
Effect of Aerosols on the Ice Cloud Properties Over
the Tibetan Plateau
Yuzhi Liu1 , Shan Hua1, Rui Jia1,2, and Jianping Huang1

1Key Laboratory for Semi‐Arid Climate Change of the Ministry of Education, College of Atmospheric Sciences, Lanzhou
University, Lanzhou, China, 2Zibo Meteorological Bureau, Zibo, China

Abstract With the highlight of environmental problems over the Tibetan Plateau (TP), aerosol
pollution and the influence of this pollution on cloud properties are becoming a new area of
research. Based on the aerosol index and cloud property parameters derived from satellite observations,
in this study, the inconsistent effects of aerosols on ice cloud properties between daytime and nighttime
over the TP are investigated. The results indicate that ice clouds are mainly distributed over the TP
margin area, especially over the north slope, during both daytime and nighttime. The occurrence
frequency of ice cloud is higher during the daytime than during the nighttime over the margin areas of
the TP. Similarly, aerosols are mainly concentrated over the northern margin of the TP. A potential
relationship may exist between the aerosol index and ice cloud properties. When the aerosol index
increases from 0.05 to 0.17, the ice cloud droplet radius (ICDR) during the daytime decreases from 32.1
to 27.9 μm, while the ICDR during the nighttime remains almost constant (approximately 25 μm);
furthermore, the ice water path (IWP) during the daytime decreases slightly due to the saturation
effect, while the nocturnal IWP increases significantly. The changes in ice cloud optical depth (ICOD)
during daytime and nighttime show significant and completely opposite trends. The removal of the
influence of meteorological factors showed that aerosols have a more dominant influence than
meteorological conditions on ice cloud properties (except for the nocturnal ICDR and IWP during
the daytime).

1. Introduction

The aerosols suspended in the atmosphere contain liquid and solid matter in the form of particles
(IPCC, 2013), although the atmosphere is mostly composed of gases. Despite the small mass or volume
fraction of aerosols in the atmosphere, these aerosols can directly or indirectly influence the radiation budget
of the Earth‐atmosphere system (Bréon et al., 2002; Jiang & Feingold, 2006), further contributing to weather
and climate changes (Rosenfeld et al., 2014). The direct effect of aerosols is induced by the scattering of solar
radiation and absorption of solar shortwave and longwave radiation (Davidi et al., 2009; Liu et al., 2011,
2013, 2014). Aerosols indirectly influence the radiation budget by affecting cloud microphysical processes,
and this influence is one of the most uncertain radiative factors used to predict the Earth's climate
systems (IPCC, 2013).

Since Twomey et al. (1974, 1977) reported that aerosols can act as cloud condensation nuclei to alter the
mean droplet size and cloud albedo depending on the aerosol absorption and cloud optical thickness
(Feingold et al., 2001; Kaufman & Fraser, 1997), much attention has been paid to this interesting topic
(Gryspeerdt et al., 2016; Huang, Lin, et al., 2006, Huang, Wang, et al., 2006, 2007; Kaufman et al., 2005;
Kaufman & Koren, 2006; Penner et al., 2004; Ramanathan et al., 2001; Rosenfeld et al., 2002). The aerosol
indirect radiative effect includes the “first indirect” effect postulated by Twomey (1974, 1977) and the
“second indirect” effect (Albrecht, 1989). Additionally, another type of aerosol‐cloud interaction, the so‐
called “semidirect” effect, is usually caused by absorbing aerosols (Cook & Highwood, 2004; Johnson
et al., 2004; Kaufman et al., 2002; Menon et al., 2002) and could accelerate the evaporation of cloud
droplets and inhibit convection and cloud formation (Hansen et al., 1997; Koren et al., 2008; Penner et al.,
2003). Regarding aerosol‐cloud interactions, although there are many studies based on observations
(Bréon et al., 2002; Costantino & Bréon, 2010; Guo et al., 2017; Myhre et al., 2007; Peng et al., 2016; Wang
et al., 2015; Yan et al., 2014) and model simulations (Gettelman et al., 2015; Li et al., 2008; Zelinka et al.,
2014), uncertainty still exists.
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The Tibetan Plateau (TP) is the highest plateau in the world and is an important moisture source that affects
the hydrological cycle (Hansen et al., 2000; Wu et al., 2007) through dynamic and thermal forcings (Boos &
Kuang, 2010; Hahn &Manabe, 1975; Ye & Gao, 1979). In the summer, the TP is a significant heat source and
moisture island in the atmosphere (Xu et al., 2008). Over the TP, abundant ice clouds are produced.
Simultaneously, the TP is drastically affected by natural and anthropogenic aerosol sources, which provide
a large number of aerosol particles lifted to the atmosphere over the TP (Huang, Lin, et al., 2006, Huang,
Wang, et al., 2006, 2007; Jia et al., 2015; Liu et al., 2015). Additionally, sustained warming over the TP
associated with global warming has been reported (Duan & Wu, 2006; Duan & Xiao, 2015; Niu et al.,
2004; Rangwala et al., 2009, 2013). Thus, under warmer climate conditions over the TP, the aerosol‐cloud
interaction is an important physical process contributing to the hydrological cycle surrounding the TP. In
recent studies, much effort has been focused on the aerosol (Jia et al., 2018; Liu et al., 2015) and cloud proper-
ties (Fujinami & Yasunari, 2001; Hua et al., 2018; Li & Fu, 2005; Sato et al., 2007; Taniguchi & Koike, 2008)
over the TP; however, there are few studies on the relationship between aerosols and clouds.

