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Abstract

Aerosol vertical distribution generally determines their health impacts and cli-

mate effects. By using long-term (2007–2019) CALIPSO lidar measurements,

we present a large-scale insight into the climatology of aerosol types and their

vertical structure over East Asia. Despite the low sampling frequency, compari-

son with MODIS aerosol optical depth (AOD) shows that the integrated

CAIPSO vertical extinction can reasonably reproduce spatial patterns of the

aerosol loading. With the unique advantage of active detection, CALIPSO

reveals an obvious enhancement of the night-time AOD due to worse diffusion

conditions. Moreover, long-range transport of different aerosols including dust,

polluted dust, and smoke has substantial contribution to the aerosol loading

over East Asia. Pure dust particles are mainly concentrated over the deserts

with notable dust transport belts (dust AOD > 0.2 at 532 nm) along downwind

regions during winter and spring. By contrast, polluted dust is prevalent over

the downstream eastern China with much higher AODs throughout the year.

In particular, AOD of polluted dust (~0.5) is higher in winter rather than in

spring, which is consistent with their seasonal occurrences. Smoke aerosols

usually appear in the night-time over southern China. The top heights of aero-

sols are around 4–6 km, with dust and smoke having higher extinction at

upstream regions. The climatology of these aerosol types and vertical distribu-

tion can provide a significant constraint for associated studies of air quality

and climate effects.
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1 | INTRODUCTION

Tropospheric aerosols play a crucial role in the climate
system by modifying Earth-atmosphere system's radiation
budget and cloud properties (Kaufman et al., 2002; Fan
et al., 2018; Christian et al., 2019). Moreover, numerous
epidemiological studies have shown robust correlations
between the concentrations of these tiny particles and

respiratory diseases (Pope III et al., 2002). Besides aerosol
loading, climate effects and health impacts of aerosols
largely depend on their types and vertical distribution
(Samset et al., 2013; Mishra et al., 2015; Seinfeld
et al., 2016). However, aerosol loading and properties
have a very large spatial–temporal variability due to their
short lifetime and diverse sources, exerting a great chal-
lenge in quantify their climate and health effects.
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During the last decades, the advent of dedicated satel-
lite instruments such as Moderate Resolution Imaging
Spectroradiometer (MODIS), Multi-angle Imaging
Spectroradiometer (MISR), and Polarization and Direc-
tionality of the Earth's Reflectance (POLDER) has greatly
renewed the knowledge of global aerosol loading and
major sources (Kaufman et al., 2002). Although multi-
angle and polarized measurements enables the retrievals
of aerosol optical and microphysical properties, notable
uncertainties exist due to deficiencies in algorithm
assumptions and forward models (Dubovik et al., 2019;
Tao et al., 2019; 2020a). By now, the most widely used
satellite aerosol parameter is still MODIS aerosol optical
depth (AOD). Compared with aerosol retrievals by pas-
sives instruments that have to separate surface contribu-
tion, Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) sensor onboard the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) sat-
ellite has a striking advantage in discriminating typical
aerosol types and their vertical distribution in both
daytime and night-time (Hunt et al., 2009; Winker
et al., 2009).

As one of the most polluted regions of the world,
aerosols over East Asia are characterized by complicated
mixtures of anthropogenic emissions, biomass burning
fire smoke, and natural dust with large spatial and tem-
poral variations (Li et al., 2011; Tao et al., 2020a). There
have been numerous works concerning the long-term
variations of aerosol over East Asia with both passive
MODIS AODs and active CALIPSO aerosol profiles (Guo
et al., 2016; Huang et al., 2013; Liu et al., 2008; 2019; Pro-
estakis et al., 2018; Tao et al., 2020b). However, previous
studies usually focus on aerosol loading or vertical pro-
files of airborne dust. The recent CALIPSO extinction
retrievals and aerosol classification methods have been
substantially improved (Kim et al., 2018; Young
et al., 2018), providing unprecedented chance to enhance
understanding of the contributions of different aerosol
types and their vertical distribution, especially in the
night-time.

