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Abstract  The aerosol effect on clouds was explored 
using remote sensing of aerosol and cloud data at 
Shouxian, China. Non-precipitation, ice-free, and overcast 
clouds were firstly chosen by a combination of sky im-
ages from the Total Sky Imager (TSI), cloud base heights 
from the Ceilometer, and vertical temperature profiles 
from the Balloon-Borne Sounding System (BBSS). Six 
cases were chosen in summer, and seven in autumn. The 
averaged cloud effective radii (re), cloud optical depth 
(COD), aerosol total light scattering coefficient (σ), and 
liquid water path (LWP) are, respectivey, 6.47 μm, 35.4, 
595.9 mm1, 0.19 mm in summer, and 6.07 μm, 96.0, 
471.7 mm1, 0.37 mm in autumn. The correlation coeffi-
cient between re and σ was found to change from negative 
to positive value as LWP increases. 
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1  Introduction  

Aerosol affects climate indirectly by changing cloud 
properties. Higher aerosol loading results in smaller cloud 
effective radii and larger cloud albedo if the liquid water 
path (LWP) remains stable, which is called the first aero-
sol indirect effect (Twomey, 1977). In addition, the de-
creased cloud-drop effective radius may suppress precipi-
tation and prolong cloud lifetime, which is called the 
second indirect effect of aerosol (Albrecht, 1989; Rama-
nathan et al., 2001). In convective clouds, the smaller 
cloud droplets freeze at higher altitude above cloud base, 
releasing latent heat higher up in the atmosphere, and 
potentially invigorating updrafts. This thermodynamic 
effect may lead to a greater warm cloud greenhouse effect 
(Devasthale et al., 2005; Koren et al., 2005).  

Many observations and modeling efforts have been 
made to examine the first indirect effect of aerosol on 
both ice and warm clouds. For ice clouds, Jiang et al. 
(2008) found suppressed precipitation and reduced cloud 
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effective radius associated with polluted ice clouds during 
the dry season in South America, when the aerosol optical 
depth observed by Moderate Resolution Imaging Spec-
troradiometer (MODIS) is highly correlated with carbon 
monoxide (CO) concentrations observed by the Micro-
wave Limb Sounder (MLS) on the Aura Satellite. Alterna-
tively, Chylek et al. (2006) analyzed MODIS data and 
found that ice particles in clouds over the Indian Ocean 
shifted towards larger size with increased regional pollu-
tion during winter. Using the same dataset, Massie et al. 
(2007) concluded that the size of liquid droplets decreased 
with an increase in aerosol optical depth while ice parti-
cles exhibited little change in size. The controversial re-
sults obtained by Chylek et al. (2006) and Massie et al. 
(2007) are likely associated with differences in updraft 
velocity because the number of ice particles that are nu-
cleated is proportional to the updraft velocity (Kärcher 
and Lohmann, 2003). 

Min and Harrison (1996) proposed an algorithm to re-
trieve warm cloud optical properties from the ground- 
based solar spectral measurements. Using this algorithm, 
Kim et al. (2003) and Feingold et al. (2003) have showed 
weak negative correlation between warm cloud effective 
radii and aerosol light scattering coefficients at the U.S. 
Southern Great Plains in 2000. The negative correlation 
was observed by satellites in South America (Menon and 
Rotstayn, 2006) and over the ocean (Nakajima et al., 2001; 
Kaufman et al., 2005). However, some positive correla-
tions were presented along the coasts of South China and 
Mexico (Yuan et al., 2008). The uncertainties in the cor-
relation between aerosol loading and warm cloud proper-
ties may result from uncertainties in geographical condi-
tions, time periods, and other influential factors such as 
cloud and aerosol vertical profile (Costantino and Bréon, 
2010), aerosol chemical composition (Han et al., 1994), 
aerosol size distribution (Rosenfeld et al., 2008), cloud 
geometric thickness (Pandithurai et al., 2009), vertical 
wind shear (Kim et al., 2003), convergence (Mauger and 
Norris, 2007), and adiabaticity (Kim et al., 2008). 

