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H I G H L I G H T S  

� Tibetan Plateau is the cleanest area of the Pan-Third Pole while mostly exposed to polluted air masses. 
� The Pan-Third Pole region is dominated by absorbing aerosols such as dust, polluted dust and smoke. 
� Vertical transport of aerosol is enhanced significantly along with the increase of topographic height. 
� Trends of total aerosol loading are mainly influenced by those of dominating aerosol types.  
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A B S T R A C T   

The Pan-Third Pole (PTP), stretching from Eastern Asia to Middle-central Europe, has experienced unprece-
dented accelerated warming and even retreat of glaciers. Absorbing aerosols reduce snow and ice albedo and 
radiative forcing, consequently enhancing a great melting of snow cover and ice sheet in the PTP. Employing the 
10-year (2007–2016) space-based active and passive measurements, this study investigated the distribution, 
optical properties and decadal trends for dominating aerosols at a seasonal scale in the PTP divided into six sub- 
regions. Results showed that the sub-regions of PTP were mainly dominated by dust, polluted dust and elevated 
smoke. The Taklimakan Desert (TD) and the Iranian Plateau (IP) were dominated by mineral dust, accounting for 
96% and 86% of the total aerosol extinction while the Central Europe (CE), Indo-China (IC) and Anatolia Plateau 
(AP) were dominated by the mixture of the dominating aerosol types. The mean aerosol extinction coefficient 
(MAEC) showed an obvious variability depending on the sub-regions and a tendency of decreasing with an in-
crease in the topographic height. The strongest extinction layer (>0.1 km� 1) mainly occurred below 4 km and 
the weak extinction layers (>0.001 km� 1) were mainly distributed between 5 km and 8 km, indicating pro-
nounced vertical transport in the region. The decadal trends of columnar aerosol optical depth (AOD) showed a 
relation with the contributions of the dominating aerosol types. For example, significant upward or downward 
trends of total aerosol loading in the IC region were driven by elevated smoke while the AOD trends of total 
aerosol loading for the CE, the AP and the IP were driven by the dominating aerosol types. The Tibetan Plateau 
(TP), the cleanest region in the PTP, has been regularly exposed to polluted air masses with significant amounts 
of absorbing aerosols. Therefore, understanding the dominating aerosol types, properties and decadal trends in 
the PTP region will contribute considerably to assessing their effects on radiative forcing, climate change, and 
even snowmelt and glacier retreat.   

1. Introduction 

Atmospheric aerosols are key factors that extensively play a vital role 
in climate change at regional and global scales, primarily due to their 
significant direct and indirect effects on atmospheric systems (Garrett 

and Zhao, 2006; Huang et al., 2006a, 2006b, 2014; Li et al., 2011, 
2016b, 2019; Rosenfeld et al., 2008; Zhao and Garrett, 2015). For 
instance, atmospheric aerosols directly influence on absorbing and 
scattering solar shortwave and terrestrial longwave radiations, resulting 
in climate change driven by the alterations of the radiative and energy 
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balance of the earth (Che et al., 2019b; Yang et al., 2016, 2018). 
Absorbing aerosols, e.g., black carbon (BC), organic carbon (OC) and 
mineral dust, could especially contribute to large diabatic heating in the 
atmosphere, which may induce not only enhanced cloud evaporation 
(Ackerman et al., 2000; Huang et al., 2006a; Koren et al., 2004; Yan and 
Wang, 2020) but also reducing snow and ice albedo, resulting in a great 
melting potential on glaciers (Xu et al., 2009). In this regard, aerosols 
may indirectly affect alterations in global surface temperature, land 
surface process, climate and hydrological cycle, and the ecosystems 
(Ramanathan et al., 2001, 2007). Many studies have also concluded that 
aerosols have detrimental impacts on air quality (Fan et al., 2020), 
visibility (Deng et al., 2011) and human health (Davidson et al., 2005). 
Therefore, it is crucial to profoundly understand the physical, optical 
and chemical properties of aerosols at different spatial-temporal scales. 

The Pan-Third Pole region (PTP), populating more than 3 billion 
people, is the core of the “The Belt and Road” initiative proposed and 
advanced by China (Yao et al., 2017). Since the implementation of the 
initiative, the environmental changes of the PTP region have caught 
worldwide attention more and more as it includes the greatest area of 
snow cover and ice sheet in the world except for the polar region. 
Freshwater for the surroundings is sourced from meltwater discharge at 
the high mountain regions. Under the global warming, the PTP region, 
especially for the Tibetan Plateau (TP), has experienced rapid acceler-
ated warming over the last decades (Huang et al., 2012) at a rate that far 
exceeds those for the same latitudinal areas during the same period, 
especially in winter (Yang et al., 2014). This warming trend is consid-
ered to be the main source for the retreat of glaciers and even an increase 
in lake levels over TP and river runoff in the surrounding areas (Yao 
et al., 2004; Zhang et al., 2011), which may have impacts on the regional 
and global hydrologic cycle (Barnett et al., 2005). In addition, 
light-absorbing impurities from the deposition of atmospheric absorbing 
aerosols, such as BC, OC and mineral dust, are all known to exert a great 
melting potential on these glaciers through reducing snow and ice al-
bedo and radiative forcing, which has been verified through a number of 
field sampling analysis in snow and glaciers over both TP and sur-
roundings (Gautam et al., 2013; Jacobi et al., 2015; Li et al., 2016a; 
Luthi et al., 2015) and numerical simulations (Lau et al., 2010; Xu et al., 
2016; Yasunari et al., 2015). 

