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GRAPHICAL ABSTRACT

Active remote sensing can provide aero-
sols distribution both at daytime and
nighttime, even under cloudy condition.
A method for retrieving PM;o & PM; 5
mass concentration using the latest
data version from CALIPSO lidar was de-
veloped.

Global distributions, especially diurnal
variations, of PMo & PM, 5 mass con-
centration during 2007-2016 were in-
vestigated.

This study can be used to validate global
model simulations, and evaluate aerosol
impacts on  environment and
ecosystem.

2007-2016 Global Near-Surface PM,; & PM,
Nighttime PM.g

Daytime PM. s ghttime PM. s

180 120W  6OW 0 60 120€ 180"
S

]
120

e —
Particulate Mass Concentration (ug/m>)

ARTICLE INFO

ABSTRACT

Article history:

Received 14 February 2020

Received in revised form 28 February 2020
Accepted 2 March 2020

Available online 5 March 2020

Editor: Jianmin Chen

Keywords:

Active remote sensing
CALIPSO

Lidar

Aerosol

Mass concentration
Diurnal variations

Passive remote sensing has been widely used in recent decades to obtain global particulate matter (PM) mass
concentration at daytime and under cloud-free condition. In this study, a retrieval method was developed for pro-
viding PM (PM;o and PM, 5) mass concentration both at daytime and nighttime using the latest data version
(V4.10) from space-borne Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) lidar
measurements. The advantage of the method is that PM;o & PM, s mass concentrations were obtained for
seven aerosol types respectively base on active remote sensing observation at daytime and nighttime, even
under cloudy condition. The results show that satellite-based PM mass concentrations are in good agreement
with in-situ observations from 1602 ground monitoring sites throughout the world. Moreover, global distribu-
tions of PM;¢ and PM; 5 mass concentration during 2007-2016 were investigated, showing that for Beijing the
annual mean PM; 5 mass concentration at nighttime is 11.31% less than those at daytime, however for London
is 36.62%. It is suggested that diurnal variations in PM, 5 mass concentration are closely related to human activ-
ities. This work provides a reliable high-resolution database for long-term particulate mass concentrations on the
global scale, which is of importance to evaluate aerosol impacts on climate, environment as well as ecosystem.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Atmospheric particulate matter (PM) plays a significant role in the
global environment and climate (Kampa and Castanas, 2008; Wilson
et al.,, 2010; Huang et al., 2015a; Shrivastava et al., 2017; Huang et al.,
2020), as well as biological processes (Ma et al., 2013). Exposure to
PM with aerodynamic diameters of <2.5 pm (PM,5) is associated with
increased cardiovascular and respiratory morbidity (Geng et al., 2015).
Following uncontrolled industrial emissions and rapid global economic
development, PM, 5 mass concentrations are increasing in areas of in-
tensive human activity (Wilson et al., 2010; Yang et al., 2017). Many
previous studies have shown that aerosols can directly change the radi-
ation balance of the earth system via reflection and scattering (Huang
etal., 2007; Huang et al., 2008; Fu et al., 2009; Kato et al., 2013), and in-
fluence atmospheric radiation indirectly by changing the physical prop-
erties of clouds (Su et al., 2008; Wang et al., 2010; Li et al.,, 2015a,
2015b). As reported by the Intergovernmental Panel on Climate Change
(IPCC, 2014) report, estimation of radiative forcing for different types of
aerosols still has large uncertainty due to a lack of accurate information
concerning the global spatial and temporal distribution of aerosols
properties, such as concentration, components and size etc. (Huang
et al,, 2010).