In this study, based on satellite products, we statistically investigated the effects of aerosols on the ice cloud
properties over the TP in detail in the daytime and nighttime for the 2000–2015 period, as well as the features
of ice clouds and aerosols over the plateau.

2. Data Sets
2.1. Clouds and the Earth's Radiant Energy System

The data used in this study include data from Clouds and the Earth's Radiant Energy System (CERES)
CldTypHist_Ed4A, which reformats cloud properties from the CERES‐SYN1deg‐hour/day/month Ed4A
products observed by the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra
and Aqua satellites and 1‐hourly geostationary (GEO) Ed4A data into the same cloud types as those of the
NASA GISS ISCCP‐D2 cloud products. In this product, the cloud properties are averaged into three cloud
top pressures and three optical depth bins. The nine cloud types are further subdivided into liquid and ice
clouds in the daytime and nighttime. Unlike 3‐hourly ISCCP‐D2 data, the CldTypHist product is based on
hourly cloud observations and has the advantage of obtaining diurnal cycle changes (Minnis et al., 2011;
Wielicki et al., 1996). According to the quality assessment of the CERES product (https://ceres.larc.nasa.
gov/documents/qa_plan3.1.pdf), the terrain features were considered and corrected accordingly during data
processing. Although there are some errors over the plateau, this product shows an overall applicability.
Improvements to the CERES cloud algorithm in Ed4 compared to Ed3A include a method to determine
the low cloud top height by regional mean boundary apparent lapse rates using collocated Cloud–Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and MODIS data (Sun‐Mack et al., 2014),
a CO2‐slicing method to retrieve high clouds over low‐lying clouds (Chang et al., 2010), and a rough ice crys-
tal model (Yang et al., 2008) to improve ice cloud retrieval.

Here the ice cloud area fraction (ICF), ice cloud droplet radius (ICDR), ice cloud optical depth (ICOD), and
ice water path (IWP) data derived from the CldTypHist_Ed4A product with a resolution of 1.0° × 1.0° at a
monthly time scale for the 2000–2015 period are used to investigate the effects of aerosols on ice cloud
properties over the TP. As the CERES data are available fromMarch 2000, the annual mean cloud properties
in 2000 are the averages from March to December of that year.

2.2. Multiangle Imaging Spectroradiometer

The Multiangle Imaging Spectroradiometer (MISR), which was launched into Sun‐synchronous polar
orbit aboard Terra, can simultaneously view the sunlit Earth at the same point using nine widely spaced
angles ranging from 70° aftward to 70° forward with spatial sampling resolutions of 275 and 1,100 m on a
global basis. The MISR can retrieve aerosol properties even over highly reflective surfaces, such as deserts,
which reduces limitations caused by surface‐based observations (Christopher & Wang, 2004; Diner, 1999;
Martonchik et al., 2004). In addition to the aerosol optical depth (AOD), the combination of
multispectral and multiangle data from MISR can provide information about particle size, shape,
and single scattering albedo (Kahn et al., 1998, 2001). In particular, optical depth errors in the Level 2
product frequently occur over snow/ice fields due to low spatial contrast and as a consequence of
inadequate cloud screening; these errors are mainly observed over Greenland and Antarctica. Based on
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the data introduction (https://eosweb.larc.nasa.gov/sites/default/files/project/misr/quality_summaries/L3_
Products_20050513.pdf), observations over Greenland and Antarctica are excluded, and the observations
over other regions in the Level 3 global aerosol product of MISR are relatively reliable.

The number of counts in space‐time bins are included in the Level 3 data files. The MISR Level 3 AOD and
Angström exponent (AE) products from the MIL3 MAE data, which are retrieved from multiple orbits at a
monthly time scale and a resolution of 0.5° × 0.5°, are used to calculate the aerosol index and evaluate the
aerosol data from MERRA‐2 in this study. The aerosol index (AIn), which is defined as the product of the
AOD and AE, is also used. The AIn allows for a more accurate quantification of aerosol column number con-
centration than AOD (Nakajima et al., 2001). The AIn is used to indicate small particles (those that act as
cloud condensation nuclei) with a high weight.