In recent years, desertification and human activities, e.g., over-
grazing, intensive biomass burning, and tourism development, have 
aggravated the ecological environment deterioration over the PTP re-
gion. The anthropogenic aerosol emission and special dust processes 
(Wang et al., 2018b) have been focused as the biggest threat to the 
environment and human health over the PTP region (Pokharel et al., 
2019; Zhao et al., 2020). Satellite-based measurements in the work of 
van Donkelaar et al. (2010) showed that the airborne fine particulate 
matter with diameter less than 2.5 μm (PM2.5) covered from central Asia 
to eastern Asia along the whole PTP region. In particular, the regional 
population of 38–50% is affected by the particulate matter exceeding the 
World Health Organization Air Quality guideline and PM2.5 Interim 
Target-1 (35 μg/m3 annual average). The longer lifetimes of these 
aerosols in free troposphere allow a higher opportunity to be transported 
farther depending on a weather system, i.e., the wider spatial coverage 
of these aerosols in effect from the sources. Despite being a remote and 
sparsely populated area, TP has been regularly exposed to polluted air 
masses with significant amounts of absorbing aerosols including BC, OC 
and dust (Luthi et al., 2015; Zhao et al., 2020). The potential sources of 
the deposited absorbing aerosol pollutants over the glaciers in the 
Karakoram-Himalayan region of northern Pakistan were identified in 
central, south, and west Asia (Gul et al., 2018). Hofer et al. (2017) 
detected dust and pollutants sourced from the Middle East, Northern 
Africa and Central Asia during the Central Asian Dust Experiment 
(CADEX) in Dushanbe, Tajikistan. Many studies also examined the 
enhanced trans-Himalaya pollutants transport mainly driven by inten-
sive biomass burning emissions to the TP based on various proxies 
extracted from glaciers such as short-lived reactive aromatics (Zhang 

et al., 2017), carbon isotope (Li et al., 2016a), organic acid (Cong et al., 
2015), levoglucosan records (You et al., 2016) and so on. 

Identifying aerosol types, spatial-temporal distribution and long- 
term trends at global or regional scales is crucial to comprehensively 
understand the aerosol transport and removal processes, emission 
properties, vertical uplifts, and even aerosol-induced climate change. 
The columnar distribution and trends were usually evaluated using 
columnar aerosol optical depth (AOD) from surface-based Aerosol Ro-
botic Network (AERONET) (Li et al., 2014) and passive satellite sensors 
such as Multi-angle Imaging Spectroradiometer (MISR) (Mehta et al., 
2016), Ozone Monitoring Instrument (OMI) (Chimot et al., 2017), 
Moderate Resolution Imaging Spectroradiometer (MODIS) (Luo et al., 
2014), Visible Infrared Imaging Radiometer Suite (VIIRS) (Yang et al., 
2019) and others (Hsu et al., 2012; Prospero et al., 2002) or multi-sensor 
combination(Alfaro-Contreras et al., 2017; Wang and Huang, 2009). 
The vertical distributions were usually measured by the active 
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard 
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 
(CALIPSO) (Huang et al., 2015b; Winker et al., 2013). However, there 
are few comprehensive studies on the climatology of aerosol over the 
PTP, especially focusing on the dominating aerosol types. This study, 
therefore, aims to investigate the climatology of columnar and vertical 
distribution for optical properties, the dominating aerosol types, and 
their temporal trends over the PTP region by combining aerosol prod-
ucts from A-Train constellation. In particular, understanding the char-
acteristics of absorbing aerosols is very important with regard to 
assessing their effects on the retreat of glaciers, increase of lake levels, 
river runoff, and the regional and even global hydrologic cycle. 

The paper is organized as follows: Section 2 briefly describes aerosol 
data products deployed in this study. The definition and climatic fea-
tures within the study domain are depicted in Section 3. Section 4 dis-
cusses the columnar and vertical distribution of the dominating aerosol 
types in detail and quantifies mean aerosol extinction coefficients 
(MAEC) over the different sub-regions of PTP. The deseasonalized linear 
decadal trends of AOD for total and dominating aerosol types are pre-
sented in Section 4. Finally, the main conclusions are presented in 
Section 5. 

2. Satellite-based aerosol products 

2.1. CALIPSO vertical feature mask (VFM) and aerosol profile products 

CALIPSO has been launched in June 2006 to provide continuous 
measurements for aerosols backscatter, extinction and depolarization 
profiles at a global scale during both day and night (Winker et al., 2009). 
This study employed not only the newest version 4 level 2 VFM that 
provides feature classification from ground to stratosphere but also the 
level 3 monthly aerosol profile (CL3AP) of CALIPSO satellite during a 
10-year period from 2007 to 2016. Aerosol types in the troposphere are 
categorized into seven subtypes (e.g., dust, polluted dust, clean conti-
nental, polluted continental/smoke, elevated smoke, clean marine and 
dusty marine) by the Scene Classification Algorithm (Omar et al., 2009) 
that uses the integrated attenuated backscatter and the particulate de-
polarization ratio measurements, surface type, layer top and base alti-
tudes to identify the aerosol subtypes. An advantage of the 
depolarization technology is to allow for a separation of mineral dust 
(Liu et al., 2004) and smoke (Sun et al., 2013) from other types of 
aerosols. The CL3AP reports monthly mean profiles of aerosol optical 
properties on a uniform spatial grid at horizontal resolution of 2� � 5�

and vertical resolution of 60 m (from - 0.5 km to 12 km a.m.s.l.). All 
parameters are derived from the level 2 5-km aerosol profile products 
that are quality controlled prior to aggregating onto each grid and 
averaging (Winker et al., 2013). In addition, the CL3AP provides the 
aerosol classification at each grid cell. Each aerosol subtype has a lidar 
ratio which is preassigned for the aerosol extinction retrieval. The 
assumption of lidar ratio and subtype misclassification are the crucial 
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factors that affect the uncertainty in the aerosol extinction retrieval 
(Yang et al., 2019; Yu et al., 2010). Neverthless, previous studies have 
demonstrated that the CL3AP provides representative and realistic data 
for the aerosol extinction values, larger than about 0.001 km� 1 in most 
cases (Winker et al., 2013), by comparing the accuracy of CL3AP with 
other satellite sensors and ground-based measurements (Kim et al., 
2013; Mona et al., 2009; Papagiannopoulos et al., 2016; Schuster et al., 
2012). Therefore, the nighttime aerosol layers feature and optical 
properties with the cloud-aerosol-discrimination (CAD) scores between 
� 70 and � 100 were employed in this study to avoid the low-confidence 
classification and extinction retrieval of layer features. 

