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ABSTRACT
In the present study, we examined the spatial and temporal variations in aerosol optical depth (AOD) at 550 nm and its
relationship with various cloud parameters derived from the Moderate resolution Imaging Spectroradiometer (MODIS)
sensor onboard Terra satellite. The data have been analyzed for the period of 10-years between March 2003 and February
2013 over 12 major cities in China. The results revealed that high AOD noticed over low latitude regions influenced with
high anthropogenic activities and the low AOD observed for the high altitude and mountainous areas, since AOD accounts
for the slant path which reduces the aerosol emissions. In addition, the aerosol variations in the atmosphere are
complicated by several factors in emissions (natural and anthropogenic) as well as stagnant synoptic meteorology. From
the temporal studies, it is clear that the maximum AOD was found during summer followed by spring and autumn with a
minimum AOD in winter season for all the regions of study in China. Furthermore, we studied the relationship between
AOD versus water vapor (WV), cloud fraction (CF), cloud optical thickness (COT), cloud effective radius (CER), cloud
top pressure (CTP), and cloud top temperature (CTT) for the selected regions in China. Additionally, regression analysis
and one paired student’s t-Test were applied to represent the probability of data significant at 95% confidence for the
derived AOD values and cloud parameters in order to provide a better understanding of aerosol-cloud interaction.
Keywords: MODIS; China; Aerosol optical depth; Cloud parameters; Correlation Coefficient.

INTRODUCTION
Atmospheric aerosols produced from different natural
and man-made activities are mixed together and hence
each aerosol particle is a composite of different chemical
constituents, which determine the refractive index of
aerosols (Ranjan et al., 2007; Alam et al., 2010). Aerosols
affect the Earth’s climate in many characteristics ways (Li,
2004; Tai et al., 2010; Lee and Penner, 2011). They can affect
the energy balance of the earth-atmosphere system by
direct scattering and absorption of radiation (Satheesh and
Moorthy, 2005; Wright et al., 2010). Aerosols are known to
impact the formation and the life cycle of clouds. A wide
range of measurements have shown that anthropogenic
aerosols can change clouds and their optical properties
(Ackerman et al., 2000; Rosenfeld, 2000; Kim et al., 2003;
Koren et al., 2004; Alam et al., 2010; Balakrishnaiah et al.,
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2012; Kumar, 2013; Alam et al. 2014). It is important to
understand and quantify the microphysical impact of both
natural and anthropogenic aerosols on clouds, in order to
understand and predict climate change (Forest et al., 2002;
Kuntti et al., 2002; Anderson et al., 2003).
Aerosols have many direct, semi-direct and indirect effects
on clouds. The indirect effects, or aerosol-cloud interactions,
result from more cloud condensation nuclei (CCN) creating
a dense of smaller particles for a given amount of cloud
water. This makes the clouds brighter (first indirect effect or
Twomey effect; Twomey, 1977; Kaufman and Fraser, 1997;
Feingold et al., 2003), as well as affecting the resulting
lifetime of the clouds in complex ways (second indirect effect,
or lifetime effect; Albrecht, 1989; Quaas et al., 2008, 2010).
Both the first and second indirect effects act to cool the
atmosphere, partially offsetting warming due to greenhouse
gases (Lohmann and Feichter, 2005). However, absorbing
aerosols such as soot emitted from biomass burning can
suppress cloud formation by warming the atmosphere,
increasing evaporation of water droplets and also increasing
the atmospheric stability, which is known as the semidirect effect (Hansen et al., 1997; Ackerman et al., 2000;
Johnson et al., 2004).
The aerosol-cloud interactions play a significant role in
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global climate; however, there are large uncertainties in the
magnitude of the forcing (IPCC, 2013). Therefore, aerosols,
clouds, and their interaction with climate is still the most
indistinct area of climate change. To assess the regional and
global climate change caused by aerosols on clouds, detailed
information is required on the atmospheric concentrations
of aerosol in the region (Dutkiewicz et al., 2009). A number
of studies on aerosol-cloud interactions have been conducted
in the south and east parts of Asian continent to address the
spatial and temporal variability of aerosols and clouds
(e.g., Alam et al., 2010; Balakrishnaiah et al., 2012; Kumar,
2013; Alam et al., 2014; Kumar, 2014; Tang et al., 2014).
More details on the literature have been reviewed to
understand the climatic impact of aerosols on cloud properties
and are described in the supplementary material (SM, S1).
Many investigations on the aerosol optical depth (AOD)
data have been conducted to study the pollution over China
since the launch of Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite (Li et al., 2007; Chan,
2009; He et al., 2012; Dong et al., 2013; Luo et al., 2013).
To the best of our knowledge only few studies have focused
on the relationship between AOD and cloud properties over
China (e.g., Tang et al., 2014). The present study investigates
the spatial and temporal variations of aerosol properties
over 12 metro cities in China based on the 10-year longterm (March 2003–February 2013) data derived from MODIS
onboard Terra satellite. Further, investigations have been
carried out to study the impact of aerosols on cloud
parameters such as water vapor (WV), cloud fraction (CF),
cloud optical thickness (COT), cloud effective radius (CER),
cloud top pressure (CTP), and cloud top temperature (CTT).
DATA AND METHODOLOGY
MODIS Satellite
The MODIS instruments allow the scientists to study
many of the Earth’s terrestrial and oceanic characteristics
with a single instrument. The MODIS is a remote sensor
with two Earth Observing System (EOS) Terra and Aqua
satellites which provide an opportunity to study aerosols
from space with high accuracy (Xiong et al., 2009). The
daytime Aqua overpass (13:30 local solar time (LST)) is
chosen over the Terra overpass (10:30 LST) since clouds
are more likely to be developed in the afternoon than in the
morning. The MODIS instrument provides high radiometric
sensitivity (12 bit) in 36 spectral bands, ranging in wavelength
from 0.41 µm to 14.4 µm. Out of 36 spectral bands, two are
imaged at a nominal spatial resolution of 250 m at nadir,
with five bands at 500 m, and the remaining 29 bands at 1 km.
MODIS has supplied useful information on aerosols,
clouds, moisture, and the surface since its launch on the Terra
satellite in December 1999 (King et al., 1992). MODIS
products are becoming important data sources for studies on
the physical characteristics and radiative forcing of aerosols,
and global climate change. MODIS uses visible and nearinfrared bands to determine optical and microphysical cloud
properties (Remer et al., 2005; Levy et al., 2007). The data
are useful for collecting various statistics on aerosol
concentration and the impacts that aerosols have on cloud
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formation (Kumar, 2013; Alam et al., 2014). For water
vapor, the retrieval for the near-infrared region during clear
sky condition is adopted. More detailed information on
algorithms for the retrieval of aerosol and cloud parameters
is available at http://modis-atmos.gsfc.nasa.gov.
Study Regions and Satellite Data
The present study has been carried out over 12 major
cities located in the mainland of China which serves as the
Provincial capitals. The geographical map and terrain of
China is shown in Fig. 1 denotes the locations of the 12
selected regions indicated with red solid circles. The regions
used in this study, namely Changchun (North China, CC),
Beijing (North China Plain, BJ), Hohhot (Inner Mongolia
Province, HH), Xining (Northwest China, XN), Urumqi
(West China, UQ), Nanjing (East China or Yangtze River
Delta region, NJ), Wuhan (Central China, WH), Chengdu
(Sichuan Basin, CD), Lhasa (Tibet Plateau region, LH),
Guangzhou (Southeast China or Pearl River Delta region,
GZ), Nanning (South China, NN) and Kunming (Southwest
China, KM). Table 1 lists the information about the sites in
detail. This study provides an opportunity to understand
spatial and temporal variations of MODIS derived AOD
and also investigated the relationship between AOD550 and
cloud parameters to assess the regional climate change
caused by aerosols on clouds.
The MODIS datasets used in this study were downloaded
from NASA GIOVANNI website (http://disc.sci.gsfc.nasa.
gov/giovanni) of Level-3 Collection 5.1 for the 10-year period
from March 2003 to February 2013. Level-3 MODIS data
were quality checked and globally gridded over 1° × 1°
grid spatial resolution. The obtained atmosphere monthly
products of aerosol and cloud parameters data from MODIS
Terra sensor were averaged into the seasonal and annual
values. In the present study, we focused on the AOD at a
wavelength of 550 nm over land, as this is close to the
peak of the solar spectrum and is therefore associated with
major radiative effects. The AOD data used in the present
study were retrieved for clear and partially cloudy skies
during the period of the study whereas, we used WV values
for the clear sky days between 2003 and 2013 derived from
the MODIS (see SM, S2). Expected error over land in
MODIS AOD was characterized as τ = ± 0.05 ± 0.15τ,
where τ is AOD at 550 nm (Levy et al., 2007). The MODIS
provides data for various cloud parameters for daytime and
nighttime, either separately or combined and the daytime
data only has been used for the present study.
Statistical Method
The statistical methods used in the present study were
based on covariances or linear correlations. Since the
variables were not normally distributed, the bivariate
correlation between the variables was performed based on
the Pearson and Spearman correlation analysis. The statistical
analyses were performed using PASW statistics 17.0
(SPSS Inc., Chicago, IL, USA) for Windows software. The
statistical significance of the difference between the AOD
and cloud properties were analyzed by using one tailed
distribution single paired student’s t-Test and analysis of
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Fig. 1. (a) Geographical locations of the 12 study regions (red circles) with its provincial boundaries. (b) The terrain map
of China.
Table 1. Geographical information about regions of study in China.
Latitude
Longitude Altitude ASL Population
(N)
(E)
(m)
(~million)
1
Changchun (CC)
Jilin
43°54′
125°12′
221
7.7
2
Beijing (BJ)
Beijing City
39°54′
116°24′
44
21.2
3
Hohhot (HH)
Inner Mongolia
40°49′
111°39′
1,065
2.9
4
Xining (XN)
Qinghai
36°38′
101°46′
2,275
2.2
5
Urumqi (UQ)
Xinjiang
43°49′
87°36′
800
3.1
6
Nanjing (NJ)
Jiangsu
32°03′
118°46′
20
8.2
7
Wuhan (WH)
Hubei
30°35′
114°17′
37
10.2
8
Chengdu (CD)
Sichuan
30°39′
104°03′
500
14.1
9
Lhasa (LH)
Tibet
29°39′
91°07′
3,490
0.6
10
Guangzhou (GZ)
Guangdong
23°08′
113°16′
21
14.0
11
Nanning (NN)
Guangxi
22°49′
108°19′
126
6.7
12
Kunming (KM)
Yunnan
25°04′
102°41′
1,892
6.5
ASL-Above Sea Level. The population provided is as per 2010 census record. Source: Wikipedia.
S. No.