2.3. CALIPSO

Cloud‐Aerosol Lidar with Orthogonal Polarization, which is onboard CALIPSO, launched in April 2006, can
provide nearly continuous measurements of the vertical structure and properties of clouds and aerosols and
that are near‐coincident with observations from MODIS (Winker et al., 2007). The lidar Level 2 vertical fea-
ture mask (VFM) product describes the vertical distributions of clouds and aerosols, lidar lighting, and
land/water indicators along the CALIPSO orbit. The spatial resolution for the feature classification flags var-
ies as a function of altitude, with the highest spatial resolutions occurring at the lowest altitudes. The pro-
ducts of version 4.10, which was released on 8 November 2016, better classify aerosols and clouds and
include substantial improvements to the aerosol subtyping and lidar ratio selection algorithms compared
to the products of version 3; thus, version 4.10 products are used with CloudSat observations to identify
the aerosol‐ice clouds (Kim et al., 2016; Liu et al., 2009).

2.4. CloudSat

As part of the A‐Train constellation of satellites, CloudSat provides the first global survey of cloud profiles
and cloud physical properties with seasonal and geographical variations from space. CloudSat data
provide a rich information source for the evaluation of cloud properties derived from other satellite sensors,
notably but not exclusively from other members of the A‐Train. CloudSat flies in an on‐orbit formation
with CALIPSO satellites with a footprint interval of approximately 15 s, providing near‐simultaneous
observations. CloudSat Standard Data Products are produced as profiles that consist of 125 vertical bins, each
approximately 240 m deep. The footprint of a single CloudSat observation profile is approximately 1.3 km
across‐track by 1.7 km along track, with along‐track sampling spaced every 1.1 km. In this study, considering
the availability of CALIPSO/CloudSat product archives, the considered time period is from June 2006 to
December 2010.

2.5. MERRA‐2

MERRA‐2 is a long‐term atmospheric reanalysis data set beginning in 1980. This data set provides the first
satellite‐ERA global reanalysis data by assimilating the space‐based observations of aerosols and represent-
ing their interactions with other physical processes in the climate system. MERRA‐2 provides a multidecadal
reanalysis in which aerosol and meteorological observations are jointly assimilated within a global data
assimilation system (Gelaro et al., 2017). Recently, Simmons et al. (2014) compared multiannual variability
and trends in atmospheric temperature derived from ERA‐Interim, JRA‐55, and MERRA and found good
agreement in the upper troposphere and lower stratosphere but less agreement in the middle stratosphere.
Randles et al. (2016) presented an overview evaluation of the aerosol fields produced by MERRA‐2 data and
noted the key features and limitations of aerosol products. All data of MERRA‐2 are collected in a regular
longitude‐by‐latitude grid of 0.625° × 0.5° (Gelaro et al., 2017). In this study, the AOD and AE data from
hourly aerosol diagnostics product of tavg1_2d_aer_Nx fromMERRA‐2 are used to analyze the aerosol effect
on ice cloud properties, and monthly meteorological parameters of instM_3d_asm_Np product are used to
analyze the meteorological influence on the ice cloud properties.

3. Methodology

CERES monthly data from 2000 to 2015 are used to calculate the frequency of ice cloud occurrences. In this
calculation, when the cloud area fraction is greater than 0.1%, the sky is considered cloudy. Taking a grid as
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an example, the frequency of ice cloud occurrences (F(x,y)) in one grid is the number of ice‐cloudy sky
(Ncf > 0.1 % (x,y)) divided by the total sample number (Ntotal(x,y)) during 2000–2015:

F x; yð Þ ¼ Ncf>0:1% x;yð Þ
Ntotal x;yð Þ

×100% (1)

Here based on the CERES monthly data, when there are no default data available, the total sample number
(Ntotal(x,y)) equals 192 in one grid for the 2000–2015 period. The ice cloud occurrence frequency in each grid
over the TP is calculated.

The CALIPSO Level 2 vertical feature mask product is used to determine the cloud phase and distin-
guish aerosols. The identification of clouds and aerosols is accomplished by checking the cloudy scenar-
ios from the CloudSat 2B‐CLDCLASS product to prevent misjudgment of clouds and aerosols due to
high aerosol concentrations. Similar to the method of Wang et al. (2010), we define clouds as aerosol‐
ice clouds if the distance between clouds and aerosols is up to 60 m in the same VFM profile as
the CALIPSO product when the clouds are in the ice phase. Thus, the frequency of dusty ice clouds is
calculated. In the cloud phase statistics, high‐quality data are included, and data with low/no confidence
are excluded.

The first indirect effect of aerosols can be quantitatively illustrated using the relationship between two inte-
gral variables (ICOD and IWP) and the ICDR.

The ICOD is defined as follows:

ICOD≈IWP
b

ICDR
þ c

� �
(2)

where the ICDR is the ratio between the third and second moments of the size distribution, n(r), at radius r.
Both b and c are parameters relating to the ice crystal shape.