In this paper, we present a comprehensive insight
into the climatology of different aerosols and their
vertical distribution over East Asia based on CALIPSO
measurements during 2007–2019. Section 2 introduces
CALIPSO aerosol algorithms and MODIS aerosol
products used. The general performance of CALIPSO
AOD is evaluated by intercomparison with MODIS
retrievals in section 3.1. Then, the contribution of dif-
ferent aerosol types to the aerosol loading over East
Asia and their occurrence frequency are examined.
Moreover, vertical characteristics of these aerosol
types are compared and analysed. Additionally, the
uncertainties of CALIPSO aerosol classification and

extinction are discussed. At last, conclusions are
followed in section 4.

2 | DATA AND METHOD

2.1 | CALIPSO aerosol datasets

The CALIOP lidar aboard CALIPSO satellite launched in
April 2006 measures the total attenuated backscatter of
aerosols at 532 and 1,064 nm with an additional perpen-
dicular polarization detection at 532 nm (Liu et al., 2008).
By a 16-day revisiting cycle, CALIOP can observe both
daytime and night-time aerosol and cloud backscatter
profiles from the sea level to ~30 km, with higher signal-
noise-ratio in the night without the background solar
noise (Getzewich et al., 2018). Despite a finer resolution,
the Level (L) 2 CALIPSO aerosol profile products are
reported at a uniform horizontal resolution of 5 or 40 km
as well as a vertical resolution within 60–360 m to
account for weak backscatter signals from aerosols. With
a prescribed aerosol extinction-to-backscatter (lidar
ratio), CALIOP AOD of the columnar extinction can be
calculated. Meanwhile, the attenuated backscatter and
depolarization ratio measurements can be used to iden-
tify aerosol and cloud types based on location, altitudes,
and surface types (Omar et al., 2009; Kim et al., 2018).

The recent Version (V) 4.1 CALIPSO aerosol products
have been substantially improved in extinction and opti-
cal depth (Young et al., 2018) and aerosol classification
(Kim et al., 2018). Tropospheric aerosols in V4.1
CALIPSO are classified into seven subtypes including
clean marine, dust, polluted continental/smoke, clean
continental, polluted dust, elevated smoke, and dusty

FIGURE 1 The terrain of mainland China (the black dashed

lines indicate the grid of CALIOP L3 data, and the red boxes denote

selected grids in Taklimakan Desert (TD), Gobi Desert (GD),

Beijing–Tianjin–Hebei (BTH), central China (CC), and southern

China (SC) [Colour figure can be viewed at wileyonlinelibrary.com]

GUI ET AL. 6043
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marine. The L3 CALIPSO products provide global
gridded, quality-screened, monthly mean profiles of aero-
sol extinction and subtypes at a uniform 2� × 5� grid
(Tackett et al., 2018). The total AOD of dust, polluted
dust, and elevated smoke is also reported. CALIPSO
AOD exhibits high consistency with collocated MODIS
retrievals with relatively lower differences over East Asia
(Young et al., 2018). In this study, we utilize the L3 V4.1
CALIPSO cloud-free aerosol products in both daytime
and night-time.

2.2 | MODIS aerosol optical depth

MODIS onboard the afternoon Aqua satellite since
2002 measures spectral irradiance of Earth-
atmosphere system by 36 channels within 0.4–14 μm
at nominal spatial resolutions of 250–1,000 m. With a

wide swath width of ~2,330 km, MODIS can provide a
near-daily global coverage. Unlike the active detection
of CALIOP, MODIS aerosol retrievals have to separate
the surface contribution by assumed spectral relation-
ship or precalculated database of the surface reflec-
tance (Hsu et al., 2013). Ground-based validations
show that MODIS deep blue (DB) aerosol algorithm
has a robust performance in high-AOD conditions of
East Asia (Tao et al., 2019; Wei et al., 2019). Thus, we
select the C6.1 MODIS 10km DB AOD with good qual-
ity at 550 nm to make an intercomparison with
CALIPSO results.