2.2. MODIS and OMI columnar AOD 

MODIS plays a key role in observing global environmental and 
climate changes by an instrument aboard NASA’s Terra and Aqua sat-
ellites (Savtchenko et al., 2004). It has been acquiring an extreme vol-
ume of data in 36 spectral bands between 0.4 and 14.4 μm for land, 
atmosphere, ocean and cryosphere since March 2000 for Terra and July 
2002 for Aqua. The level 2 MODIS collection-6 aerosol products over 
land and ocean are based on two algorithms: 1) enhanced deep blue 
(Hsu et al., 2013) and 2) dark target (Levy et al., 2013). These two al-
gorithms have been developed to work over bright surfaces and mainly 
vegetated or water surfaces, respectively. Many studies evaluated the 
performance of collection-6 AOD based on ground observations (Sayer 
et al., 2014; Tao et al., 2015). OMI is a nadir-viewing spectrometer 
onboard the NASA EOS Aura spacecraft that observes the top of 

atmosphere solar backscatter radiation in the ultraviolet (UV) and 
visible spectrum (270–500 nm) (Torres et al., 2007). OMI has been 
originally designed to monitor global ozone and other atmospheric pa-
rameters related to ozone chemistry and climate. Furthermore, it pro-
vides valuable aerosol information especially for detecting elevated 
layers of absorbing aerosols such as biomass burning and dust plumes. 
Employing the columnar AOD from MODIS/Aqua collection-6 Level 3 
atmosphere monthly global product (MYD08_M3) and the OMI near-UV 
retrieval algorithm products (OMAERUVd) at 1� � 1� spatial resolution, 
this study investigated the columnar AOD distributions driven by 
different retrieval algorithms over the PTP region. 

3. Climatic features of the PTP and study domain 

The PTP stretches from Eastern Asian to Middle-central Europe (CE), 
delineated with a red-colored polygon in Fig. 1a, including high- 
elevation mountain regions (e.g., TP and Tianshan Mountains in 
China), Pamirs across Tajikistan, China and Afghanistan, the Hindu 
Kush in between Afghanistan and Pakistan, the Iranian Plateau (IP), the 
Caucasus in between the Black Sea and the Caspian Sea, the Anatolia 
Plateau (AP), and the Carpathian Mountains across Central and Eastern 
Europe. As the PTP possesses various socioeconomic features, global 
biodiversity hot-spots, and rich natural resources, it plays a crucial role 
in human existence environment and sustainable development and acts 
as environmental and ecological barrier for China, Asia, and even for the 
Northern Hemisphere (Kang et al., 2010; Yao et al., 2017). Besides, the 
PTP consists of distinct climatic zones, as shown by the annual mean 

Fig. 1. The spatial distribution of (a) terrain (unit: 
m), (b) annual mean precipitation rate (unit: mm/ 
year) from TRMM, and (c) NDVI from MODIS/Terra 
over the PTP and surroundings. The core region of 
PTP is delineated with a red-colored polygon, 
including six sub-regions labeled with the captial 
letters of CE, AP, IP, TD, TP and IC. The surrounding 
dust sources are presented in red numbers, which are 
(1) the Sahara desert, (2) the Arabian desert, (3) the 
Thar desert, (4) the Dasht-e Lut desert, (5) the Rige-
stan desert, (6) the Karakum desert, (7) the Kyzylkum 
desert, (8) the Taklimakan desert, (9) the Gurban-
tunggut desert, and (10) the Gobi desert, respectively.   
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precipitation rate from Tropical Rainfall Measurement Mission (TRMM) 
and Normalized Difference Vegetation Index (NDVI) from MODIS/Terra 
in Fig. 1b and c, respectively. The maximum of annual mean precipi-
tation mainly appears on the southern slope of TP due to the monsoon 
systems dominated by the interactions of large-scale atmospheric cir-
culations including the mid-latitude westerlies, the East Asian monsoon 
and the Indian monsoon (Wu et al., 2015; Yao et al., 2017). 

In addition, there is a large portion of arid and semi-arid regions 
(Huang et al., 2015a), currently facing accelerated expansion (Huang 
et al., 2015c) and potential treat (Huang et al., 2017) under the back-
ground of global warming. The whole PTP is cut off by the global dust 
belt, which reaches from the Sahara over the Arabian deserts to the 
Taklimakan Desert (TD) and the Gobi Desert (GD). The PTP contains 
global dust sources presented in red numbers in Fig. 1c such as the TD, 
the Iranian Dasht-e Lut desert, and the Rigestan desert in Afghanistan, 
and also adjacent to the Sahara and Arabian deserts, the Kyzylkum and 
Karakum deserts. Atmospheric mineral dust can be transported over tens 
of thousands of kilometers away from the arid or semi-arid source re-
gions. For instance, Sahara dust can be transported eastward to the 
Middle East and East Asia (Kabatas et al., 2014; Tanaka et al., 2005), 
northward to Europe (Israelevich et al., 2012), and westward to America 
(Mckendry et al., 2007). The TD and GD in China and the Thar desert on 
the Indian Subcontinent are also abundant dust sources, subordinate 
only to North Africa and the Arabian Peninsula (Liu et al., 2008). The 
observations from CALIPSO demonstrated that dust events occurred 
over the Taklimakan all year round and dust aerosols may be accumu-
lated over the northern slope of the TP (Huang et al., 2007), northward 
to the north pole (Huang et al., 2015d) and eastward to downstream 
(Huang et al., 2008; Uno et al., 2009). Most severe PM2.5 pollutions from 
central Asia to eastern Asia along the whole PTP region were monitored 
by satellite measurements (van Donkelaar et al., 2010). With regard to 
the climatic feature and the potential natural and anthropogenic aerosol 
sources, therefore, the PTP was divided into six sub-regions in this study 
as follows: (1) CE (47–51�N, 15–30�E), (2) AP (37–41�N, 30–45�E), (3) 

IP (31–35�N, 45–75�E), (4) TD (37–39�N, 75–85�E), (5) TP (29–37�N, 
85–95�E), and (6) Indo-China (IC) (17–29�N, 95–105�E). 