Assuming that IWP is not a constant, the ICOD response to the aerosol increase in the logarithm form can be
expressed as follows:

logICOD
logAIn

≈
logIWP
logAIn

þ log b
ICDR þ c
� �
logAIn

(3)

The impact of aerosols on the ICOD is a combination of responses, including ice cloud droplet size and
IWP, in addition to aerosols. Based on the above relation and monthly properties of ice clouds from 2000
to 2015, the empirical constants b and c are obtained by numerical fitting. The fitting result shows that over
the TP, parameters b and c can be taken as 4.61 and 0.06, respectively. Correspondingly, equation (3) can be
approximated as follows:

logICOD
logAIn

≈
logIWP
logAIn

þ log 4:61
ICDR þ 0:06
� �
logAIn

(4)

where the units of the ICDR and IWP are μm and g/m2, respectively. The magnitude of the ICDR is on the
order of 10. The value of parameter c is much smaller than the ICDR and can be ignored. Thus, equation (4)
can be approximated as follows:

logICOD
logAIn

≈
log 4:61IWPð Þ

logAIn
−
log ICDRð Þ
logAIn

(5)

In the following section, based on equation (5), the effects of aerosols on ice cloud properties are analyzed.
Considering the spatial diversity of satellite data, we adopt the bilinear interpolation method to unify all of
the satellite data to a common resolution of 1.0° × 1.0°. Then, the logarithmic relationship is investigated for
the corresponding grid.
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4. Results
4.1. Aerosol and Cloud Properties

The TP is located in central East Asia (25–45°N, 70–105°E) and has an average elevation of 4,500 m. In
this study, the main body of the TP, which is enclosed by the thick black bold outline in each contour
figure, is the region ranging from 25–45°N, 70–105°E, where the elevation exceeds 2,000 m. Zhao et al.
(2014) noted that the high‐value areas of the IWP are in the central, northern, and western parts of the
TP, and ice‐phase clouds are dominant over these areas. The satellite observations show that the ICF
of the ice clouds is greater than that of the water clouds in both the daytime and nighttime over the
TP during 2000–2015 (figures omitted). Therefore, in this study, the analyses mainly focused on the ice
clouds over the TP.

Before discussing the ICF frequency distribution, the distribution of the ICF derived from CERES observa-
tions is analyzed, as shown in Figure 1a. Overall, high ICFs are concentrated in the central TP, which is in
agreement with the results of Zhao et al. (2014). Furthermore, Figure 1b shows the frequency of the annual
mean ICF over the TP during the 2000–2015 period. When the ICF is greater than 0.1% in one grid, a cloud is
considered to occur in the grid, and then, the statistical frequency is added by individual grid. With decreas-
ing distance to the edge of the plateau, the frequency of ice cloud occurrence increases, even reaching 100%
over the southern plateau edge. The distribution of the annual mean AIn derived from MISR observations
over the TP during the 2000–2015 period is shown in Figure 1c. As shown in Figure 1c, the AIn increases
gradually from south to north over parts of the TP, with a minimum value (0.01) over the southern margin
and a maximum value (0.62) over the northern margin. The high values of the AIn are mainly distributed

Figure 1. Distribution of the (a) ICF and (b) frequency of the ICF derived from CERES when the ICF is larger than 0.1%,
annual mean AIn derived from (c) MISR observations and (d) MERRA data during the 2000–2015 period, and (e) aerosol‐
ice_cloud data obtained from CALIPSO and CloudSat observations during 2007–2010 over the TP. The area enclosed by
the black bold outline indicates the main body of the TP.
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over the northern slope of the TP, and the index peaks at 0.2. Similar to the MISR observations, in Figure 1d,
the distribution of the annual mean AIn derived from MERRA over the TP during the 2000–2015 period is
consistent with that shown in Figure 1c. In the following analyses, as MERRA provides aerosol data in the
daytime and nighttime separately, we analyze the aerosol properties and the relation between aerosols and
ice cloud properties using MERRA data. Combining Figures 1b–1d, we find that both ice clouds and aerosols
frequently occur over the margin areas of the plateau, especially over the northern slope of the TP. This
finding, that is, that there is a mixture of aerosols and ice clouds over the margin areas of the TP, implies
that aerosols affect ice clouds. Figure 1e shows the distribution of the aerosol and ice cloud mixture
(hereafter called aerosol‐ice_cloud) obtained from CALIPSO and CloudSat observations over the TP
during 2007–2010. Here considering the high quality of data covering 2007–2010, the frequency
distribution of aerosol‐ice_cloud during the period of 2007–2010 is analyzed. The frequency of aerosol‐
ice_cloud is higher over the margin areas of the plateau than over the central TP. As shown in Figures 1b
and 1e, the frequency of the ICF and the aerosol‐ice_cloud over the TP agree. Therefore, it is possible that
aerosols affect the ice cloud properties due to being mixed.