2.3 | Background of the study region

As shown in Figure 1, extensive deserts including
Taklamakan Desert (TD) and the Gobi deserts (GD) exist

FIGURE 2 Seasonal AOD at 532 nm over East Asia from CALIPSO-Night (left column), CALIPSO-Day (middle column), and MODIS-

Aqua (right column) [Colour figure can be viewed at wileyonlinelibrary.com]

6044 GUI ET AL.
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in the northwestern part of East Asia. Most population
and urban/industrial emissions are concentrated in
northern China. By contrast, the terrain of southern
China is by mountains and hills with much lower aerosol
loading (Tao et al., 2020a). Five CALIPSO L3 grids in TD,
GD, Beijing-Tianjin-Hebei (BTH), central China (CC),
and southern China (SC) are selected to examine vertical
extinction of aerosols. The CALIPSO 2� × 5� grid is
downscaled to 0.1� × 0.1� by bilinear interpolation and
smoothed.

3 | RESULTS AND DISCUSSIONS

3.1 | Climatology of CALIPSO AOD and
intercomparison with MODIS products

Figure 2 shows seasonal AOD maps during 2007–2019
from MODIS at 550 nm and daytime and night-time
CALIPSO products at 532 nm. The daytime CALIPSO
AOD exhibits consistent spatial patterns with MODIS
results for all seasons. Compared with MODIS AOD,

FIGURE 3 CALIPSO daytime AOD at 532 nm during 2007–2019 over East Asia [Colour figure can be viewed at

wileyonlinelibrary.com]

GUI ET AL. 6045
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CALIPSO retrievals tend to overestimate aerosol loadings
over the deserts and underestimate those in polluted
regions such as northern China. Sampling frequency of
satellite AOD has considerable influence on their sea-
sonal or annual mean values in regions with high daily
variations of aerosol loading (Tao et al., 2020b). Also,
fixed lidar ratios of the aerosol subtypes in CALIPSO
retrievals can introduce systematic bias in the extinction
estimation (Amiridis et al., 2013; Young et al., 2018).
Even with a low sampling frequency, CALIPSO retrievals
have a better coverage and more reasonable performance
than MODIS ones in some special regions such as

northern Mongolia with bright snow/ice surfaces or
Tibetan Plateau with very low aerosol loadings. In gen-
eral, long-term mean of CALIPSO AOD can well capture
spatial patterns of the aerosol loading over East Asia.

The active detection of CALIPSO products gives a
unique view in spatial patterns of aerosol loading over
East Asia in the night-time (Figure 2). While aerosol
loading exhibits only slight changes over the deserts,
CALIPSO AOD in eastern China is obviously enhanced
during the night due largely to the much weaker convec-
tion and diffusion at lower temperatures (Tao
et al., 2021). In particular, there is a notable aerosol

FIGURE 4 MODIS DB AOD at 550 nm during 2007–2019 over East Asia [Colour figure can be viewed at wileyonlinelibrary.com]

6046 GUI ET AL.
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transport belt from Southeast Asia to southwestern
China during spring, the AOD of which gets much larger
than that in the daytime. The prevailing southwestern
airmasses can transport emission of the intense biomass
burning in spring downstream (Figure S1, Supporting
Information) (Tsay et al., 2013). Also, the diurnal cycles
of biomass burning in Southeast Asia can be an impor-
tant factor. The CALIPSO AOD hotspots spread from
northern China to southern China in the night-time,
indicating the existence of regularly inter-regional trans-
port (Tao et al., 2014). By contrast, close values of day
and night CALIPSO AOD values over the deserts and
background regions demonstrate that other factors such
as assumed lidar ratio and higher night-time signal-noise
ratio have no significant influences on their differences.