4. Results analysis and discussion 

4.1. Columnar AODs distribution 

Fig. 2 shows the spatial distributions of decadal mean columnar 
AODs driven by CALIOP, MODIS, and OMI over the PTP for spring 
(MAM), summer (JJA), autumn (SON) and winter (DJF). High magni-
tudes of AODs were obviously observed in the Arabian Peninsula, Tarim 
Basin, Indian subcontinent, IC, and the eastern of China throughout the 
year. In the nearby PTP, the maximum of AODs occurred over the 
Arabian Peninsula and the adjacent Arabian Sea in summer, which may 
be caused by more active dust outbreaks in this region. Dust aerosols 
generated in this source region for all seasons may be transported to the 
Persian Gulf and the Arabian Sea (Badarinath et al., 2010) and north-
ward to Central Asia (Hofer et al., 2017), and subsequently inducing 
significant effects on the Asian summer monsoon (Jin and Wang, 2018). 
While the seasonal difference of columnar AOD over the Arabian Sea is 
significant (refer to Fig. 2), a larger difference in the extent and 
magnitude of AODs between three sensors was also found. The second 
maximum of AODs occurred in the Sichuan basin and eastern China for 
all seasons, where industrial expansion, urbanization, and rapid eco-
nomic developments have been actively conducted (Che et al., 2015; Fan 
et al., 2020; Zhang et al., 2019; Zhang and Cao, 2015). While the pattern 
of AODs distribution for CALIOP is similar to that of MODIS, it is highly 
different from the ones for OMI, especially in SON and DJF. In addition, 
a relatively higher AOD for all seasons was found in the Indian sub-
continent in which arid Pakistan and northwestern India and extensive 
desert regions (e.g., the Thar desert) are located. The spatial distribu-
tions of AODs driven by CALIOP and MODIS were similar to each other 
except for that high AODs were found along the southern edge of the TP 
for MODIS. However, it is noteworthy that there are prominent 

Fig. 2. Comparizon of decadal mean columnar AODs distribution from CALIOP at 532 nm (left), OMI at 500 nm (middle), MODIS/Aqua at 550 nm (right) over the 
PTP and surroundings. The core region of PTP is delineated with white-colored polygon. The grey areas represent no retrievals in these regions. 
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differences in the columnar AODs between active CALIOP and passive 
MODIS and OMI in the north part of the Iranian Plateau that includes the 
two great deserts of Central Asia, the Kyzylkum and Karakum deserts. 
Although CALIPSO retrieves AOD based on the aerosol extinction ver-
tical profile, the signal-to-noise ratio is often too low to accurately detect 
the weak aerosol layers from the aerosol extinction vertical profile. In 
other words, highly diffuse and tenuous scattering aerosol layers below a 
CALIPSO detection threshold might be ignored in the AOD retrieval 
processes. This may cause the lower AODs obtained from CALIPSO than 
those from MODIS and OMI. In addition, the lower AODs of CALIPSO 
may be induced by the CALIOP’s 16-day repeating cycle that possibly 
misses important outbreaks of dust events in this region. 

The columnar AOD distributions over the whole PTP have distinct 
regional and seasonal variability due to the local emissions and the 
transport of natural and anthropogenic aerosols from the nearby PTP 
region. Table 1 shows the decadal mean and standard deviation of the 
columnar AODs driven by different sensors at the six sub-regions for 
different seasons. The TD has the largest seasonal variation among the 
six sub-regions, the highest (lowest) value was 0.68 (0.22) from CALIOP, 
0.82 (0.31) from OMI, and 0.80 (0.19) from MODIS during MAM (DJF) 
respectively. The largest AOD was observed in IC, 0.95 from OMI during 
MAM while larger standard deviations were observed in IC, indicating 
the complex aerosol composition in IC (will be discussed at the following 
section). On the contrary, the TP showed a lower columnar AOD (i.e., 
the cleanest area) in the PTP region, the lowest columnar AOD from 
CALIOP, no AOD retrieval from OMI, and a larger AOD from MODIS 
close to the AP, IP and CE sub-regions. The results showed that AODs 
varied with sensor types and the differences in instruments, calibration, 
retrieval algorithms, sampling resolution and so on. Overall, however, 
the composite results suggested in this study may provide useful infor-
mation further to understand the spatial distribution of aerosols in the 
PTP region. 

4.2. The dominating aerosol types 

Identifying the optical properties, classification, and vertical struc-
ture of aerosols, usually being detected by passive satellite measure-
ments (Penning de Vries et al., 2015), is still a challenging task due to the 

broadband effect of aerosols on the measured spectra and the influences 
of surface and cloud reflection. To date, the CALIPSO-based aerosol 
classification and vertical structure are the most comprehensive and 
accurate aerosol products derived from an active depolarized detecting 
technique. In order to fully understand the dominating aerosol types 
over the PTP, furthermore, this study investigated the seasonal occur-
rence frequency (OF) of seven aerosol types from the CALIPSO satellite 
in horizontal and vertical directions. 

4.2.1. Horizontal distribution 
Fig. 3 shows the seasonal OF spatial maps for the selected seven 

aerosol types, i.e., (a) dust, (b) polluted dust, (c) elevated smoke, (d) 
polluted continental/smoke, (e) clean continental, (f) clean marine, and 
(g) dusty marine, where the OF for each aerosol type is defined as the 
ratio of the number of profiles of an aerosol type with high confidence to 
the total samples from surface to 10 km at each 2� � 2� grid for each 
season. It is prominent that the natural dust is the most prevailing 
aerosol type for all seasons over the spatial domain in the maps (refer to 
Fig. 3a). The horizontal distribution of dust is well consistent with the 
global dust belt while showing a greater extent and significant seasonal 
variation. During MAM and JJA, the dust aerosols above 80% chances 
were observed in source and transport regions such as the Sahara desert, 
the Arabian Peninsula, the IP, the TD, and the Arabian Sea, which is 
consistent with the previous studies that employed different sensors 
(Luo et al., 2015; Prospero et al., 2002; Rashki et al., 2014; Wang et al., 
2018a). However, the dust aerosol is rarely observed in the CE and IC 
sub-region for all seasons. 

Polluted dust, a mixture of dust and anthropogenic pollutants such as 
biomass burning aerosols, can be frequently found around the regions of 
strong sources (Omar et al., 2009). Over the nearby PTP and PTP re-
gions, the polluted dust is the second dominating aerosol type, 
frequently occurring in the regions where the dust aerosol occurred as 
shown in Fig. 3b. The hot-spots (i.e., OF > 50%) for the polluted dust are 
mainly located at the eastern and northern parts of Africa except for 
MAM, the Indian subcontinent except for JJA, the Arabian Peninsula in 
DJF, Central Asia close to the Karakum and Kyzylkum Deserts in JJA and 
SON, and eastern China in all seasons. 

Fig. 3c-e exhibit the OF spatial maps for elevated smoke, polluted 
continental/smoke, and clean continental aerosol types, respectively, 
which shows a similar distribution pattern at different degrees of mag-
nitudes. Elevated smoke is defined as an elevated non-depolarizing 
aerosol that is injected above the planetary boundary layer (PBL) due 
to combustion buoyancy. However, polluted continental/smoke repre-
sents polluted continental aerosol derived from anthropogenic pollut-
ants within the PBL, which is difficult to separate from biomass burning 
smoke. These three aerosol types mainly occurred in CE for all seasons, 
in eastern China for JJA and SON, and the Indian subcontinent and the 
IC for SON and DJF, mainly induced by agricultural fires over Europe 
(Amiridis et al., 2010), crop straw field burning in eastern China (Cao 
et al., 2008), and a high rate of usage of biofuels and coal in India and 
the IC (Menon et al., 2002), respectively. 