Figure 2 shows the frequency of ice clouds in the daytime and nighttime over the TP during 2000–2015. The
monthly mean ICF during the 2000–2015 period is shown in Figure 2a. The frequencies of ice clouds in the
daytime and nighttime are indicated by red and blue lines, respectively. Obviously, the ice cloud occurrence
frequency in the daytime is much higher than that in the nighttime. During the daytime, with increasing
solar radiation at the surface, the sensible heat and surface temperature increase. Due to this heating, the
convergence of ascending motions easily occurs, which drives warm and humid air to lift to higher altitudes.
The air temperature decreases with the increases in altitude at a rate of 0.65 K/km. Thus, the higher the
warm‐humid air is lifted from the surface, the colder the air temperature is and the more ice clouds are
formed. In contrast, because the surface becomes cold due to the emission of thermal radiation in the
nighttime, these conditions are unfavorable for the formation of ice clouds in the nighttime. Overall, the
heating difference between the daytime and nighttime may be the main reason for the large discrepancy
in the ICF frequency over the TP. In addition, there is a considerable discrepancy between the monthly var-
iations in the daytime and nighttime. In the daytime, ice clouds occur the least frequently in February (95%),
while ice clouds occur the most frequently in November (97%). However, in the nighttime, the ice cloud
frequency continually increases from June to November, with the lowest frequency in June (91%) and the
highest frequency in November (94%). Figures 2b and 2c show the frequency distributions of the annual
mean ICFs in the daytime and nighttime, respectively. According to the distributions, the ice cloud

Figure 2. (a) Monthly mean histogram of ICF during 2000–2015. (b) Frequency (%) of annual mean ICF in the daytime
over the TP during 2000–2015. (c) Same as (b) but for nighttime. ICF is derived from CERES product. The area enclosed
by the black bold outline indicates the main body of the TP.
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occurrence frequency in the daytime (Figure 2b) is higher overall than that in the nighttime (Figure 2c).
Additionally, during both daytime and nighttime, the lowest ice cloud frequency occurs near the center
of the TP. In view of the diurnal difference between ice cloud occurrences, the aerosol effects on ice
clouds in the daytime and nighttime over the TP during 2000–2015 are separately investigated in the
following analysis.

Figure 3 shows the monthly mean AIn, ICDR, IWP, and ICOD over the TP during the 2000–2015 period.
The AIn and ice cloud properties in the daytime and nighttime are indicated by red and blue lines,
respectively. As shown in Figure 3a, the AIn increases beginning in January, peaks in March and
August, and then decreases over the TP. The AIns in the daytime and nighttime show similar monthly
cycles. Overall, high AIns are concentrated in the spring and summer. In Figures 3b–3d, the minimum
ICDR, ICOD, and IWP in the daytime occur in July, August, and August, respectively. As the AIn

increases, the ICOD, ICDR, and IWP decrease. Additionally, the
diurnal and nocturnal variations in ICDR, ICOD, and IWP show
great discrepancies. In particular, the monthly variations in ICOD
during the daytime and nighttime are opposite.

4.2. Aerosol Effect on Cloud Microphysical Properties

In view of the influence of uneven sample distribution on the fitted
slope between the aerosols and clouds, the sample weight for each
AIn bin of all samples is considered. Figure 4 shows the sample
percentages for different AIn bins among all samples. The red and
blue bars represent percentages in the daytime and nighttime,
respectively. Overall, a normal sample percentage distribution, with
the AIn values ranging from 0.06 to 0.17, is found during both the
daytime and nighttime; the percentage of samples peaks in the
AIn bin of 0.12. The aerosols are mainly distributed in AIn bins
ranging from 0.075 to 0.145 over the TP. To avoid the influence of
the uneven distribution of samples on the fitting slope, in the

Figure 3. Monthly mean AIn and cloud parameters over the TP during the 2000–2015 period. (a–d) AIn, ICDR, IWP, and
ICOD, respectively. AIn is calculated by the data of AOD and AE derived from MERRA‐2. ICDR, IWP, and ICOD are
derived fromCERES product. The red lines represent daytime ice clouds, and the blue lines represent nighttime ice clouds.
Error bars represent the standard deviation of monthly mean values.

Figure 4. Percentage (%) of samples in different AIn bins out of the total number
of samples. The red and blue bars represent the sample number percentages
during the daytime and nighttime, respectively. The AIn is calculated by the data
of AOD and AE derived from MERRA‐2.
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following analyses, we perform the linear fit analysis on bins with a sam-
ple weight exceeding 2%.