Over the past decades, global distribution of aerosol mass concentra-
tion has been obtained based on space-borne passive and active remote
sensing. As one of the most important parameters, aerosol optical depth
(AOD) is widely used to determine PM concentrations in the atmo-
sphere. By use of passive remote sensing observation, distributions of
PM concentrations at daytime have been provided on the regional
and/or global scale from AOD data. These data are mainly retrieved
from several satellites, such as MODerate-resolution Imaging
Spectroradiometer (MODIS) (Donkelaar et al., 2006; Just et al., 2015;
Lin et al,, 2015; Xie et al., 2015; Ghotbi et al., 2016), Multi-angle Imaging
Spectroradiometer (MISR) (Geng et al., 2015) or Polarization and An-
isotropy of Reflectance for Atmospheric Sciences coupled with Observa-
tions from a Lidar (PARASOL) (Xie et al,, 2013). Furthermore, PM mass
concentrations at night were retrieved using Visible Infrared Imaging
Radiometer Suite (VIIRS) observation (Fu et al., 2018; Wang et al.,
2016) with large uncertainty. To reduce the uncertainty over bright sur-
faces, new aerosol retrieval algorithms have been developed, including
Multi-Angle Implementation of Atmospheric Correction (MAIAC) (Hu
et al., 2014; van Donkelaar et al., 2016) and Deep Blue (DB) (He and
Huang, 2018; Kumar et al., 2018). However, the current PM retrieval
methods based on passive remote sensing still have the following
main limitations: (1) lack of aerosol detection data sets suitable for
both day and night; (2) cannot provide vertical structure of aerosols;
(3) uncertainty over high-albedo surface areas; and (4) affected by
clouds that cover 70% of Earth's surface (with optical depth > 0.1)
(Stubenrauch et al., 2013).

To better investigate the impact of aerosols on global climate and en-
vironment, reliable global PM concentrations from long-term continu-
ous observations of active remote sensing with high spatial-temporal
resolutions are of great importance. Space-borne CALIPSO has provided
continuous measurements of aerosols and cloud in the atmosphere on a
global scale since 2006 (Omar et al., 2009; Winker et al., 2010; Huang
etal, 2015b; Liu et al., 2018). As a powerful active remote sensing on-
board CALIPSO, the Cloud-Aerosol lidar with Orthogonal Polarization
(CALIOP) can profile the vertical distribution of aerosols and cloud
with high spatial resolutions (Chen et al., 2010; Sun et al., 2015;
Huang et al,, 2018; Liu et al., 2018). Previous studies have introduced re-
trieval methods of the vertical distribution of PM mass concentrations
from lidar measurements on a regional scale (Koelemeijer et al., 2006;
Wang et al., 2010a; Lin et al., 2015; Li et al., 2016; Tao et al., 2016;
Toth et al., 2018). And regional aerosol concentrations have been ob-
tained from CALIPSO observations without considering aerosol types
(Huang et al., 2015a, 2015b; Li et al., 2016). Moreover, deep learning
technology also has been used to retrieve aerosol parameters (Chen

et al., 2018; Shen et al., 2018). However, these methods didn't consider
aerosol types, which may influence the accuracy of retrieval.

In this study, we retrieve global PM mass concentrations by use of
the latest version (ver. 4.10) of space-borne CALIPSO lidar products.
After that diurnal variations in near-surface global PM mass concentra-
tion from 2007 to 2016 are investigated. Detailed methods and observa-
tional data are introduced in Section 2; results and discussion are
presented in Section 3, and conclusions are summarized in Section 4.

2. Data and methodology
2.1. CALIPSO lidar observations

CALIPSO lidar can provide three-dimensional global distributions of
aerosol properties in the atmosphere with high-resolution, even over
regions covered in super-thin cloud (Sun et al., 2015). It is a dual-
wavelength lidar which detects backscattering signal at 1064 nm and
polarization measurements at 532 nm, detail information of CALIPOSO
lidar please refer to Winker et al. (2010). The latest version (ver. 4.10)
of CALIPSO products Level 2 released in November 2016 was used in
this study. Compared with the previous version, the new version of
data has three important improvements including: (1) new geographic
data; (2) redefining aerosol classification rules; (3) updating lidar ratio
of all types of aerosols (Omar et al., 2018). Therefore, it is proved that
the reliability of the latest version was greatly improved (Kar et al.,
2018; Kim et al., 2018). In the latest version there were seven types of
aerosol: clean marine (CM), pure dust (DU), polluted dust (PD), pol-
luted continental and smoke (PC/SM), clean continental (CC), elevated
smoke (ES) and dusty marine (DM). An important difference is that ma-
rine aerosol combining with dust have been frequently found over the
ocean (Aller et al., 2017). So DM is defined as an important new aerosol
type, however they usually was misidentified as polluted dust in the
previous version (Kim et al., 2018). Vertical profiles of the aerosol ex-
tinction coefficient () at 532 nm and classification of aerosol types is
included in the product (Omar et al., 2009).