As marine aerosols are only defined above the surface of ocean, clean 
marine and dusty marine can be observed throughout the year in the 
oceanic areas around the PTP region such as the Mediterranean, the 
Black Sea, the Arabian Sea, the Bay of Bengal and South China Sea as 
shown in Fig. 3f and g. The high frequency of dusty marine in the Bay of 
Bengal and the Arabian Sea throughout the year is closely linked to the 
frequent occurrence of the dust and the polluted dust driven from the 
Middle East and the India subcontinent. 

Overall, this study found that dust, polluted dust, elevated smoke and 
polluted continental/smoke are the major aerosol types dominating in 
different sub-regions seasonally within the PTP. It is noteworthy that the 
dominant aerosol types are typical absorbing aerosols that undoubtedly 
have crucial impacts on radiation and energy balance, water cycle, and 
climate change in the whole PTP region. 

Table 1 
The mean and standard deviation (shown in bracket) of columnar AODs over the 
sub-regions of PTP during MAM, JJA, SON and DJF season, respectively.  

Satellite Season Sub-regions of the PTP 

CE AP IP TD TP IC 

CALIPSO MAM 0.23 
(0.02) 

0.25 
(0.07) 

0.29 
(0.07) 

0.68 
(0.01) 

0.02 
(0.007) 

0.68 
(0.25)  

JJA 0.17 
(0.02) 

0.35 
(0.11) 

0.38 
(0.07) 

0.66 
(0.01) 

0.03 
(0.009) 

0.30 
(0.06)  

SON 0.17 
(0.01) 

0.26 
(0.12) 

0.19 
(0.03) 

0.26 
(0.02) 

0.006 
(0.003) 

0.40 
(0.11)  

DJF 0.18 
(0.01) 

0.18 
(0.05) 

0.15 
(0.02) 

0.22 
(0.01) 

0.003 
(0.004) 

0.43 
(0.15) 

OMI MAM 0.20 
(0.02) 

0.33 
(0.06) 

0.31 
(0.06) 

0.82 
(0.06) 

/ 0.95 
(0.40)  

JJA 0.22 
(0.01) 

0.29 
(0.07) 

0.30 
(0.06) 

0.69 
(0.05) 

/ 0.33 
(0.09)  

SON 0.12 
(0.01) 

0.22 
(0.04) 

0.21 
(0.05) 

0.38 
(0.05) 

/ 0.19 
(0.03)  

DJF 0.14 
(0.02) 

0.17 
(0.04) 

0.20 
(0.05) 

0.31 
(0.05) 

/ 0.16 
(0.03) 

MODIS MAM 0.21 
(0.02) 

0.22 
(0.04) 

0.17 
(0.06) 

0.80 
(0.04) 

0.28 
(0.13) 

0.52 
(0.17)  

JJA 0.24 
(0.01) 

0.17 
(0.05) 

0.18 
(0.12) 

0.49 
(0.07) 

0.16 
(0.06) 

0.29 
(0.07)  

SON 0.12 
(0.02) 

0.13 
(0.03) 

0.12 
(0.06) 

0.20 
(0.02) 

0.13 
(0.07) 

0.26 
(0.06)  

DJF 0.08 
(0.04) 

0.14 
(0.02) 

0.13 
(0.04) 

0.19 
(0.02) 

0.15 
(0.08) 

0.21 
(0.08)  
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4.2.2. Vertical distribution 
This study also investigated the vertical-resolved aerosol OF, the 

ratio of an aerosol subtype in samples to the total samples at each given 
altitude level, to illustrate the contributions of the dominating aerosol 
types in the vertical aerosol profiles over six sub-regions in the PTP. 
Fig. 4 shows the seasonal vertical OF profile for the dominating aerosols 
identified by the horizontal distribution assessment over the six sub- 
regions. Interestingly, it is prominent that each sub-region is domi-
nated by single or multiple aerosol types. 

As in the horizontal distribution, dust is also the most abundant 
aerosol type of the IP and the TD sub-regions as shown in Fig. 4c and d. 
In addition, a strong vertical transport of the dust particles was found at 
higher altitudes, especially for TD in MAM exceeding 10 km a.m.s.l., due 
to the unique topography and northeasterly winds associated with 
certain synoptic conditions (Ge et al., 2014). The maximal OF (47% in 
MAM, 45% in JJA, 60% in SON, and 38% in DJF) appeared near the 
ground level in the TD and gradually decreases with the increase of 
height. However, the vertical OF profile in the IP showed a wave pattern 
corresponding to the height at different levels of the maximum seasonal 
values, for instance, 58% in MAM and 65% in JJA at the heights of 3.0 
and 2.8 km a.m.s.l., respectively, which are much larger than those in 
the TD. It is closely related to more dust aerosol prominently transported 

from the nearby Sahara, the Arabian, and the Thar desert (Bayat et al., 
2011; L�eon and Legrand, 2003). On the contrary, dust over the TD is 
mostly sourced from local emissions. 

Contrary to the IP and TD, the AP is dominated by the polluted dust 
with a high OF between the ground and 6 km a.m.s.l. at different levels 
of seasonal vertical transport as shown in Fig. 4b. The maximum OF 
(52%) occurred at 2.2 km a.m.s.l. in JJA, followed by SON and MAM. 
These results indicate that the frequent transport of dust from Sahara 
and Middle East, and significant industrial and anthropogenic pollutants 
from industrialized and populated regions (such as Turkey, Spain, 
France and Italy), are contributing to the vertical aerosol profiles in the 
AP, as confirmed by combining the satellite observation and Real-time 
Air Quality Modeling System (Kabatas et al., 2014) and long-term 
observation from AERONET (Tutsak and Kocak, 2019). In addition, 
dust from Sahara to the eastern Mediterranean occurs predominantly 
during the spring and is commonly associated with the eastward passage 
of a frontal low-pressure system, whilst dust from sources in the Middle 
East is more typically transported to the eastern Mediterranean in the 
autumn. In contrast, dust transport from Sahara to the western and 
central Mediterranean occurs mainly during the summer (Kocak et al., 
2012; Kubilay et al., 2000). 