Figure 5 shows the relation between the ICDR and AIn, with aerosol
and cloud samples divided into daytime and nighttime data. The
daytime and nocturnal ICDR are shown in red and blue, respectively.
As presented in Figure 5a, with increasing AIn, the ICDR decreases
for both the daytime and nighttime, which agrees with the “Twomey
effect” (the first indirect effect of aerosols). The bins with small sample
weights in Figure 4 correspond to high uncertainties in the relation
between ICDR and AIn. For ice clouds in the daytime, the ICDR
decreases by approximately 14%, from 32.1 to 27.9 μm, as the AIn varies
from 0.05 to 0.17. In contrast, the nocturnal ICDR shows stability, with
an almost constant value of approximately 25 μm in all of the AIn bins.
Figure 5b shows the ICDR averaged over the constant bin of AIn ran-
ging from 0.05 to 0.28 (by a step of 0.01) on the log‐log scale. The impact
of aerosols on the ICDR can be quantified by the linear regression slope
of the ICDR‐AIn relationship on a log‐log scale. The logarithmic rela-
tionships between ICDR and AIn for daytime and nighttime are nearly
linear. In the daytime, the ICDR shows a sensitive response to AIn,
which is expressed by the best fit slope of −0.14. However, a less sensi-
tive response (−0.004) is found at night. Overall, the effect of aerosols
on ICDR in the daytime is more pronounced than that of aerosols on
ICDR in the nighttime.

Figure 6 shows the relation between the IWP averaged over the TP and the
AIn. As shown in Figure 6a, the daytime IWP decreases slightly (from 255
to 216 g/m2) as the AIn increases from 0.05 to 0.17, showing little depen-
dence on the AIn. The linear slope between the daytime IWP and AIn on
the log‐log scale is equal to−0.01 (Figure 6b). Such weak reduction of IWP
with increasing AIn is mainly due to the saturation effect, which has been
well recognized by previous satellite‐based aerosol‐cloud interaction
studies (Guo et al., 2017; Koren et al., 2014; Wang et al., 2015). Overall,
with increasing aerosol particles, the daytime IWP does not increase

indefinitely. As shown in Figure 6, the threshold of AIn in above saturation effect over the TP is 0.12.
When the AIn increases from 0.05 to 0.12, the daytime IWP indicates increase; however, it decreases as
the AIn increases from 0.12 to 0.17. The regression analyses show increase in daytime IWP at a slope
of 0.15 under low aerosol loading (AIn < 0.12), but decrease at a slope of −0.06 under high aerosol load-
ing (AIn > 0.12; figure omitted). Such saturation effect could be due to the feedback of intense vapor com-
petitions of aerosol particles under the high aerosol concentration circumstances and the evaporation of
small cloud particles associated with more aerosols (Wang et al., 2015). Otherwise, the nocturnal IWP
increases significantly (Figure 6a), and the linear slope of the IWP‐AIn relationship is equal to 0.29 on
the log‐log scale (Figure 6b). Compared with the ICDR‐AIn relationship, the aerosol effect on the IWP
in the nighttime is more pronounced than that in the daytime. As illustrated above, the linear slopes
of the daytime ICDR‐AIn and IWP‐AIn are −0.14 and −0.01, respectively, on the log‐log scale. Based
on equation (5), the ICOD response to the increase in aerosols can be estimated by the ICDR and IWP.
The ICOD‐AI relationship may be positive or negative. As shown in Figure 7a, the variations in the day-
time and nocturnal ICOD values are completely opposite. The ICOD is strongly dependent on the AIn in
the daytime and nighttime. Figure 7b shows that the linear slope of daytime ICOD with AIn is −0.16 on
the log‐log scale. In the nighttime, the linear slope is equal to 0.13. In addition, Figure 7 indicates that the
magnitudes of ICOD variations during the daytime and nighttime are comparable, which suggests that
the aerosol effects on ICOD during the daytime and nighttime have a similar order of magnitude.
Meanwhile, similar to the daytime IWP (Figure 6), the saturation effect is also found in the daytime
ICOD with the change of aerosol. When the AIn increases from 0.05 to 0.12, the daytime ICOD decreases
significantly and reaches saturation at AIn = 0.12. The regression analyses show decrease in daytime

Figure 5. (a) Monthly mean ICDR values for constant bins of the AIn for
daytime (red) and nighttime (blue). Error bars represent the
confidence levels of the mean values, assuming independent data. Errors
are calculated as s/(n− 2)1/2, where n is the sample number of cloud droplet
radius measurements within the bin and s is the standard deviation. (b)
Monthly mean ice cloud particle radius values for constant bins of the AIn at
the log‐log scale. Asterisk indicates that the correlation is significant at the
90% confidence level. The AIn is calculated by the data of AOD and AE
derived from MERRA‐2, and ICDR is derived from CERES product.
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ICOD at slope of −0.201 under low aerosol condition (AIn < 0.12) but a
stable variation at a slope of −0.06 under high aerosol condition (AIn >
0.12; figure omitted).