Region/Capital city

Province

Area
(km2)
20,532
16,801
17,224
7,372
14,577
6,598
8,494
12,132
29,274
7,434
22,189
21,015
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variance (ANOVA) at the p < 0.05 level. In this study, the
set of values with p-value less than 0.05 were considered
significant at 95% confidence level. In addition to the
statistical test, we also conducted linear regression analysis
from which the regression parameters such as slope (m),
coefficient of determination (R2), and correlation coefficient
(r) have been obtained represents either increasing (positive)
or decreasing (negative) for the decadal data trend. The
significance of a single statistical test was assessed using
the p-value that describes the probability (|t|) that the null
hypothesis will be rejected when the null hypothesis is
actually true. When several tests were performed, each test
has a chance of yielding a significant result, and the chance
of obtaining at least one significant result increases with
the number of tests performed (even when H0 is true for all
of the tests).
RESULTS AND DISCUSSION
Spatial Distribution of AOD, AE and Water Vapor
AOD is an optical property of an aerosol column that
describes the extent to which aerosol scattering or absorption
will reduce solar radiation before it reaches the surface of
the Earth (Guo et al., 2014). Generally, AOD is proportional
to aerosol mass within the column and thus, it is used here
to estimate the distribution of different aerosols. The spatial
distribution patterns of AOD, AE and WV over China
derived from MODIS were averaged from March 2003 to
February 2013 represents the 10-year climatology over the
region is shown in Fig. 2. The areas with white background
in all the panels represent the missing of the data. Fig. 2(a)
represents the spatial distribution of AOD at 550 nm which
shows that the aerosols had a marked impact on 12 selected
regions of China. These regions were chosen because most
of them are major urban, industrial, suburban, coastal, desert
and mountainous areas of China, with generally dense
populations and due to the extreme variations in their geostrategic locations (see Table 1), which results in different
weather patterns that, in turn, affect the aerosol load in
each area (Alam et al., 2010).
High values of AOD (> 0.7) were noticed over the regions
in the North China Plain (BJ), East China or YRD (NJ),
Central China (WH), and Sichuan Basin (CD) and moderate
AOD values (0.5–0.7) in the areas of Inner Mongolia Province
(HH), Northwest China (XN), Southeast China (GZ), and
South China (NN). Low AOD values between 0.2 and 0.3
are observed in North China (CC), West China (UQ), Tibet
Province (LH), and Southwest China (KM). The maximum
AOD in the north extended through East China regions,
which are located in the lowland, situated less than 500 m
above sea level (see Fig. 1(b)). As highly urbanized areas
with dense population and developed industrial regions, the
East China including the regions of YRD (NJ), Central
China (WH) and Sichuan Basin (CD) were characterized
by high local anthropogenic aerosol source emissions (Li et
al., 2011). This is also clearly evident from box-whisker plot
shown in Fig. 3(a) representing the 10-year annual mean
AOD where regions NJ, WH, CD, and GZ noticed high
values of 0.70, 0.72, 0.67, and 0.68, respectively.

