 

The SA fraction accounted for a considerable portion of the total aerosol on the Tibetan 
Plateau, especially during summer and September, thereby producing the strongest heating 
effect within the atmosphere. This phenomenon positively correlated with the seasonal variation 
in the AAOD and AAE of the fine-mode aerosol. Of the five studied regions, the Tibetan Plateau 
also possessed the highest mean annual net radiative forcing efficiency (110.3 W m–2) because 
of the fine mode, revealing the strong absorptive ability of the aerosol throughout the year.  

Two distinct aerosol types prevailed in Southeast Asia. 20% of the aerosol on the Indochinese 
Peninsula during winter was SA, whereas the major contributors on the Malay Peninsula during 
summer were NA or WA, resulting in high and low net radiative forcing during winter and summer, 
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respectively. The fine mode, not the coarse one, was primarily responsible for atmospheric 
heating in this region. 
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