The CE and IC show more complicated aerosol vertical distributions 

Fig. 3. Seasonal OF maps for seven aerosol types defined by CALIOP products over the PTP region from surface to 10 km (a.m.s.l): (a) dust, (b) polluted dust, (c) 
elevated smoke, (d) polluted continental/smoke, (e) clean continental, (f) clean marine, and (g) dusty marine. The core region of PTP is delineated with white- 
colored polygon. 
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than other sub-regions (refer to Fig. 4a and f, respectively). The polluted 
continental/smoke is dominating the vertical aerosol profiles in the CE 
for all seasons while only SON and DJF in the IC. As the polluted con-
tinental/smoke mainly occurred in the PBL, it is difficult to distinguish 
smoke and continental aerosol. Smoke mainly caused by biomass 
burning (e.g., agricultural fires, crop straw field burning, and high rates 
of usage of biofuels) can be lofted to higher altitudes due to the large 
heat-induced atmospheric instability. The occurrence of elevated smoke, 
which is injected from the PBL to higher altitudes, indicates that there 
must be a proportion of smoke trapped in the PBL and subsequently 
contributing to the polluted continental/smoke aerosols within the PBL. 
The correlation between the elevated smoke and the polluted conti-
nental/smoke aerosols is prominent in the CE during MAM and JJA and 
in the IC during MAM, SON and DJF. Although there are few local dust 
emissions over the IC as shown in Fig. 3a, the mixture of dust trans-
ported from the India subcontinent and smoke emitted from local in-
dustrial pollutants and anthropogenic activities may cause a higher OF 
of polluted dust during MAM and DJF. 

Although the TP showed the smallest columnar AOD in the PTP 
(refer to Fig. 2), it is worth noting that during the MAM season, higher 
dust OF (30%) than other seasons was observed at about 6 km a.m.s.l., as 
shown in Fig. 4e. A new algorithm developed by Luo et al. (2015) 
enhanced the ability to detect weaker dust layers in weak source regions 
and the upper troposphere. In contrast, the light-absorbing impurities in 
snow and glaciers, such as organic carbon (OC), black carbon (BC) and 
mineral dust, have been verified by many field sampling analysis 
(Gautam et al., 2013; Jacobi et al., 2015; Li et al., 2016a; Luthi et al., 
2015). Despite the vertical OF for the elevated smoke was much less than 

those for the dust and the polluted dust, the extinction contribution and 
significant increasing trend need to be considered as discussed in section 
4.3 and 4.4. Thus, these results indicate that the TP has been regularly 
exposed to polluted air masses at a significant level of absorbing aerosols 
(Zhao et al., 2020). 

4.3. Vertical distribution of mean aerosol extinction coefficient (MAEC) 

To better understand the difference of MAEC and vertical transport 
of the dominating aerosols, the decadal means of MAEC for the six sub- 
regions were compared along longitudinal and latitudinal directions, as 
shown in Fig. 5 and Fig. 6, respectively. For simplicity, this study defined 
the altitudes corresponding to the aerosol layer top (>0.0001 km� 1), 
low extinction (LE, >0.001 km� 1), middle extinction (ME, >0.01 km� 1) 
and strong extinction (SE, >0.1 km� 1) layers as depicted in the figures. It 
should be specially explained that the altitudes of aerosol layers within 
the classified extinction levels are calculated as moving averages of 
three vertical resolution bins to avoid abrupt changes. In addition, the 
decadal means of the columnar AODs and the relative contributions of 
the dominating aerosols observed by CALIOP for the six sub-regions 
were calculated to quantify the extinction contribution of the domi-
nating aerosol types as shown in Table 2. 

Fig. 5 shows the longitudinal variation of decadal MAEC for All- 
aerosol and the dominating aerosol types (dust, polluted dust, and 
elevated smoke) at the six sub-regions. It is evident that all MAEC pro-
files exhibit a similar pattern that the maxima occurred near the ground 
while gradually decreasing with an increase of height except for 
different vertical extents and extinction values. For all-aerosol loading, 

Fig. 4. Seasonal and vertical resolved OF for the dominating aerosols over the six sub-regions of (a) CE, (b) AP, (c) IP, (d) TD, (e) TP, and (f) IC from surface to 10 km 
(a.m.s.l) derived from CALIOP measurements. 
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there is no noticeable aerosol concentration (>0.001 km� 1) in the at-
mosphere above 7.5 km. However, it is noteworthy that the heights of 
aerosol layer top and LE layer increased with the topographic heights in 
the six sub-regions (refer to Figs. 5a and 6a). The SE, ME, and LE layers 
for all-aerosol in the TD and the IP showed a consistent pattern with 
those for dust as shown in Fig. 5a and b, indicating that the columnar 
AODs in the TD and the IP are mainly dominated by dust particles, ac-
counting for 96% and 86% of total extinction respectively. As the total 
extinction in the AP, the CE and the IC is dependent on the distinct 
dominating aerosol types, however, the SE, ME and LE layers for dust 
(Fig. 5b), polluted dust (Fig. 5c) and elevated smoke (Fig. 5d) differed 
from those for all-aerosol (Fig. 5a). In the AP, the contribution of 
polluted dust extinction (38%) is slightly higher than those of dust 
(31%) and elevated smoke (12%). However, it was found that the 
elevated smokes were concentrated on higher altitudes above the 
ground with a strong vertical extent in the CE and the IC. In addition, the 
extinction (contribution) of the elevated smoke in the CE and the IC was 
up to 0.06 (32%) and 0.12 (28%) respectively. In section 4.2, this study 

found that the indistinguishable polluted continental/smoke trapped 
within the PBL accounted for about 42% and 30% in the CE and the IC as 
listed in Table 2. Such a result indicates that the CE is mainly dominated 
by the polluted continental/smoke and the elevated smoke while the 
contributions of the polluted dust, the elevated smoke and the polluted 
continental/smoke are dominant in the IC. The columnar AODs in the IC 
were about 2–3 times as much as in CE. 