Several investigations on aerosol indirect effects The 
experiments at the SGP are still doing, so I should use the 
form conducted in South America and the Southern Great 
Plains. However, the aerosol indirect effects may show  
unique characteristics in China, especially in Southeast 
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China, where the East Asian Monsoon dominates and 
emissions from anthropogenic (e.g., sulfate, nitrate, soot) 
and natural (e.g., dust) sources form heavy aerosol load-
ing (Qiu, 2009). To monitor this area of China, Atmos-
pheric Radiation Measurement (ARM) mobile facilities 
were installed at Shouxian, Anhui Province, from May to 
December 2008. In this paper, we investigate aerosol ef-
fects on cloud properties such as optical depth and effec-
tive radius using the integrated measurement data.  

2  The Aerosol and cloud data and methodology 

ARM facilities were deployed during May to Decem-
ber 2008, at Shouxian, China (32.56°N, 116.78°E, 22.7 
meters above the sea level). One of major the objective is 
to study the aerosol-cloud interactions. The measurements 
of surface irradiances, LWP, the light scattering coeffi-
cient of aerosols, and cloud base height were carried out 
in the campaign. The spectral total-horizontal, diffuse- 
horizontal, and direct-normal irradiances were measured 
every 20 seconds at wavelengths of 415, 500, 610, 665, 
862, and 940 nm by a Multi-Filter Rotating Shadowband 
Radiometer (MFRSR). The total LWP was also measured 
every 20 s by a microwave radiometer (MWR), a passive 
instrument that measures column integrated water vapor 
and liquid water based on microwave emissions of at-
mospheric water vapor and liquid water molecules at 23.8 
GHz and 31.4 GHz. Typical uncertainties in the column 
integrated liquid water are 0.02 mm (20 g m2) (Pan-
dithurai et al., 2009). The aerosol total light scattering 
coefficients (σ) were measured by the nephelometer 
(Model 3563) at 450, 550, and 700 nm in the Aerosol 
Observing System. Because σ at three wavelengths varies 
little with time, we used the σ at 450 nm here, however, 
the 450-nm σ value is also the largest. Lastly, the cloud 
base height were collected by the Ceilometer. 

The first aerosol indirect effect estimate is based on 
changes in cloud effective radius (re) and cloud optical 
depth (COD) for change in aerosol loading. We substi-
tuted σ for cloud condensation nuclei (CCN), since the 
correlation between σ and CCN is as high as 0.98 (Pan-
dithurai et al., 2009). Using a nonlinear retrieval based on 
an adjoint method of radiative transfer developed by Min 
and Harrison (1996), the re and COD were retrieved from 
irradiance data measured by MFRSR and LWP data meas- 
ured by MWR. Appling to non-precipitate, ice-free, and 
overcast clouds, this method first calculated atmospheric 
transmittance as the ratio of the surface total-horizontal 
irradiances at 415 nm to the irradiance at the top of the 
atmosphere (TOA). Langley regression of the direct- 
normal irradiance taken on clear stable days was used to 
extrapolate the instrument’s response to the TOA (Min 
and Harrison, 1996; Harrison and Michalsky, 1994), and 
was then applied to the total-horizontal irradiance. The 
surface albedo can be obtained from the direct-to-diffuse 
irradiance ratios available from the MFRSR on cloud-free 
days. Then the COD is obtained using the calculated at-
mospheric transmittance and surface albedo by a Non- 
linear Least Squares Method. The re is retrieved by at-

mospheric transmittance and LWP based on an adjoint 
method (Min et al., 2003; Duan and Min, 2005). The 
evaluation against the airborne in situ measurements 
showed that the retrieved re agreed well with the observa-
tions within an error of 5.5% (Min et al., 2003). 