4.3. Aerosol EffectWith theMeteorological Influence Screened Off

In addition to the aerosol effects, the meteorological condition can also
cause large‐scale cloud changes. For example, cloud properties are usually
correlated with the relative humidity and large‐scale vertical velocity (Fan
et al., 2007). To eliminate the influence of meteorological factors, the par-
tial correlation coefficients between the AIn and ice cloud parameters are
calculated. The partial correlation is defined as the correlation between
two variables calculated without the influence of other variables. In this
way, the influence of other variables can be removed. Here the tempera-
ture, pressure, humidity, and wind field are considered. The details of
the meteorological factors are listed in Table 1.

Total and partial correlations between the AIn and ice cloud parameters
over the TP are shown in Figure 8. When the signs of total and partial cor-
relation coefficients are consistent, the correlations between AIn and
cloud parameters are dominant, and the meteorological effect can be
neglected. Conversely, if the sign of the partial correlation coefficient is
inconsistent with the total correlation, the effect of the meteorological
factor is significant. As shown in Figure 8a, the sign of partial correlation
between the AIn and daytime ICDR, considering each meteorological
factor, is consistent with the total correlation and significant above the
90% confidence level, which suggests that the meteorological condition
is not dominant in influencing daytime ICDR. Similar to daytime ICDR,
meteorological factors do not have a dominant influence on the relation-
ship between the AIn and nocturnal IWP/ICOD (Figures 8b and 8c). In
addition, regarding the correlation between the AIn and nocturnal
ICDR, the total correlation and most of the partial correlations are not
significant above the 90% confidence level. Furthermore, except for U
and w, the aerosol effect on the daytime ICOD is dominant over the effect
of meteorological factors. Overall, although the meteorological conditions
may affect cloud parameters to some degree, aerosols have a dominant
effect on the daytime ICDR, nocturnal IWP, and ICOD. However, the
impact of meteorological conditions on the nocturnal ICDR and
daytime IWP dominates the aerosol effect. Combined with Figure 8 and
Figures 5–7, these results suggest that aerosols dominantly affect ice
clouds, except for the nocturnal ICDR and daytime IWP.

Meanwhile, as given in Figure 8a, the daytime ICDR has negative relation-
ships both with AIn and meteorological variables, which confuses the
attributions of aerosol and meteorological variables to the changes in ice
cloud properties. Further analysis on the total correlation coefficients
betweenAIn and ICDRparameters and partial correlations after screening
off the influence of 16 meteorological variables under the low (AIn < 0.12)
and high (AIn > 0.12) aerosol loading is performed. As illustrated in
Figure 9, under the low aerosol concentration (AIn < 0.12), the aerosol
effect on the daytime ICDR indicates more significant than those of
meteorological factors. With the increase of aerosol (AIn > 0.12), the U
component of wind field partially affects the ICDR, although the partial
correlations are not significant at the 90% confidence level. Thus, the
daytime ICDR variation is dominantly attributable to the aerosol.Figure 7. Same as in Figure 5 but for the ICOD.

Figure 6. Same as in Figure 5 but for the IWP.
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Figure 8. Total correlation coefficients (green shadow) between AIn and ice cloud property parameters and partial corre-
lations after the influence of 16 meteorological factors over the TP had been screened individually. Red and blue represent
the correlation coefficients during daytime and nighttime, respectively. The x axis indicates the screened meteorological
factors. Each bar with oblique lines indicates that the correlation coefficient is significant above the 90% confidence level.
The AIn is calculated by the data of AOD and AE derived fromMERRA‐2, andmeteorological factors are also derived from
MERRA‐2. ICDR and ICOD are derived from CERES product.

Table 1
Details of the Meteorological Factors in This Study

Abbreviation Full name Abbreviation Full name

U_400 U component of winds at 400 hPa RH_400 Relative humidity at 400 hPa
U_300 U component of winds at 300 hPa RH_300 Relative humidity at 300 hPa
U_200 U component of winds at 200 hPa RH_200 Relative humidity at 200 hPa
V_400 V component of winds at 400 hPa Temp_400 Temperature at 400 hPa
V_300 V component of winds at 300 hPa Temp_300 Temperature at 300 hPa
V_200 V component of winds at 200 hPa Temp_200 Temperature at 200 hPa
w_400 Vertical velocity at 400 hPa P_sfc Surface pressure
w_300 Vertical velocity at 300 hPa
w_200 Vertical velocity at 200 hPa
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5. Conclusion and Discussion

The effects of aerosols on ice cloud properties in the daytime and nighttime over the TP were investigated in
this study. We found that ice clouds are mainly distributed over the margin areas of the plateau. The AIn
gradually increases from south to north over the TP, with a minimum (0.01) over the southern margin
and a maximum (0.62) over the northern margin. Further analysis indicated that aerosol‐ice_clouds appear
more frequently over the margin area of the plateau than over the central TP.