Fig. 6 shows the latitudinal variation of the decadal MAEC profile for 
only the TD, the TP, and the IC due to spanning about 20 latitudes in the 
whole PTP. The SE signal layer in the IC was obviously trapped mostly 
below 2.8 km a.m.s.l. while the latitude increased and elevated up to 3.5 
km a.m.s.l. at the junction between the TP and the IC. Likewise, at the 
transition between TD and TP, the altitudes of the SE signals layer also 
increased gradually from north to south. Although the rough spatial grid 
of CL3AP products contains large amounts of aerosols in the nearby PTP, 
it is an indisputable fact that the altitude of the SE signals was elevated 
as the altitude increased toward the TP. Undoubtedly, the TP is a sub- 
region with the strongest vertical transport in the PTP region and the 

Fig. 5. Longitudinal variation of the decadal MAEC 
(km� 1) for (a) All-aerosol, (b) Dust, (c) Polluted dust, 
and (d) Elevated smoke over the CE (5–30 oE), the AP 
(30–50 oE), the IP (50–70 oE), the TD (70–95 oE), the 
TP (80–100 oE), and the IC (95–105 oE). The red solid 
line, white solid line, red dotted line and white dotted 
line indicate the heights where the aerosol extinction 
equals to 0.0001 (aerosol layer top), 0.001 (low 
extinction), 0.01(middle extinction), and 0.1 km� 1 

(strong extinction), respectively.   
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LE signal layer was up to 7.5 km a.m.s.l. and the maximum altitude of 
the aerosol layer top exceeded 10 km a.m.s.l. These results indicate that 
important natural and anthropogenic aerosols sourced from the nearby 
PTP are converged to the TP. Besides, the vertical transport induced by 
Asian monsoon and the heat source, i.e., the ‘elevated heat pump’ effect, 
could not only trigger strong convergence but also induce the vertical 
transport of aerosols from neighboring sources (Lau et al., 2006, 2018; Li 
et al., 2016b, 2019; Zhao et al., 2020). 

It is interesting to note that the occurrence of polluted dust always 
accompanied by dust or smoke aerosol as shown in the longitudinal or 
latitudinal distributions of the MAEC profile. Furthermore, it was 
observed that the maxima of MAEC for dust and polluted dust occurred 
near the surface and gradually decreased with the increase of height. In 
contrast, the maxima of MAEC for smoke occurred at the height of 0.5–3 
km above the ground. These results may be caused by two possible 
reasons. Firstly, the extinction retrieval of smoke in CL3AP is derived 
from only the elevated smoke aerosol. In other words, the polluted 
continental/smoke that is trapped in the PBL is neglected. Secondly, the 
smoke plume can be injected into the higher atmosphere due to com-
bustion buoyancy, as discussed by Kahn et al. (2008) and Remy et al. 
(2017). 

4.4. Trends for the dominating aerosol types 

Using the linear regression approach, this study examined the 
decadal AOD trends for the dominating aerosol types to better under-
stand the changes of aerosol loading and to assess their effects on future 
changes of climate over the PTP region. Especially, this study paid 
attention to the seasonal AOD trends not only to avoid insignificant 
annual trends driven by opposite signals from different seasons but also 
to evaluate the seasonal trends for the dominating aerosol types. 
Employing the AOD anomalies for each sub-region, the least square fit 
was applied to detect the seasonal AOD trends based on a method pro-
posed by Weatherhead et al. (1998). In addition, the statistical signifi-
cance of the estimated trend was confirmed by the student’s t-test. Fig. 7 
presents the decadal trends for all-aerosol and the dominating aerosol 
types at six sub-regions during the four seasons, where the hatched bars 
represent the statistically significant trend at � 90% significance level. 
Overall, there are distinct seasonal and regional features in the decadal 
AOD trends of aerosol loading. 

The IC, mainly affected by human activities and dominated by the 
mixture of polluted dust, elevated smoke and polluted continental/ 
smoke, showed the strongest seasonal trends (upward and downward) 
among the sub-regions in the PTP. As a whole, the decadal trend of all- 
aerosol columnar AOD was consistent with that of the dominating 
aerosol types for each season, indicating that the emissions from local 
industrial and anthropogenic pollutants are mainly contributed to these 
tendencies. Except for MAM, the total aerosol loading showed the sta-
tistically significant downward trends in response to a significant 
decrease in the corresponding dominating aerosol types, e.g., the dust 
transported from the India subcontinent in JJA, the elevated smoke and 
the polluted dust in SON, and the polluted dust in DJF. Similar down-
ward trends of AOD in JJA, SON and DJF over the IC region were 
observed in the study by Kang et al. (2017), which based on the OMI 
satellite retrievals for the period of 2005–2016. However, the columnar 
AOD in MAM showed a significant and strong upward trend caused by 
the elevated smoke injected above the PBL from local forest fires. The 
upward trends for AOD driven by smoke may correspond to an increase 
in fires, driven by extreme heat waves, in southeast Asia particularly 
over the last few years (Fernandes et al., 2017; Huijnen et al., 2016). 

Of the second cleanest sub-region after the TP, the all-aerosol 
columnar AOD in the CE totally showed the insignificant AOD trends 
except for in DJF. The total aerosol loading in DJF showed a significant 

Fig. 6. Latitudinal variation of the decadal MAEC (km� 1) for (a) All-aerosol, (b) Dust, (c) Polluted dust, and (d) Elevated smoke over the IC (19–27 oN), the TP 
(27–37 oN), and the TD (37–43 oN) sub-regions. 

Table 2 
The annual mean AODs and relative contribution of the dominating aerosol 
observed by CALIOP over six sub-regions of the PTP.  

Aerosol 
types 

Sub-regions of the PTP 

CE AP IP TD TP IC 

All-aerosol 0.19 0.26 0.253 0.453 0.012 0.43 
Dust 0.01 

(5%) 
0.08 
(31%) 

0.218 
(86%) 

0.439 
(96%) 

0.005 
(42%) 

0.04 
(9%) 

Polluted 
dust 

0.04 
(21%) 

0.10 
(38%) 

0.029 
(12%) 

0.012 
(2.6%) 

0.004 
(33%) 

0.14 
(33%) 

Elevated 
smoke 

0.06 
(32%) 

0.03 
(12%) 

0.006 
(2%) 

0.002 
(0.4%) 

0.003 
(25%) 

0.12 
(28%) 

Othersa 0.08 
(42%) 

0.05 
(19%) 

– – – 0.13 
(30%)  

a Represents the estimated value of other aerosols. 
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downward trend, which is consistent with the previous studies via 
AERONET and satellite measurements (Che et al., 2019a; Hsu et al., 
2012; Yoon et al., 2014). In addition, the significant decreasing trend for 
AOD is mainly attributed to the reduction of elevated smoke mainly 
driven by environmental regulations over the last decades. Moreover, a 
significant downward trend in MAM for the polluted dust, dominating 
aerosol type, does not have a significant impact on a decreasing AOD 
trend for total aerosol loading. 