In this study, vertical profiles of the o for seven aerosol types from
CALIPSO observation during 2007-2016 was used to retrieve PM mass
concentration. The vertical resolution of o profiles used was 60 m
below 8.2 km. To avoid the effects of strong turbulence near the ground,
the averaged ot between 120 m to 180 m above ground level (AGL)
which were closest to the ground was used to approximate PM mass
concentration and compare with results from in-situ ground-based
measurements. The Cloud and Aerosol Discrimination (CAD) algorithm
score and the Extinction Quality Control (Extinction_QC_532) flag were
applied to ensure data quality. In this study, we collected o with CAD
value between —100 and — 20, and Extinction_QC_532 value of 0, 1,
2,16 or 18 (Toth et al., 2018). In addition, the relative humidity profiles
were provided from the MERRA-2 data product by GMAO Data Assimi-
lation System (https://wwwcalipso.larc.nasa.gov/resources/calipso_
users_guide/data_summaries/profile_data_v410.php#relative_
humidity).

Table 1
Lookup table for the key parameters of seven types of aerosol used in this study.
Aerosol types Ref (m) Qex p(g-em™)
M 0.86 231 1.76
DU 0.88 2.26 1.80
PC/SM 0.46 348 2.00
cC 0.88 2.73 1.78
PD 0.54 2.89 1.50
ES 0.40 3.60 1.10
DM 0.61 292 1.79
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Fig. 1. A flowchart for retrieving PM; and PM, s mass concentrations from CALIPSO lidar measurements.

6692€1 (020Z) 17/ Juawuo.naug |pjo] ay3 Jo a3ualds / b 32 DAl X



4 X. Ma et al. / Science of the Total Environment 721 (2020) 137699

1000 1000 Daytime
y=1.201x-5.143
N=107226
R?=0.732
RSME=56.227
100 100
__10 10
E E
2 2
g 1 g1
T 1 10 100 1000 2 1 10 100 1000
2 =2
31000 21000
- y=0.892x+3.100 & y=1.217x-5.181
L) N=104653 S N=104536
4 R2=0.729 s | R?=0.683
RSME=57.636 RSME=53.778
100 100
10 10
| 1
1 {0] 100 1000 1 10 100 1000
In situ Measured PM, ; (ug/m®) In situ Measured PM, , (ug/m?)
B0 . omber
0 40 80 120 160 200

Fig. 2. Comparison of lidar-retrieved PM, (left) and PM, 5 (right) in day and night with in situ measurements at 1602 ground monitoring sites throughout the world during 2007 to 2016.

2.2. Ground-based measurements

Aerosol Robotic Network (AERONET) is an internationally federated
global ground-based aerosol monitoring network comprising >500
sites. AERONET sun-photometers can measure sun direct irradiances
on multiple discrete channels within the spectral range of
340-1640 nm (Holben et al., 1998; Holben et al., 2001; Bi et al., 2014).
In this study, as one of the key parameters for our retrieval method,
the effective radii (Res) of seven types of aerosol were obtained from
the AERONET level 2.0 inversion product. The available aerosol optical
parameters from AERONET include optical thickness, particle spectrum
distribution, single scattering albedo etc. The size range of aerosol ob-
served by AERONET is 0.05-15 um. The particle number concentration
distribution is obtained by Eq. (1), and the effective radius is defined
as Eq. (2).

av(ry dN(r) 4 _ 3dN(r)
dInr V(r)cl inr 3™ dinr 1
T'max T'max
/ r3Zle]r;d Inr
i 2dN(r)
Ref = T g lnrd Inr (2)

In addition, hourly average PM mass concentration measurements
from 1602 global observation sites were used to validate lidar-derived
results. These in situ measurements during 2007-2016 were collected
from the official websites of sites. Detail information can be found in
the supplementary material.

2.3. Retrieval method

The aerosol extinction coefficient (o) can be expressed as follows:

a:/nerex,n(r)dr ()

where r is the actual radius of the aerosol particle in units of pm; Qy is
the aerosol extinction efficiency; n(r) is the number concentration dis-
tribution at different sizes of aerosols.