961

The Shandong Province which is above to the Nanjing
has lower urbanization compared with YRD, but it is
vulnerable to dust transported from North China region. A
high AOD also observed in the high latitude region of
Xinjiang Province in West part of China (UQ) with
prevalence of high natural aerosols dominated by desert
dust emitted from the Taklimakan desert (Zhang et al.,
2003; Luo et al., 2013) in the Tarim Basin. The low AOD
was noticed over the high altitude mountainous areas (low
and mid latitudes) of Tibet Province (LH) and Yunnan
Province (KM) in the Southwest of China. This is due to
the fact that aerosols are usually confined to within the
planetary boundary layer (PBL); hence AOD decreases
with altitude due to a reduced PBL height. Also it is to be
considered that AOD is a columnar measurement and
depends on the slant path/angle of view from a satellite.
Also, the very low AOD values are observed in the areas of
dense natural forest vegetation cover and sparse population
in the high-latitude regions of CC, HH, XN, UQ, and KM.
The same can be observed from the ten-year annual mean
AOD shown in Fig. 3(a) where the above regions depicted
low values of 0.25 ± 0.08, 0.20 ± 0.06, 0.20 ± 0.04, 0.31 ±
0.04 and 0.20 ± 0.07, respectively. From the above facts
and reasons, it is clear that the AOD is closely related to its
topography, population, climate and economy for aerosol
distribution over China which is comparable with the
results reported by Luo et al. (2013) using long-term 10years MODIS satellite data.
Ångström exponent (AE) is a characteristics parameter
of AOD dependency on wavelength and indicates aerosol
particle-size. It is small for coarse-mode particles and
increases with decreasing particle-size (fine-mode). Fig. 2(b)
shows the spatial variation of AE distributed over China
observed for the period 2003–2013 retrieved from MODIS
Terra sensor. It was evident from the figure that AE ranges
between 0.5 and 1.7 for the most parts of China, with lower
values between 0.5 and 0.8 in the north and higher values
over the south (1.0–1.7). It was also found that AE is anticorrelated with AOD in most of the regions. This indicates
that the increasing AOD over the North China Plain (BJ) is
mainly by those aerosols with large size of dust particles
transported from the deserts of Mongolia in the north (Luo
et al., 2013). In addition, the windblown dust, possibly
produced by more frequent construction activities, vehicular
transport, industries, favorable synoptic weather patterns and
poor vegetation cover in this region were also contribute to
the observed high AOD.
The small AE values were found along the east and south
coastal areas where there was more predominance of seasalt aerosols from East China Sea and South China Sea and
also in the northwest and western parts of China prominence
with desert dust particles transported from Taklimakan and
Mongolia deserts (see Fig. 3(b)). This result implies that
dust or airborne sand from the surface is an important source
of local coarse particles. In addition, the local terrain (see
Fig. 1(b)) and human activities have significant impacts on
AE. It is difficult for large particles to reach higher elevations
via vertical exchange within the PBL. Therefore, dense
vegetation, less population, mountainous regions where

962

Kang et al., Aerosol and Air Quality Research, 15: 958–973, 2015

Fig. 2. Spatial distribution of ten-year averaged (a) AOD550 (b) Ångström exponent (AE, α470/660) and (c) Water vapor (WV)
over China retrieved from MODIS Terra products for the period 2003–2013. The locations of 12 study regions are the same
as that shown in Fig. 1.
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Fig. 3. Box and whisker plot for the annual mean variation of (a) AOD550 (b) α470/660 and (c) WV for the period 2003–2013.
Solid dots inside the diamond box indicate the mean values. The range of the diamond box indicates the 25 and 75
percentile values; centre line indicates the 50 percentile value (median). The range of the whiskers indicates the standard
deviation of the mean value. Dashes indicate the minimum and maximum values. Crosses represent 1, 99 percentile values
of the dataset for a region.
scarcity of human activities and confinement of large particles
due to topography contributes to high AE values (low AOD).
Conversely, anthropogenic activities produce large amounts
of fine-mode aerosol particles in densely populated urban
and industrial areas. However, airborne dust originating from
rush vehicular traffic and construction activities in urban
areas, in addition to larger particle sizes of soot aerosols

produced by industrial and civil coal fuel consumption (Li
et al., 2003; He et al., 2012), cause coarse-mode aerosols
to occupy larger proportions of aerosol particles, thus
resulting in smaller AE values in urban regions than in
suburban and mountainous regions.
The spatial variation of water vapor (WV) averaged for
the 10-year period over China was shown in Fig. 2(c) varies