Figure 3 displays the temporal variations of annual
daytime CALIPSO AOD during 2007–2019 over East
Asia. Consistent with long-term variations of MODIS
AOD (Tao et al., 2020b), CALIPSO can well reflect the
declining aerosol loading in eastern China since 2013 due
to the clean air actions of the government (Figure S2).
However, spatial patterns of CALIPSO and MODIS AODs
have substantial discrepancy in detailed scales (Figure 4).
In particular, CALIPSO AOD cannot show spatial varia-
tions of the striking emission hotspots at finer spatial
scales. For a timescale of annual mean, CALIPSO with a
low sampling frequency can only capture limited

information of the diverse pollution events. Annual varia-
tions of night-time CALIPSO AOD have similar trends
but with higher values (Figure S3).

Despite the insufficient spatial and temporal resolu-
tions in characterizing short-term spatial variations of
aerosol loading, CALIPSO vertical detection of aerosol
optical properties can provide valuable information con-
cerning aerosol types and transport. To inspect the poten-
tial of aerosol transport over East Asia, seasonal
variations of the night-time top heights of different aero-
sol types are shown in Figure 5. The aerosol plumes
exhibit largest transport potential during spring with top
heights around 5 km over both the deserts in the north-
western part and biomass burning regions of Southeast
Asia even in the night (Tsay et al., 2013; An et al., 2018).
The top heights of aerosols in other seasons decrease to
3–4 km, and get lower obviously as the distance from the
emission sources increases. Moreover, top heights of dif-
ferent aerosol types have distinct differences in the spa-
tial patterns and magnitudes.

3.2 | Contribution and occurrence
frequency of different aerosol types

To examine the contribution of different aerosol types
in East Asia, night-time CALIPSO AOD of typical

FIGURE 5 Seasonal distribution of top heights of the aerosol layers over East Asia from CALIPSO night-time products [Colour figure

can be viewed at wileyonlinelibrary.com]

GUI ET AL. 6047
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aerosol types including dust, polluted dust, and ele-
vated smoke are shown in Figure 6. Long-range trans-
port of airborne dust has a substantial contribution to
the aerosol loading over East Asia (Figure S4). While
pure dust particles are predominated in the deserts
and their transport path in the northwest, AOD of pol-
luted dust (~0.5) in eastern China is much higher than
that of the pure dust (~0.2–0.3). Unlike the pure dust
that is most abundant in spring, AOD of polluted dust
in highest during winter, which can be associated with
the favourable meteorological conditions for dust-
pollution mixing (Tao et al., 2021). By contrast, ele-
vated smoke is concentrated over southern China with
highest AOD (>0.2) in spring. The frequency distribu-
tion plots of AOD in different areas during daytime
and night-time are consistent with the spatial

distribution trends of AOD values for different aerosol
types (Figures S5 and S6).

Compared with CALIPSO AOD of dust particles in
the night-time, pure dust exhibits no obvious changes in
the AODs during the daytime (Figure 7). Although the
heights of planetary boundary layer (PBL) are usually
much higher in the daytime with notable convection, the
AOD values of polluted dust get lower obviously in spring
and summer, which can be partly caused by the lower
levels of anthropogenic pollution (Figure 2). The
CALIPSO algorithm classifies aerosol layers with a top
height >2.5 km and low depolarization ratio as elevated
smoke (Kim et al., 2018). However, AODs values of the
prevailing smoke over southern China in the night
become much lower in the daytime during all the sea-
sons, which seems contradictory with the favourable

FIGURE 6 Seasonal distribution of CALIPSO night-time AOD at 532 nm of different aerosol types over East Asia [Colour figure can be

viewed at wileyonlinelibrary.com]

6048 GUI ET AL.
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meteorological conditions. Considering that the smoke
layers from intense biomass burning fires can be easily
injected to high altitudes of 3–5 km above the PBL (Tsay
et al., 2013), more night-time transport of fire smoke can
be the main cause.