Total aerosol loading in the AP showed a downward trend during 
SON and DJF while an increasing trend during MAM and JJA. However, 
the upward and downward trends were statistically insignificant, which 
may be closely related to the opposite contribution between the Sahara 
dust transport and the emissions of local industrial and anthropogenic 
pollutants. The dust particles in Africa had decreased significantly over 
the last decade due to still surface winds over dust source regions in 
North Africa (Evan et al., 2016). Thus, the downward AOD trends of dust 
transported to the AP, statistically significant in SON and DJF, were 
observed for all seasons except for JJA. In contrast, an increasing AOD 
trend for the elevated smoke was also observed during JJA and SON, 
caused by the emissions of local industrial and anthropogenic pollutants. 
Therefore, the insignificant trends for total aerosol loading during JJA 
and SON are mainly driven by the offset effect between a decreasing 

trend for the dust or the polluted dust and an increasing trend for the 
elevated smoke. 

The trends for total aerosol loading in the IP are mainly dependent on 
the joint effect of Middle East dust transport and local dust emissions 
(Givehchi et al., 2013). Thus, the dust and the polluted dust, the typical 
dominating aerosol types, mainly dominate the trend of total aerosol 
loading. A decreasing trend for the dust was found for all seasons except 
for SON, which is also consistent with a recent study about the trend of 
Middle East dust over the last decade although these decreasing trends 
were statistically insignificant (Mehta et al., 2018). The IP showed a 
statistically significant downward trend for total aerosol loading during 
DJF, which is mainly driven by a significant decrease in the elevated 
smoke. Besides, insignificant trends of total aerosol loading in MAM and 
JJA are mainly driven by an offset effect between changes in the 
polluted dust and dust. 

Contrary to the IP, the trend for total aerosol loading in the TD was 
completely driven by local dust emissions. A decreasing trend in MAM 
and SON was observed while an increasing trend in JJA and DJF, despite 
statistically insignificant. Previous studies suggested a decreasing fre-
quency of dust based on a TD index, which is likely caused by the Arctic 
amplification (Liu et al., 2020) and an enhanced geopotential height in 
the Mongolian plateau and the middle Siberian region (Wang et al., 

Fig. 7. The linear trends (unit: year� 1) of AOD for (a) All-aerosol, (b) Dust, (c) Polluted dust, and (d) Elevated smoke over six sub-regions of the PTP during 
2007–2016. The hatched bars represent the statistically significant trend at larger than 90% significance level. 
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2008). It is noteworthy that the previous studies had examined a 
long-term trend of frequency regardless seasonal variability in the 
decadal AOD trends. The increasing trend needs to be further investi-
gated to assess the effects of the rising near-surface temperatures on the 
decadal AOD trends as in the previous studies in Africa (Camberlin, 
2017; Engelbrecht et al., 2015). 

As mentioned earlier, the TP has been regularly exposed to polluted 
air masses with significant amounts of absorbing aerosols while it was 
identified as the cleanest region in the PTP in this study. Total aerosol 
loading showed a significant increasing trend in JJA and SON while a 
significant decreasing trend in MAM. These significant trends are driven 
by an increase in the elevated smoke in JJA and SON and a decrease in 
the dust in response to long-range transport and local emissions from 
desertification and human activities such as overgrazing, intensive 
biomass burning and tourism development over recent years (Li et al., 
2016a). It is evident that these increasing absorbing aerosols floating in 
the atmosphere may further enhance the snow-darkening effect and the 
potential risk of snow-melt and glacier retreat in the future. 

5. Conclusions 

Employing the 10-year (2007–2016) active and passive aerosol 
products derived from CALIOP, MODIS and OMI sensors of A-Train 
constellation, this study investigated the columnar and vertical distri-
butions of optical properties, the dominating aerosol types, and their 
decadal trends in the PTP that consists of the six sub-regions defined by 
the distinct climatic features and the potential natural and anthropo-
genic aerosol sources. The results showed:  

- The distributions of columnar AOD in the PTP varied with the sub- 
regions and seasons. Among the six sub-regions, the TP was the 
cleanest one with the smallest columnar AOD. Due to high uncer-
tainty in the columnar AODs, however, an advanced measurement 
may be necessary to better understand the spatial distribution of 
aerosols in the PTP region.  

- The whole PTP region was mainly dominated by dust, polluted dust 
and elevated smoke. In particular, dust particles accounted for 96% 
and 86% of total extinction in the TD and the IP, respectively.  

- This study also found a strong vertical transport at higher altitude 
(above 10 km a.m.s.l.) in the TD during MAM. Polluted dust always 
accompanied by dust aerosol or smoke mainly caused by biomass 
burning. In addition, the AP, the IC, and the CE were affected by the 
mixture of the dominated aerosol types.  

- The MAEC showed an obvious variability at the sub-regions with a 
tendency that it decreased as the topographic height increased. 
Without a noticeable aerosol concentration (>0.001 km� 1) above 
7.5 km a.m.s.l., the height of the aerosol layer top and LE layer totally 
increased with the topographic height of the six sub-regions. The TP 
was a sub-region with the strongest vertical transport, indicating that 
the natural and anthropogenic aerosols from both the PTP and sur-
roundings are converged strongly into higher altitudes driven by the 
Asian monsoon and the ‘elevated heat pump’ effect.  

- From a decadal AOD trend analysis at a seasonal scale, this study 
found that the decadal AOD trend corresponded to the contributions 
of dominating aerosol types at the sub-regions. In particular, the 
largest upward trend was found in the IC during MAM, which may be 
caused by the elevated smoke from local industrial and anthropo-
genic pollutants.  

- Although the TD showed inconsistent trends with previous studies, 
this study found that the TP has been regularly exposed to polluted 
air masses with significant amounts of absorbing aerosols. Conse-
quently, these increasing absorbing aerosol floating in the atmo-
sphere may influence on enhancing the snow-darkening effect and 
the potential risk of snow-melt and glacier retreat in the future. 
Furthermore, the above understandings are of great significance for 
assessing their effects on the retreat of glaciers, increase of lake 

levels, river runoff, and the regional and even global hydrologic 
cycle. 
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