NN
0.54 ± 0.09
0.54 ± 0.12
0.79 ± 0.31
0.63 ± 0.15
0.35 ± 0.14
0.55 ± 0.21
0.36 ± 0.15
0.66 ± 0.22
0.49 ± 0.14
0.63 ± 0.17
0.42 ± 0.11
0.47 ± 0.12
GZ
0.54 ± 0.11
0.57 ± 0.13
0.86 ± 0.23
0.88 ± 0.17
0.63 ± 0.20
0.67 ± 0.33
0.54 ± 0.29
0.78 ± 0.11
0.68 ± 0.12
0.69 ± 0.16
0.50 ± 0.11
0.48 ± 0.13
LH
0.64 ± 0.12
0.55 ± 0.08
0.53 ± 0.11
0.57 ± 0.04
0.62 ± 0.11
0.75 ± 0.24
0.24 ± 0.10
0.38 ± 0.23
0.31 ± 0.08
0.28 ± 0.06
0.37 ± 0.09
0.46 ± 0.13
CD
0.59 ± 0.22
0.80 ± 0.23
0.84 ± 0.16
0.78 ± 0.16
0.76 ± 0.12
0.52 ± 0.15
0.55 ± 0.17
0.78 ± 0.34
0.60 ± 0.14
0.46 ± 0.18
0.55 ± 0.13
0.48 ± 0.14
WH
0.60 ± 0.13
0.75 ± 0.14
0.82 ± 0.09
0.88 ± 0.12
0.92 ± 0.15
1.09 ± 0.29
0.65 ± 0.21
0.67 ± 0.14
0.77 ± 0.13
0.71 ± 0.18
0.54 ± 0.13
0.49 ± 0.09
NJ
0.49 ± 0.06
0.66 ± 0.15
0.74 ± 0.08
0.81 ± 0.13
0.86 ± 0.14
1.20 ± 0.13
0.74 ± 0.23
0.71 ± 0.15
0.67 ± 0.23
0.66 ± 0.06
0.55 ± 0.09
0.43 ± 0.03
UQ
0.32 ± 0.07
0.40 ± 0.05
0.38 ± 0.03
0.34 ± 0.04
0.32 ± 0.07
0.26 ± 0.03
0.25 ± 0.03
0.23 ± 0.02
0.24 ± 0.03
XN
0.18 ± 0.04
0.21 ± 0.04
0.29 ± 0.04
0.28 ± 0.05
0.24 ± 0.04
0.23 ± 0.04
0.19 ± 0.04
0.19 ± 0.04
0.15 ± 0.03
0.16 ± 0.02
0.15 ± 0.04
0.16 ± 0.03
HH
0.16 ± 0.04
0.19 ± 0.03
0.22 ± 0.07
0.22 ± 0.05
0.27 ± 0.10
0.28 ± 0.17
0.25 ± 0.07
0.24 ± 0.07
0.18 ± 0.05
013 ± 0.03
0.10 ± 0.02
0.13 ± 0.03
BJ
0.16 ± 0.03
0.19 ± 0.05
0.29 ± 0.07
0.46 ± 0.10
0.57 ± 0.19
0.75 ± 0.26
0.53 ± 0.11
0.44 ± 0.14
0.36 ± 0.09
0.28 ± 0.08
0.19 ± 0.03
0.16 ± 0.03
CC
0.27 ± 0.07
0.26 ± 0.05
0.26 ± 0.04
0.25 ± 0.07
0.34 ± 0.16
0.45 ± 0.15
0.29 ± 0.15
0.16 ± 0.09
0.13 ± 0.03
0.22 ± 0.07
0.21 ± 0.08
0.17 ± 0.04

Seasonal Variations in AOD
The inter-annual monthly mean variation in AOD550
along with the standard deviation was shown in Table 2 for
the selected regions during the period of study from 2003
to 2013. There was no data for the winter months (December–
February) during the 10-year period over Urumqi (UQ)
station and is due to intense snow cover and fog which
restricts MODIS satellite to look into this region. It can be
inferred from Table 2 that AOD shows a consistent variation
with monthly low value occurring during December in most
of the regions of study except for the high latitude (CC,
HH, and XN) and mountainous stations (LH) where the AOD
was found low in September/October. The AOD peaks during
the month of June followed by May in most of the regions
except for XN, UQ, CD, GZ and NN where it peaks during
March/April. The standard deviations were high during the
summer months, which indicate more variability in the
individual AOD values during these months compared to
other months. On average for the entire period of study, the
high value of AOD noticed over Wuhan (0.74 ± 0.15) and
a low value of 0.20 ± 0.06 at Hohhot, Xining and Kunming
(see Table 2).
High (low) annual mean AOD values were observed in
almost all the regions during the summer (winter) season.
Data from NJ, WH, GZ, CD and BJ reveals very high mean
AOD values in summer in the increasing order of 0.88 ±
0.29, 0.80 ± 0.31, 0.66 ± 0.23, 0.62 ± 0.21, and 0.57 ±
0.20, respectively during the study period (2003–2013) as
compared to the other regions in the present investigation,
whereas the minimum values in the decreasing order of 0.18 ±
0.02, 0.17 ± 0.04, 0.16 ± 0.04, and 0.07 ± 0.03 observed over
XN, BJ, HH and KM, respectively during the winter
season. This abrupt variation can be attributed to the fact
that these are urban, industrial, and densely populated regions.

Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

between 0.2 and 5.0 cm. The figure reveals a good one-toone correspondence between WV and AOD in all the regions
representing strong positive correlation. From the figure it
is evident that WV was found to be high (> 3.0 cm) in the
southern part (coastal regions) compared to the lower values
(0.2–1.3 cm) in the northern part of China with dense
vegetation/forest and desert; and a moderate values ranging
from 1.5 to 3.0 cm in the east and central parts of China.
The box plot shown in Fig. 3(c) representing the annual
mean WV showed high value of 4.3 cm in Lhasa (LH) and
more or less similar values of WV over GZ and NN (3.9
cm) and NJ and CD (2.5 cm) in the southern part of China
and YRD region of East China, respectively. The present
analysis demonstrated that high WV will be regionally
observed over locations where AE is high due to the impact
WV on hygroscopic growth of aerosols which in turn
increases the AOD. Kaufman et al. (2005) reported that the
hygroscopic nature of aerosols mainly depends on the
general synoptic meteorological conditions, which is not
discussed in the present study. Xin et al. (2007) found that
the high AOD values associated with the continuous
anthropogenic emissions, stable meteorological conditions
by weak wind speeds and slowly moving air masses are
generally accompanied by higher WV.