Furthermore, occurrence frequency of CALIPSO
aerosol subtypes at different altitudes are calculated in
Figure 8. Dust particles over the TD are lifted to high
altitudes of 4–10 km during spring, and most dust
layers tend to drop to 2–4 km in the transport path to
eastern China. By contrast, occurrence frequency of
dust particles above 6 km is much lower over TD dur-
ing winter and autumn, with top heights of most dust
layers at 4–6 km. However, the prevalent occurrence of
polluted dust above 4–6 km indicates that considerable
fraction of the pure dust with moderate depolarization

ratio can be classified as polluted dust. Distribution of
elevated smoke is mostly below 4 km in southern
China and can reach 6 km in northeastern China.
Some high occurrences of smoke appear at 8–10 km
over the northern part except in winter, which can be
caused by strong forest fires and misclassification of
the dust aerosols (Liao et al., 2021). The polluted conti-
nental and dusty marine aerosols are usually within
2 km near surface. In addition, the clean marine aero-
sols are concentrated below 1 km.

CALIPSO vertical detection shows prevailing trans-
port of natural dust and fire smoke over East Asia.
These long-range transports usually occur above PBL,
and their mixing with local anthropogenic emissions
can be further delayed due to common temperature
inversions in eastern China (Tao et al., 2021). It is worth

FIGURE 7 Seasonal distribution of CALIPSO daytime AOD at 532 nm of different aerosol types over East Asia [Colour figure can be

viewed at wileyonlinelibrary.com]

GUI ET AL. 6049
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noting that mean values of the top heights for dust and
smoke layers in the downstream regions such as eastern
China are even higher than the sources (Figures 5 and
8), which can be lifted to higher altitudes in the trans-
port. However, CALIPSO AOD gets much lower when

aerosol transport arrives over the sea in the eastern part.
While airborne dust tends to have the largest transport
potential in spring, AOD of the elevated smoke over the
sea is high (>0.1) during both spring and summer
(Figure 6).

FIGURE 8 Seasonal

occurrence frequency of night-

time CALIPSO aerosol subtypes

in East Asia during 2007–2019
[Colour figure can be viewed at

wileyonlinelibrary.com]

6050 GUI ET AL.
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3.3 | CALIPSO extinction coefficient
profiles of different aerosol types

To explore vertical variations of the aerosol loading,
seasonal extinction profiles of different aerosol types
are compared in typical regions of East Asia (Figure 9).
The night-time extinction coefficients of airborne dust
over the TD are about 2–3 times or even more of those
in the downstream BTH and CC. It is surprising that
the extinction coefficients above 2 km in SC are higher
than those over TD in winter and spring with notable
peaks above surface pollution layers (Figures 2 and 3).
On the other hand, extinction coefficients near surface
in SC are much higher than in BTH. Since anthropo-
genic emissions are mostly concentrated in northern
China (Tao et al., 2020a), the extreme high values
(~0.6–1.0) of extinction coefficients in SC during
should be paid to more attention. Considering the
CALIPSO results used are seasonal mean values of dur-
ing 2007–2019, with the low sampling frequency
(Table 1), extinction profiles of the numerous aerosol
transport events with distinct vertical variations can be
largely smoothed.