The cloud property responses to increases in the AIn over the TP were investigated further. The daytime
ICDR decreases from 32.1 to 27.9 μm when the AIn increases from 0.05 to 0.17. Otherwise, the nighttime
ICDR remains nearly constant, with a value close to 25 μm for all AIn bins. The daytime IWP decreases
slightly with increasing AIn, which implies that daytime IWP is not dependent on the AIn. In contrast,
the nocturnal IWP increases significantly with increasing AIn. In other words, the aerosol effect on the noc-
turnal IWP is more pronounced than that on the diurnal IWP. Furthermore, reverse variations in the day-
time and nocturnal ICODs with increasing AIn are found. In addition, the ICOD variation magnitudes
during the daytime and nighttime, with AIn values ranging from 0.05 to 0.17, are comparable. Especially,
the saturation effect could be found in daytime IWP and ICOD. Although the above results provide some
evidence about the relationship between aerosol and cloud properties, the effects of meteorological factors
on cloud properties cannot be excluded. By calculating the partial correlation coefficient between the AIn
and cloud parameters after screening off the influence of meteorological factors individually, it was found
that the aerosol factor has a dominant role in influencing the daytime ICDR, nocturnal IWP, and ICOD over
the meteorological factors.

In addition to influencing cloud properties, aerosols can affect the radiation budget and impact the vertical
motions of the atmosphere and cloud development. As reported by previous studies (Huang et al., 2007; Jia
et al., 2015), dust is the dominant aerosol type over the TP because the TP is located at the junction of several
dust sources, including the Taklimakan desert, Gurbantunggut desert, and Great Indian Thar desert. The

Figure 9. Same as in Figure 8a but for low (AIn < 0.12) and high (AIn > 0.12) aerosol conditions. The bar with oblique
lines indicates that the correlation coefficient is significant above the 90% confidence level. The AIn is calculated by the
data of AOD and AE derived from MERRA‐2, meteorological factors are derived from MERRA‐2, and ICDR is derived
from CERES product.
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absorption feature of transported dust may contribute to atmospheric heating and surface cooling (Jia et al.,
2018) and significantly accelerate snow melting and the vertical thermal structure over the TP (Lau et al.,
2010; Wu et al., 2002, 2006). Due to surface cooling and heating in the atmosphere induced by dust aerosols,
the stability of the atmosphere is enhanced, causing an accumulation of dust particles in the atmosphere and
influencing the development of clouds. The heating effect due to dust aerosols makes supersaturation
and cloud development difficult; additionally, heating may contribute to cloud dissipation by the
evaporation process (Fan et al., 2008). Especially, a much more significant effect of dust aerosol on the
shortwave radiation than the longwave radiation has been found (Jia et al., 2015), which implies a more
obvious heating effect due to the daytime dust aerosol than that of the nighttime. During the daytime,
due to the heating effect of dust aerosol, an enhanced evaporation of the cloud particles could be induced,
providing dust aerosol with more water vapor in nucleation process. With the increase in dust aerosol,
the competition for the water vapor is intensified, resulting in a more significant decrease of daytime
ICDR. Consequently, the daytime IWP responds quickly to the increase in dust aerosol, showing a
significant increase and a saturation effect as the dust aerosol increases to a threshold (AIn = 0.12).
Finally, the changes in ICDR and IWP commonly lead to the change in ICOD and saturation effect.
On the contrary, in the nighttime, under a relative stable water vapor environment relating to a less
heating effect of dust aerosol, the ICDR remains stable, leading to different changes in IWP and ICOD
from the daytime ones. Therefore, aerosols affect cloud features through not only microphysical but also
dynamic processes.

Although satellite observations provide valuable information on the relationship between aerosol and ice
cloud properties over the TP, some uncertainties related to the observations and retrieval algorithms remain.
The retrieval algorithm of GEO/MODIS products may be part of the reason for the discrepancy between
daytime and nighttime cloud properties. The daytime cloud properties of MODIS and GEO are retrieved
from both visible and infrared bands, while the nocturnal cloud properties are retrieved from infrared bands
only. It is very difficult to obtain accurate optical depths for thick clouds using infrared channels only.
Moreover, compared with the more reliable daytime retrievals, the nocturnal ICF and IWP are underesti-
mated. The difference between the ice cloud properties from GEO and MODIS may be partially caused by
diurnal variations. However, since the current climate model cannot provide sufficient evidence on compre-
hensive ice core effects with the cloud resolving scheme, satellite observations at present provide amethod to
understand aerosol effects on ice clouds.

In conclusion, regarding the aerosol effect on ice cloud properties over the TP, although some interesting
phenomena were obtained from satellite observations, huge uncertainties remain. It is urgent to reveal
the nature of the aerosol‐cloud relationship in future studies via a comprehensive investigation combining
high‐resolution model simulations and reliable observations over the TP.
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