KM
0.06 ± 0.02
0.11 ± 0.04
0.30 ± 0.10
0.22 ± 0.06
0.16 ± 0.06
0.25 ± 0.08
0.37 ± 0.11
0.36 ± 0.10
0.24 ± 0.12
0.14 ± 0.07
0.10 ± 0.06
0.07 ± 0.03
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Table 2. Inter-annual monthly mean variations in AOD550 over 12 study regions in China for the period 2003–2013.
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The fact that high convective activity makes the sand
particles to lift into the atmosphere, anthropogenic aerosols
produced by crop biomass burning (Lee et al., 2006; Tao et
al., 2009; Li et al., 2010), and also the dust storm events
initiates at the end of the spring season (transport coarse
dust particles from north down to the east) which drastically
changes the AOD distribution during the summer
(Kaufman et al., 2005). Another reason for high values of
AOD in summer is higher air temperatures which tend to
hold abundant atmospheric water vapor facilitated the
hygroscopic growth of aerosols (Masmoudi et al., 2003;
Xin et al., 2005; Li et al., 2007). Similar results were also
reported by several authors over China that increase in
aerosol concentration which changes from season to season
by regional anthropogenic and natural pollution (Pan et al.,
2010; He et al., 2012; Luo et al., 2013).
CORRELATION BETWEEN AOD AND CLOUD
PARAMETERS
Aerosols introduce a complicating factor due to their
hygroscopic nature. Therefore, the aerosol-cloud interaction
needs to be made by combining several methods (Alam et
al., 2014; Kumar, 2014). Here we used AOD as a substitute
for aerosol concentration and studied the relationships in
detail with the help of one tailed distribution single paired
student’s t-Test, slope which represents trend analysis and
correlation studies for each set of parameters on monthly
basis for different years throughout the study period (2003–
2013). In this section, the relationship between MODIS
derived AOD and cloud parameters such as WV, CF, COT,
CER, CTP and CTT for the selected regions of China has
been discussed and presented individually through statistical
correlation analysis. The results with more details concerned
to the relationship between AOD and various cloud properties
are discussed in the following sections, except for WV, and
CTP which are given in the SM (see S4, S5 and Fig. S1,
Fig. S2, respectively).
Correlation between AOD and CF
The correlation plots showing the variation between
AOD and CF with correlation coefficient either positive or
negative over the selected regions of China for the period
2003–2013 is shown in Fig. 4. It is evident from Fig. 4 that
the negative trend between AOD and CF occurs only when
the AOD value have fallen below 0.4, which is in good
agreement with the findings of Hoeve et al. (2012) and
Alam et al. (2014). Also, CF increased with AOD from
March to August and then decreases to reach its lowest
value in February at all locations for the entire study period
(figure not shown). In winter, relatively lower AOD values
were observed due to reduction in the emissions from either
natural or anthropogenic sources because of dry climatic
conditions. Walcek (1994) and Myhre et al. (2007) have
reported a good correlation between cloud cover, relative
humidity (RH), and vertical velocity. The cloud cover exhibits
a weak negative correlation with the potential temperature
lapse rate, RH and vertical shear of the horizontal wind in
the middle atmosphere (Walcek, 1994; Kaufman et al., 2005).
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The statistical regression coefficients representing slope,
correlation coefficient (r) and R2 values obtained from the
correlation between AOD and CF for the entire period are
presented in Table 3. The calculated R2 values were found
to be maximum for KM (0.176) and minimum for BJ
(0.0004). The correlation coefficients (r) were found to be
negative for the regions BJ (–0.02), HH (–0.03), CD (–0.07),
and LH (–0.08) and positive for the remaining regions
where the maximum positive r value obtained for the region
KM (0.42). The maximum positive slope of the trendline
for the parameters AOD and CF was found for the region
WH (0.352), whereas the least negative slope was noticed
for the region CD (–0.366). The maximum probability
obtained from the student t-Test between AOD and CF was
found to be 0.855 for the region WH and minimum of
4.4E-72 for the region XN.
From Table 3, it is clear that the significant increase in
the correlation between AOD and CF was found to be those
regions which have more aerosol particles due to urban,
industrial and domestic anthropogenic activities etc., with
the influence of meteorological conditions. Albrecht (1989)
and Kaufman and Fraser (1997) found that increase of
aerosols may increase CF to a greater extent in regions highly
loaded with WV, exhibiting low CCN than in environments
laden with less WV. They indicated that this is due to the
impact of a stronger updraft on the lifetime effect of
clouds. Further, due to increase in aerosol concentrations,
cloud cover increases and therefore, aerosol concentrations
change the cloud properties. This is due to that the regions
of low atmospheric pressure have more tendencies to create
conditions necessary for cloud formation by accumulating
aerosol particles and WV (Philipp et al., 2006; Sekiguchi
et al., 2009; Wright et al., 2010).
Correlation between AOD and COT
Cloud optical thickness (COT) is a measure of attenuation
of the light passing through the atmosphere due to the
scattering and absorption by cloud droplets. It has a wide
number of applications in radiative transfer, climate change,
and hence in computing Earth’s radiation budget (Prasad et
al., 2004). The statistical correlation between AOD and
COT over the selected regions of China for the 10-year study
period is shown in Fig. 5 and the corresponding regression
coefficients obtained from the correlation were presented
in Table 3. From Fig. 5 we show that the correlation was
found to be negative where AOD is high, except for the
urban, desert and mountainous regions. It is also noticed
that a low COT was observed over the regions with high
AOD. This might be due to its environmental and radiative
factors (soot absorption and heating rates) that make some
areas to host high aerosol loading and a low COT. During
the study period, the COT was found to be increased with
decrease in AOD at most of the regions except for the
regions BJ, HH, XN and LH. The fact for the positive
correlation between AOD and COT in the regions is due to
their close proximity to the sea coast and is subjected to a
component of sea and land breezes, as well as wet
deposition, which contribute to a speedy clean-up of the
atmosphere. Further, the regions close to the sea experiences
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Fig. 4. Corrrelation between AOD550 and cloud fraction for the 12 selected sites in China during the period from 2003 to
2013. The statistical parameters obtained from the regression analysis are presented in Table 3.
high amount of moisture as well, which ultimately results
in an increased COT, as it depends highly on the moisture
density and vertical depth of the cloud. Subsequently, a
positive correlation was noticed between the two parameters
(Alam et al., 2010).
The maximum positive R2 value was noted for the region
BJ (0.137) and the region UQ (0.0001) has the minimum
R2 value during the study period. The correlation coefficient
(r) values were found to be negative in most of the regions
and positive for the regions of BJ, HH, XN and LH. The
positive r value was noticed to be maximum for the region
BJ (0.37) and maximum negative for the region KM (–0.20)
during the study period. The maximum slope for the trend
was observed over BJ (0.013) which is significant at 95%
confidence and the maximum (minimum) probability value

obtained from the student’s t-Test was found to be 1.5E-43
(1.5E-97) for the region XN (CD) during the period of
study. Quass et al. (2010) noticed a positive correlation
between AOD and total cloud cover (TCC) using satellite
retrievals and suggested that the dominant contribution to
the AOD-TCC relationship can be attributed to aerosol
swelling in regions where humidity is high and clouds are
coincidentally found. It also provides us a direction that
much of the AOD-TCC relationship seen in the satellite
data was also carried by such a process, rather than the
direct effects of the aerosols on the cloud fields themselves
(Hoeve et al., 2012). The decreased COT was the presence
of absorbing aerosols, which causes cloud droplets to
evaporate making clouds too thin (decreased COT) results
in negative correlation with AOD (Alam et al., 2014).