The mass concentration of PM can be expressed as:

i
P~ | o n(r)dr (4)

i is the range of particle diameters, assigned a value of +, 10 or 2.5.
PM_ ., also known as total suspended particulate matter (TSP), is de-
fined as the total mass of particles in the atmosphere. PM;¢ (inhalable
particulate matter) is defined as particulate matter with an aerody-
namic diameter of <10 um, and PM, 5 (fine particulate matter) is defined
as particulate matter with a diameter of <2.5 pm. In this paper, PM j,
PMq, j and PM, 5 ; means the mass concentration of PM_,.., PM; and
PM, 5 for seven types of aerosol. j is the type of aerosol classified by
CALIPSO lidar and assigned a number from 1 to 7. p is the particle

mass density in units of g-cm 3.
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Consequently, combine the above two equations (Eq. (4) + Eq. (3))
we obtain:

4Ry, - pj
PM, .= o 5
oo j 3 Quy 6)
L Bn(ndr
Reyy, :7101- B u (6)
Jor?n(r)dr

In this study, Rerj (Eq. 6) is the effective radii of each type of aero-
sols, independently provided by AERONET sun-photometer observa-
tions, and the corresponding statistical period of different sites for
each type of aerosol was obtained from previous studies, as shown
in Fig. 1 of Supplementary material. Qex, j Of seven types of aerosol
are calculated by using Mie simulation (www.philiplaven.com/
mieplot.htm) based on spherical particle hypothesis. Mieplot simu-
lation has been recognized in optical research (Laven, 2004; Lock
et al., 2014). Refraction indices were provided by Omar's research
(Omar et al., 2009). Resr j and refraction indices were input parame-
ters, summarized in table 2 and table 3 of Supplementary material.
pj of seven types of aerosol are summarized from previous published
literatures, as shown in table 4 of Supplementary material.

Considering the effect of relative humidity (RH) on particles, RH
correction factor (f(RH)) is used to convert o to “dry extinction

coefficient” (oury) by a series of empirical formulas (Che et al.,
2007). PM, «, j (ug-m™?3) can be retrieved individually from aerosol
extinction coefficients for the seven aerosol types using Eq. (5).
Then applying the bimodal lognormal size distributions of the
CALIPSO aerosol models (Omar et al., 2009), the proportions of
PM;o and PM; 5 in PM ., for each aerosol type (C; j) can be deter-
mined using Eq. (8) and (9). Finally, both PMyo, j and PM, 5, j of
seven types of aerosol can be calculated. In this paper, we assume
that the G ; of the same aerosol in different regions is the same. In fu-
ture work, we will discuss the C; ; difference of each aerosol in differ-
ent regions in detail to modify our retrieval method. Finally, the
lookup table for the key parameters of the retrieval method was
summarized in Table 1. And the schematic diagram of the retrieval
method was shown in Fig. 1.

Ogry = Q- f(RH) (7)

Cij= wdwd Inr 8)
Jo

PM;j=PM, ;- Cij- f(RH) 9)
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Fig. 3. Same as Fig. 2, but for seven types of aerosol individually.
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24. Validation

To validate the retrieval results, hourly PM;o and PM; s mass con-
centrations from in situ measurements at 1602 ground monitoring
sites throughout the world are used. Satellite data close to ground
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for a comparison was 5 at least. Fig. 2 shows scatterplots of the
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PM;o & PM, 5 from 2007 to 2016 in day and night respectively. The
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Fig. 5. Seasonal distributions of global near-surface PM;, and PM, 5 at daytime and nighttime from CALIPSO observation for 2007 to 2016. The size of the grid cells is 1° x 1°.
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results show that lidar-retrieved PM;g & PM, 5 good in agreement
with in situ observations. The coefficient of variation (R?) values
are 0.763 and 0.729 for PM;o and PM, 5 in day, and are 0.732 and
0.683 for PM;g and PM, 5 at night. Moreover, lidar-derived PM;o &
PM,_ s mass concentrations for the 7 aerosol types were compared

individually with the hourly average in situ results, as shown in
Fig. 3. It shows that mass concentrations of polluted dust were the
best in among the 7 types of aerosol. Overall, the lidar-derived
PM;, showed higher credibility than the lidar-derived PM, s when
compared with in situ ground measurements.
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Fig. 6. Same as Fig. 4, but for pure dust (DU), elevated smoke (ES), dusty marine (DM), polluted continental (PC), and polluted dust (PD).
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3. Results and discussion