Figure 10 gives seasonal extinction profiles of dust,
polluted dust, and elevated smoke. Although occurrence
frequency shows prevalent airborne dust in the high

FIGURE 9 Seasonal night-

time aerosol extinction

coefficient profiles in

Taklamakan Desert (TD), the

Gobi deserts (GD), Beijing–
Tianjin–Hebei (BTH), central

China (CC), and southern

China (SC) during 2007–2019
[Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Number of monthly CALIPSO night-time extinction

profiles at 532 nm during 2007–2019

Winter TD 37

GD 38

BTH 38

CC 38

SC 37

Spring TD 39

GD 39

BTH 39

CC 39

SC 38

Summer TD 39

GD 39

BTH 39

CC 39

SC 32

Fall TD 39

GD 39

BTH 39

CC 39

SC 39

GUI ET AL. 6051
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altitudes of 6–10 km, CALIPSO extinction profiles dem-
onstrate that these dust particles above 6 km usually have
very low concentration except the few dust storms. While
pure dust is predominant in the aerosols over deserts,
polluted dust accounts for a much larger contribution in
BTH and CC, which is consistent with prevalent dust
transport in eastern China (Tao et al., 2022). The mean
extinction values of polluted dust are very close to those
of the total aerosols. Striking peak values (~0.3) of pol-
luted dust appear over CC rather than in BTH of north-
ern China, which can be due to that dust events in CC
with lower frequency can be less influenced by the sea-
sonal mean smooth. Seasonal mean values of extinction
coefficients from the elevated smoke are very low (<0.1)
except in SC.

Generally, the long-term CALIPSO measurements
provide a fundamental knowledge concerning vertical
distribution of typical aerosols including airborne dust
and fire smoke over East Asia. Although previous stud-
ies usually focus on anthropogenic pollution near sur-
face, prevalent transport of the elevated dust and smoke

aerosols can play a significant role in regional atmo-
spheric environment and climate change. Also, diurnal
cycles such as night-time enhancement of the elevated
smoke should be further examined with more observa-
tions such as ground-based lidar. In particular, the con-
tribution of these substantial aerosol transport as well as
their influence on local atmospheric chemistry and
aerosol climate effects remain unclear. It should be
stated that notable uncertainties exist in CALIPSO aero-
sol classification such as dust and polluted dust (Kim
et al., 2018; Song et al., 2021). Considering the unique
advantage of CALIPSO detection, the improvements on
CALIPSO algorithm based on aerosol properties such as
lidar ratio and depolarization ratios of different dust
particles over East Asia are in need.

4 | CONCLUSIONS

The advent of dedicated satellite instruments has greatly
renewed the knowledge of global aerosol loading.

FIGURE 10 Seasonal night-time extinction coefficient of the total aerosols (mean), dust, polluted dust, and elevated smoke in TD, GD,

BTH, CC, and SC during 2007–2019 [Colour figure can be viewed at wileyonlinelibrary.com]
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However, further application of satellite products in stud-
ies of air quality and climate effects has been hindered
due to the lack of sufficient aerosol information such as
aerosol types and vertical distribution. CALIPSO lidar
measurements can not only detect vertical characteristics
of aerosol properties, but also give a unique view of the
night-time aerosols with the active detection. In this
study, based on the long-term CALIPSO monthly data
during 2007–2019, we analysed the climatology of typical
aerosol types including dust, polluted dust, and smoke as
well as their vertical distribution in both daytime and
night-time over East Asia.

Despite a low sampling frequency, CALIPSO daytime
columnar AOD exhibits reasonable consistency with
MODIS products. With the advantage of discriminating
different aerosol types, CALIPSO detection shows that
long-range transport of dust, polluted dust, and smoke
has a large contribution to the aerosol loading over East
Asia. While pure dust particles are concentrated over the
Taklimakan Desert with notable dust belt along the
downstream transport path, polluted dust is prevalent
in eastern China. Moreover, polluted dust particles are
most abundant and frequent during winter rather than
spring with high dust AODs around ~0.5, due most
likely to favourable meteorological conditions for dust-
pollution mixing. By contrast, smoke aerosols usually
appear in the night over southern China. The top
heights of dust and smoke aerosols are around 4–6 km
with much higher loading above the PBL than these in
downstream regions. The valuable information of
CALIPSO measurements can significantly fill the gap
of global aerosol properties. Additionally, more atten-
tion should be paid to validation and algorithm
improvements of the CALIPSO products.
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