Region

AOD versus
WV
CF
CER
COT
m (c) R2 (r)
|t|
m (c) R2 (r)
|t|
m (c)
R2 (r)
|t|
m (c) R2 (r)
|t|
CC
0.017 0.012 7.0E-18 0.230 0.053 2.1E-46 0.013 0.017 3.3E-99 –0.002 0.002 2.3E-55
(0.23) (+0.11)
(0.11) (+0.23)
(0.09) (+0.13)
(0.28) (–0.04)
BJ
0.127 0.436 5.3E-19 –0.176 0.0004 1.6E-17 0.008 0.005 1.2E-99 0.013 0.137 2.5E-50
(0.20) (+0.66)
(0.47) (–0.02)
(0.27) (+0.07)
(0.18) (+0.37)
HH
0.056 0.185 4.3E-22 –0.056 0.0009 4.5E-42 –0.003 0.006 1.9E-99 0.004 0.053 2.0E-50
(0.14) (+0.43)
(0.23) (–0.03)
(0.23) (–0.08)
(0.14) (+0.23)
XN –0.005 0.006 1.7E-19 0.175 0.063 4.4E-72 –0.001 0.005 3.1E-90 0.0002 0.008 1.5E-43
(0.11) (+0.25)
(0.22) (–0.07)
(0.20) (+0.09)
(0.21) (–0.08)
UQ
0.004 0.01 1.2E-27 0.079 0.005 9.7E-14 0.028 0.123 7.1E-96 –0.002 0.0001 7.3E-50
(0.30) (+0.1)
(0.27) (+0.07)
(–0.01) (+0.35)
(0.33) (–0.01)
NJ
0.797
0.040 0.096 6.0E-18 0.084 0.006
0.064 0.221 1.6E-99 –0.006 0.02 1.2E-64
(0.84) (–0.14)
(0.62) (+0.31)
(0.65) (+0.08)
(–0.02) (+0.47)
0.855
WH 0.024 0.029 1.4E-21 0.354 0.012
0.040 0.096 1.9E-96 –0.006 0.012 8.6E-72
(0.28) (+0.31)
(0.86) (–0.11)
(0.68) (+0.17)
(0.48) (+0.11)
CD
0.005 0.008 2.0E-28 –0.366 0.005 4.7E-13 –0.0009 0.008 1.6E-97 –0.008 0.006 1.5E-97
(0.63) (+0.09)
(0.94) (–0.07)
(0.65) (–0.09)
(0.82) (–0.08)
LH –0.031 0.073 2.0E-43 –0.034 0.006 5.5E-6 –0.029 0.16 2.9E-83 0.002 0.008 5.0E-68
(0.60) (–0.27)
(0.88) (–0.40)
(0.50) (–0.08)
(0.45) (+0.09)
GZ
0.025 0.017 1.4E-49 0.319 0.048 5.3E-7 –0.006 0.005 8.2E-89 –0.002 0.005 2.9E-62
(0.56) (+0.13)
(0.41) (+0.22)
(0.72) (–0.07)
(0.69) (–0.07)
NN –0.008 0.005 9.0E-48 0.085 0.005 1.3E-23 –0.015 0.023 1.2E-85 –0.003 0.002 1.0E-61
(0.72) (–0.15)
(0.47) (+0.07)
(0.59) (–0.04)
(0.56) (–0.07)
KM
0.101 0.372 4.7E-45 0.295 0.176 2.2E-45 0.039 0.230 4.5E-96 –0.008 0.04 1.3E-85
(–0.23) (+0.48)
(0.02) (+0.42)
(0.01) (+0.61)
(0.37) (–0.20)
m–slope; c–intercept; R2–coefficient of determination; r–correlation coefficient; |t|–student’s t-Test probability.
m (c)
–0.0002
(0.36)
–0.001
(1.19)
–0.0004
(0.46)
–0.0002
(0.31)
–0.0003
(0.46)
–0.001
(1.50)
–0.0009
(1.29)
0.0001
(0.59)
0.0002
(0.36)
–0.0002
(0.81)
0.0003
(0.36)
–0.0008
(0.66)

CTP
R2 (r)
0.012
(–0.11)
0.462
(–0.68)
0.260
(–0.51)
0.068
(–0.26)
0.102
(–0.32)
0.281
(–0.53)
0.160
(–0.40)
0.008
(+0.09)
0.023
(+0.15)
0.012
(–0.11)
0.023
(+0.15)
0.281
(–0.53)
4.1E-92

1.6E-85

6.4E-86

1.6E-64

8.7E-99

2.8E-96

3.7E-95

2.1E-73

1.6E-99

2.3E-89

1.1E-92

|t|
4.1E-87

m (c)
0.001
(–0.03)
0.002
(–0.18)
–0.004
(1.24)
–0.008
(2.28)
–0.008
(2.37)
–0.008
(2.83)
–0.007
(2.64)
–0.0008
(0.85)
0.002
(–0.06)
–0.002
(1.08)
0.004
(–0.43)
–0.009
(2.54)

CTT
R2 (r) |t|
0.008 0
(+0.09)
0.006 0
(+0.08)
0.044 0
(–0.21)
0.325 0
(–0.57)
0.281 0
(–0.53)
0.048 0
(–0.22)
0.04
0
(–0.2)
0.008 0
(–0.09)
0.023 0
(+0.15)
0.003 0
(–0.05)
0.026 0
(+0.16)
0.203 0
(–0.45)

Table 3. Statistical parameters for the regression analysis with the monthly time series data obtained from AOD and cloud properties. The statistically significant trends
at the 95% confidence level (p < 0.05) are presented in bold and italic and the rest are less significant. The values provided in the parenthesis for the slope (m) and
coefficient of determination (R2) are intercept (c) and correlation coefficient (r), respectively for cloud parameter over different regions of China.
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Fig. 5. Same as Fig. 4, but for cloud optical thickness.
Correlation between AOD and CER
The cloud effective radius (CER) is weighted mean values
of size distribution of cloud droplets in the atmosphere.
The correlation plots between AOD and CER shown in
Fig. 6 found that the correlation is negative with maximum
during the summer and minimum in the winter. The
reduction in CER during the winter season could be due to
the effect of aerosols on microphysical properties of cloud
(Bhawar and Devara, 2010). Atmospheric circulation can
decrease aerosol concentration and thereby decrease the
probability of aerosol-cloud interaction. This in turn will
reduce any impact that aerosol can have on cloud optical
properties. In addition, aerosols originated from biomass
burning inhibited the cloud droplet growth thereby caused
an increase in the droplet residence time (Ackerman et al.,
2000). This resulted in the low probability of warm rain

since the cloud droplets attained higher altitude (Kumar,
2013).
The regression parameters obtained from the correlation
between AOD and CER were tabulated in Table 3. The
correlation coefficient (r) was found to be highly positive
of 0.48 and 0.47 for the regions KM and NJ, respectively
and high negative value of –0.40 for the region LH. The
maximum slope of the trendline was noticed for the region
NJ (0.064) which is 95% significant level and minimum of
–0.0009 for CD where the trendline is almost a straight line
parallel to abscissa (CER). The probability value was found
to be small for BJ which is 1.2E-99 during the period of
study. Thus it is clear in the present study that CER decreased
with increased AOD. Kaufman et al. (2005) also reported a
decreasing trend of CER with increasing AOD over the
Atlantic Ocean. Recently, Tang et al. (2014) also found
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Fig. 6. Same as Fig. 4, but for cloud effective radius.
similar results between AOD and CER over the open oceanic
regions in the East part of China. However, the positive
correlation was noticed over the land between AOD and CER
which is due to the other processes such as microphysical and
dynamical effects that are likely counteracting the indirect
effect of aerosols on cloud droplets, which is defined as the
well-known Twomey effect (Twomey, 1977).
Myhre et al. (2007) attributed the fact for the positive
correlation between AOD and CER observed in the
Mediterranean Sea. They hypothesized that as CTP decreases,
AOD and CER increase, thus weakening the positive
correlation between AOD and CER when CTP is large and
vice-versa. Yuan et al. (2008) also revealed positive
correlations between AOD and CER over the Gulf of
Mexico and Eastern China, which they considered to be
related to the effects of slightly soluble organic particles