Due to human activities and pollution emissions in different parts of
the world (Wang et al., 2015; Zhong et al., 2017; Shi et al., 2018), PM
mass concentrations during the day are higher than those at night
(Pérez-Ramirez et al., 2012). PM is highly correlated with population
in these highly polluted areas (Huang et al., 2014; Xie et al., 2015) dur-
ing both day and night. Ten-year averaged global PM;o and PM, 5 mass
concentrations at daytime and nighttime for 2007-2016 are investi-
gated as shown in Fig. 4. High PM;o mass concentrations can be found
widely over dust source areas such as the Taklimakan Desert, Sahara De-
sert, Central Asia and the Middle East, and can reach 400 pg-m~> during
the day and 358 pg-m~> at night. Increased dust uplift occurs during the
day (Chen et al., 2018), causing higher PM;, above the surface than at
night. Pasturage activities and dust uplifts led to increasing PM; at day-
time in Mongolia (Munkhtsetseg et al., 2016). Over the Antarctic Ocean
from 30°S to 60°S, PM;, reached 55 pg-m~> during the day and
50 pg-m~> at night respectively. Substantial amounts of aerosols have
been detected over the ocean in the Southern Hemisphere by in situ ob-
servations (Lu et al., 2016; Wilson et al., 2010). Sea spray aerosols were
observed over the Antarctic Ocean (Aller et al., 2017; Wilson et al.,
2010), possibly transported from South America and Antarctica. The re-
sults show that high PM;o and PM, 5 was found at high latitudes of the
Southern Hemisphere, which are same with observations from
AERONET-Maritime Aerosol Network (Smirnov et al., 2009). Atmo-
spheric nucleation events are globally common and are closely related
to environmental humidity (Kulmala et al., 2013). A previous study
(Hu et al., 2012) has shown that diffusion conditions at night are
worse than those during the day, resulting in increased PM; 5 concen-
trations. Diurnal variations of PM, 5 over East Asia were extremely
small, however for North America and Europe are remarkably higher.
Moreover, the average PM, s during the day (48 ug-m™>) in the South-
ern Hemisphere is higher than that at night (40 pg-m™3).

Seasonal distributions of global near-surface PM;o and PM, 5 mass
concentration retrieved from CALIPSO observations both in the day
and at night are shown in Fig. 5. During spring in the Northern

Hemisphere (MAM), the PM;o and PM, 5 mass concentrations were
higher than those in other seasons in the Taklimakan Desert and Sahara
Desert due to the high frequency of dust uplifts, especially during the
day. The Tibetan Plateau was affected by dust in spring and summer
(Liu et al., 2008; Xu et al., 2018), leading to that PM was significantly
higher during the day than that at night. During summer in the North-
ern Hemisphere (JJA), high PM;o concentrations occurred in northern
India and the Middle East. Previous studies have confirmed long-range
transportation of dust in the Middle East and northern India during
summer; however, some MODIS results did not show high aerosol con-
centration in summer over the Middle East (Xie et al., 2013). The sum-
mer monsoon depression over the Bay of Bengal (Satheesh et al., 2009;
Yoon and Chen, 2005) may have hindered the spread of pollution dur-
ing both day and night, consequently PM;q and PM, 5 concentrations in-
creased during this period. In the high latitudes of the Northern
Hemisphere the difference in PM between day and night was clear.
More PC and PD appeared in summer, but less DU resulted in increased
PM, 5 and decreased PM;q (Kim et al., 2013).

During fall in the Northern Hemisphere (SON), the averages for both
PM;o and PM, 5 were higher than those in the other seasons in northern
South America. In addition, the average summertime PM concentrations
over the ocean in the Southern Hemisphere were the highest among the
four seasons. This result suggests that some secondary aerosols may be
produced under conditions of gradually increased ultraviolet radiation
(Shrivastava et al., 2017). In the high latitudes of the Northern Hemi-
sphere, differences in PM concentrations between day and night were
obvious. DU appeared to be increased in fall, but the PC and PD concen-
trations were low; thus, PM;o was higher in fall than other seasons (Kim
et al., 2013). Over the Taklimakan Desert the highest mass concentra-
tions occurred in spring, but previous studies reported that PM; and
PM, s in winter had the highest mass concentrations compared with
the other three seasons (He and Huang, 2018; Ma et al., 2014). The
probable main reason for these differences was overestimation of the
results by passive remote sensing.

During winter in the Northern Hemisphere (DJF) a rapid increase in
anthropogenic pollution emissions in Northern China, such as emissions
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from biomass burning or waste gas, resulted in an increased PM; and
PM, swhich caused an increasing frequency of haze weather events
(Chen et al., 2012; Zou et al., 2017). At the same time, the PM;o mass
concentrations in northern India, especially near the south slope of the
Tibetan Plateau, were higher than those in other seasons, as the popula-
tion density was higher than that in Southern India. Spread of coal com-
bustion pollution during the heating period is hindered at night. Some
studies suggest that the interaction between aerosols and topography
is the main reason for the increase in PM; s in winter (Zhang et al.,
2018).

Global distributions of individual PM, 5 mass concentrations for
seven types of aerosol are shown in Figs. 6 and 7. Over land, mass con-
centrations of all types of aerosols are higher during the day than at
night; however, results over the ocean are different. PM, 5 mass concen-
trations of CM, PC, PD and CC are higher during the day than at night, but
for DM, ES and DU the results are the opposite. The types of aerosol that
cause high mass concentrations in the Southern Hemisphere were DU

and DM. DU can lead to high mass concentrations over the Atlantic
within latitudes 0 to 30°N. PM, s with aerosol type of DU and DM is
higher in nighttime than that in daytime over the Atlantic and the
Antarctica. This phenomenon may attribute to the formation of second-
ary aerosols over the region.

To investigate the diurnal variations quantitatively, annual PM mass
concentrations for four megacities are compared from 2007 to 2016, as
shown in Fig. 8. The results show that annual PM; mass concentrations
in these four cities decreased gradually over the past decade. PM;q con-
centrations in Beijing and New Delhi were almost four times greater
than those in New York and London. Furthermore, diurnal differences
of PM;o concentrations in Beijing and New Delhi were much greater
than those of PM, 5 due to the effects of anthropogenic aerosol pollut-
ants and haze (Chen et al., 2012; Liu et al., 2017). But for London and
New York diurnal differences of PM;y was comparable with those of
PM, 5. We calculated the ratio of diurnal differences divided by mass
concentration during the day. The results show that for Beijing the
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annual mean PM; 5 mass concentration at nighttime is only 11.31% less
than those at daytime, however for London is 36.62%. Ten-year aver-
aged PM;( concentrations in Beijing were higher than those in New
Delhi, but for PM, s concentrations are converse, indicating that aerosols
in New Delhi mainly originate from human activities.

4. Conclusions

In this study, we estimated global PM;q and PM; 5 mass concentra-
tions both at daytime and nighttime from CALIPSO lidar observations.
For the first time, ten-year global distributions of PM mass concentra-
tions with high resolution both at daytime and nighttime were deter-
mined by use of spaceborne active remote sensing. The lidar-retrieved
mass concentrations of PM;o and PM, s are in good agreement with in
situ observations from 1602 ground monitoring sites throughout the
world. Over land, mass concentrations of typical seven types of aerosols
are higher during the day than those at night. In summertime, high
PM; mass concentrations were found in northern India. Ten-year aver-
aged PM;, mass concentration over the region are 200 pg-m~> and
170 pg-m~— for day and night respectively. Diurnal variations of PM;o
and PM, s mass concentrations over high population density regions
such as East Asia and South Asia were small, but those were large for
North America and others. And for Beijing the annual mean PM, 5
mass concentration at nighttime is 11.31% less than those at daytime,
however for London is 36.62%. This study provides a reliable long-
term database of global particulate mass concentrations with high-
resolution. The results not only can be used to validate global model
simulations, but also evaluate aerosol impacts on climate, environment
as well as ecosystem on a global scale.
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