(SSO) and giant CCN. They explained that such particles
can contribute to large AOD but fewer total cloud droplets
and thus higher CER. Also, Gunaseelan et al. (2014) found
that AOD is negatively correlated with CER for the four
metro cities in India.
Correlation between AOD and CTT
In order to correlate atmospheric and surface properties
properly, CTT data is needed to be analyzed accurately.
Balakrishnaiah et al. (2012) observed that CTT plays a
significant role in studies concerned with atmospheric
radiation budget. The correlation plots between AOD at
550 nm and CTT during the period of study for the 12
regions were shown in Fig. 7. The CTT was found to be high
in late autumn where as its low value occurred in summer
season (figure not shown) for all the regions where AOD
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Fig. 7. Same as Fig. 4, but for cloud top temperature.
and CTT were negatively correlated. It is clearly depicted
from Fig. 7 that CTT was observed to be increased with
decrease in AOD (negative) at all regions except for the
regions CC, BJ, LH and NN, where CTT increases with
increase in AOD (positive). This positive correlation might
be due to complex interlay among convection, boundary layer
and large-scale cloud parameterization in those regions
(Quass et al., 2010). The correlation coefficient (r) given in
Table 3 between AOD and CTT showed strong negative
correlation for the region XN (–0.57) followed by UQ (–0.53)
and KM (–0.45). The maximum slope of the decreasing
trendline for the period of 2003–2013 was found to be over
region KM which is of –0.009 and very small negative
slope of –0.0008 was obtained for the region CD where the
trendline is almost straight line. The one tailed distribution
single paired student’s t-Test between AOD and CTT was

found to be negligible (almost zero) for all the regions of
the study. Sekiguchi et al. (2009) and Xiong et al. (2009)
reported that the aerosols acting on clouds change the
cloud properties such as COT, CTT, etc. They also pointed
out that the increasing aerosol number concentration due to
anthropogenic and domestic activities may change the
humidity profiles and thereby changing the CTT.
SUMMARY AND CONCLUSIONS
Cloud microphysics is substantially affected by aerosol
loading and the resulting changes in the reflective
properties of the clouds can significantly affect the regional
and global radiation budget. The present investigation has
revealed the spatial and temporal relationship between the
AOD and different cloud parameters derived from MODIS
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data on board Terra satellite for the period from March
2003 to February 2013 over 12 selected metro cities in
China. The major findings of the present study are:
1. AOD was found to be maximum (> 0.6) over North Chain
Plain, East, West and Central parts of China, where as the
minimum AOD of < 0.3 was observed over North and
Southwest of China and the Tibet Plateau region. The
AOD varies seasonally (monthly) from low in the winter
months (January/February) to the high in the summer
season (June/July) followed by spring and autumn seasons.
2. The high AOD over the selected regions in China may
be attributed to the rapid urbanization results in increase
in automobile transportations, industrial emissions, large
number of construction activities, and also the increase
in amount of aerosols produced from biomass burning.
The dense population, geography affected by terrain and
local sources, climate and economy are also closely
related with the aerosol climatology over China.
3. In the present investigation, the correlation between
AOD and CF was found to be comparatively lower at
urban and industrial regions than at the coastal and
desert areas where the correlation is noticed to be higher.
We also found that the correlation between AOD and CF
is negative only when the AOD fall below to 0.3. COT
and AOD showed negative correlation for all the regions
except in Beijing, Hohhot, Xining, and Guangzhou.
4. Positive correlation was observed between AOD and CER
in urban and desert regions and negative over coastal
locations of China. The positive correlation over urban
and industrial areas is likely attributed to meteorological
conditions and the general atmospheric circulations that
favor the transport of pollutants and WV from southeast
and eastern parts of China, leading to simultaneous
increases in both AOD and CER.
5. The correlation between AOD and CTT was observed to
be negative as CTT increased with decrease in AOD at all
regions except Changchun, Beijing, Lhasa, and Nanning
where CTT increases with increase in AOD. This is
because of the fact that although there was a significant
negative correlation between the AOD and CTT but the
CTT was found to remain insensitive with respect to the
changes in aerosol concentration.
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S1. Literature review
Alam et al. (2010) analyzed the effect of aerosols on clouds and showed enhanced
formation of clouds was due to both smoke and pollution over Karachi and Lahore in Pakistan.
Balakrishnaiah et al. (2012) noticed high AOD during the summer-monsoon seasons over major
cities in southern India and studied the relationship to various cloud parameters. Yi et al. (2012)
found an increasing variation in cloud fraction (CF) with the increase of AOD over ocean regions
under observation, while the reverse result was noticed in the model simulation. Hoeve et al.
(2012) investigated an increase in COT with increasing AOD at low AODs, and a decrease in
COT with increasing AOD at higher AODs. This increase was attributed to a combination of
microphysical and dynamical effects, whereas, the decrease was due to the dominance of
radiative effects that thin and darken clouds.
Kumar (2013) also analyzed that AOD and CF correlation increases for those regions
which have more particulate pollution due to dust, biomass, industrial and domestic activities
over the northeast areas of India. Another study by Kumar (2014) found that AOD showed
positive correlation with CF and COD and negative correlation with cloud top temperature (CTT)
and cloud top pressure (CTP) over an urban region of northern India (Delhi) for the period 2003–
2012. Alam et al. (2014) have recently studied the relationship between AOD and cloud
properties in different locations of Pakistan. They noticed an increasing trend in CF with AOD
over urban regions during the period of study from 2001 to 2011 as well as investigated the
impact of aerosols on warm and cold clouds. Also very recently, Tang et al. (2014) showed
positive correlation between AOD and cloud effective radius (CER) over open oceanic regions of
East China, suggesting that the influence of background weather conditions and general
circulations need to be considered when studying the interactions between aerosol and cloud.
S2. Methodology
The Ångström exponent (AE) is a qualitative indicator of aerosol particle size (Kaufman
and Nakajima, 1993). The value of AE less than 1 indicates particle size dominated by coarsemode aerosols with radii larger than 0.5 m, which are usually associated with dust and sea salt,
and values larger than 2 indicates particle size dominated by fine-mode aerosols with radii less
than 0.5 m that are usually associated with urban pollution and biomass burning (Eck et al.,
1999). AE from the MODIS product can be employed for qualitative judgment of the aerosol
mode (Ångström, 1961). Assuming the size distribution of aerosol particles fits Jungedistribution, the relationship between AOD and AE can be expressed as:
a() = -
(1)
where a() is the AOD at ,  is Ångström turbidity and  is Ångström wavelength exponent
inversely related to the effective radius of aerosol particles. MODIS AOD at 550 nm can be
obtained by interpolation between AODs at 470 nm and 660 nm based on the above formula.
2

S3. Relationship between AOD and water vapor (WV)
The behavior of aerosols in response to changes in WV was investigated and it provided
an opportunity to understand the impact of aerosols on Earth’s atmosphere (Myhre et al., 2007).
The time series plot for AOD and WV is shown in Fig. S1 for all the selected regions in China
during the period 2003–2013 represents increasing and decreasing pattern simultaneously. This is
in accordance with the findings of Ranjan et al. (2007), Balakrishnaiah et al. (2012), and Kumar
et al. (2009) reported over Indian subcontinent and Alam et al. (2010, 2014) for Pakistan. The
direct effect results in radiation scattering due to an increase in aerosol particle-size,
accompanied by the uptake of WV. Changes in water uptake of aerosols can therefore, lead to
changes in both direct and indirect radiative forcing on climate (IPCC, 2007). El-Askary and
Kafatos (2008) have found that aerosols cause a reduction in cloud droplet size and hence lead to
suppression in precipitation.
The statistical regression data obtained from the correlation analysis between AOD and
WV were shown in Table 3. It clearly demonstrates from Table 3 that the calculated coefficient
of determination (R2) values clearly shows the positive correlations for the above relation. The
highest positive R2 value was found in the increasing order for the regions BJ (0.436), KM (0.372)
and HH (0.185) with its lowest value in the decreasing order for the regions CD (0.008), XN
(0.006) and NN (0.005). Similarly, the correlation coefficient (r) values were noticed to be
positive for all the regions, except for the regions XN, LH and NN where r value found to be
negative. The highest positive correlation coefficient value was noticed to be 0.66 and 0.61 for
the regions BJ and KM, respectively followed by HH (+0.43) and NJ (+0.31) and maximum
negative r value over region LH (-0.27). The maximum slope of the trendline for the all the
regions computed was found to be 0.127 and 0.101 between AOD and WV observed for the
regions BJ and KM, respectively were statistically significant at 95% confidence level (p<0.05).
The student’s t-Test probability was performed to the data and the maximum (minimum)
probability twas found to be 6.0E-18 (1.4E-49) for NJ (GZ). This uncertainty may occur in the
AOD due to contamination by both low and high altitude cirrus clouds. Lee et al. (2009)
concluded that cirrus clouds can increase the uncertainty in measured AOD by up to 20%.
The water absorbing ability of aerosols (hygroscopic nature) depends upon the particular
mixing of different types of aerosols particles as well as on the meteorological conditions
(Kaufman et al., 2005; Kaufman and Koren, 2006; Aloysius et al., 2009). Lee et al. (2009)
suggested that water uptake of atmospheric aerosols can alter both the size and composition of
particles and hence their optical particles. Wright et al. (2010) and Xie et al. (2011) depicted that
the radiative forcing on climate significantly influenced by the changes in water uptake behavior
of aerosols and hence cloud formation. Guo et al. (2014) and Luo et al. (2013) concluded that
natural and anthropogenic aerosols over China play an important role in influencing the
convective cloud formation and hence causing climatic implications to the overall hydrological
cycle.
3

Fig. S1. Relationship between AOD550 and water vapor for the 12 selected sites in China
during the period of 2003–2013.
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S4. Relationship between AOD and CTP
The time series variation between AOD and CTP shown in Fig. S2 also represents the
similar variation with increase in AOD there was a significant decrease in the CTP value over the
selected regions of China. It is clear from Fig. S2 that CTP reaches a maximum value during
January with a minimum value in July, where the AOD pattern is exactly opposite to that of CTP
for most of the regions (see Table1). The correlation coefficient between AOD and CTP for
various regions in China over the period of study is shown in Table 3. The R2 value noticed to be
maximum for region of BJ (0.462) and minimum over CD (0.008). Out of 12 selected regions in
China, a strong negative correlation coefficient was found over 9 regions of which the maximum
negative r value obtained for the region B (-0.68) followed by the regions NJ (-0.53), KM (-0.53),
and HH (-0.51). Earlier researchers have reported that except for some regions of low AOD, CTP
decreased in most of the areas (higher cloud altitude) as AOD increased (Alam et al., 2014 and
references therein). This might have resulted from the suppression of the precipitation by
increasing cloud lifetime and thus also affecting the cloud albedo and changing the CTP (Ali et
al., 2013). Further, Ramanathan et al. (2001) and Lee et al. (2009) suggested since the CER
increases with decrease of CTP and thereby, decreasing the CTP with increasing AOD.
A very low slope of the decreasing trend was found in most of the regions indicates the
trend is almost a straight line and the maximum (minimum) slope of the decreasing trendline was
-0.001 (-0.0008) noticed for the regions BJ and NJ (XN) which is 95% significant level. The
probability value was found to be low (high) for XN (LH) which is 1.6E-99 (1.6E-64) during the
period of study. Alam et al. (2010) investigated that at lower latitudes, there was a significant
decrease in CTP in relation to AOD (i.e., negative correlation), and while at mid latitudes this
decrease was only moderate. Our analysis indicated a strong negative correlation for AOD with
CTP in the southern regions and a moderate positive correlation in the northern regions of China
which is in agreement with the previous findings reported for south Asia. This co-variation of
AOD with CTP may be attributed to large-scale meteorological variations. Koren et al. (2005)
and Tripathi et al. (2007) reported the relation between vertical wind velocity and CTP. They
suggested that the relationship is less influenced by meteorology during winter due to reduced
updraft, whereas, during summer-monsoon season the aerosol effect is facilitated by favorable
meteorological condition, due to strong updraft.
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Fig. S2. Same as Fig. S1, but for cloud top pressure.
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