To separate the non-precipitation, ice-free, and over-
cast clouds from others, we carried out a combined analy-
sis of sky images observed every minute by the Total Sky 
Imager (TSI), cloud base heights measured every 15 s by 
Ceilometer, and vertical temperature profiles four times a 
day by the Balloon-Borne Sounding System (BBSS). First, 
the overcast, non-precipitation clouds were selected by 
checking the sky images recorded by TSI. Second, the 
droplet phases of the selected cloud were estimated to 
distinguish warm (liquid) cloud further from all other 
clouds. In previous studies, the cloud droplet phase was 
determined by cloud radar or cloud top temperature from 
satellite (Feingold et al., 2003), however we estimated the 
cloud droplet phases with observed cloud base height and 
temperature profiles observed by BBSS. Observations 
indicate that the average geometric height of cloud is 
about 0.9–2 km (Li et al., 2009), and as a result, we des-
ignated warm clouds by cloud base heights at least 2 km 
lower than 0C atmosphere layer. With these two criteria, 
we selected six days in summer and seven days in autumn 
for investigation in this study, obtaining an average dis-
tance between measured cloud base and 0C atmosphere 
layer of 3.5 km.  

3  Results 

3.1  Case study 

Using a five minute average across all parameters, Fig. 
1 shows the measured cloud base heights (Fig. 1a), the 
retrieved COD and the measured LWP (Fig. 1b), the re-
trieved re (Fig. 1c), and the measured σ (Fig. 1d) on 27 
June 2008. The cloud base height is approximately 500 m 
(Fig. 1a). The balloon measurements show that cloud base 
height 3.5 km lower than the 0C atmosphere layer and 
indicate observed clouds primarily composed of water 
droplets rather than ice nuclei. The sky images from TSI 
also support this judgment by showing non-precipitation, 
overcast cloud throughout the day. 

As seen in Fig. 1b, the COD and LWP yield a positive 
correlation coefficient of 0.58 (at 99.9% significance 
level), close to the estimate of 0.63 in Kim et al. (2003). 
This is also supported by the empirical relation proposed 
by Hansen and Travis (1974): 
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where ρw is the density of liquid water, h is cloud thick-
ness, τ is the COD, which is dependent on the liquid water 
content qL (g m3) and re (µm), and qL is associated with 
LWP (g m2, 1 kg m2 = 1 mm) by 
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The re also affects COD, especially when LWP is 



NO. 2 TANG ET AL.: AEROSOL INDIRECT EFFECT AT SHOUXIAN 67 

 

 
 

Figure 1  (a) Cloud base altitude (Alt) measured by the Ceilometer at ground level (dotted line) and the altitude at which the temperature are 4C 
measured by balloon (asterisks); (b) the retrieved COD (squares) and the liquid water path (LWP, dotted line); (c) the retrieved cloud effective radius; 
and (d) the observed aerosol extinction coefficient. 

 
nearly constant according to Eq. (1). The LWP for the 
chosen case was about 0.01–0.12 mm from 1030 to 1740 
LST. During this time period, the variation of COD was 
negatively correlated with that of re (Fig. 1c), and the 
correlation coefficient was –0.47 (at 99.9% significance 
level). This relationship remains consistent with Eq. (1) 
and indicates that the increase in cloud effective radii may 
decrease the scattering capability of cloud droplets and 
lead to a reduction in COD.  

Increased re (Fig. 1c) may be explained by the decrease 
in aerosol concentration proportional to the σ in Fig. 1d. 
When the LWP is nearly constant, the higher density of 
aerosol particles, the more available cloud nucleus com-
peting for limited water supply, leading to an increase in 
the number of cloud droplets while a decrease in the cloud 
effective radii (Twomey, 1977). The calculated correlation 
coefficient between σ and re is –0.49 (at 99.9% signifi-
cance level). Additionally, Feingold et al. (2003) quanti-
fied the aerosol indirect effect by IE, which is defined as 
the negative of the slope of log re over log σ: 

IE = d log re/d log            (3) 
For homogeneous clouds and constant LWP, a typical 

value for IE is between 0 and 0.33 (Feingold et al., 2003); 
an IE of zero may suggest no influence of aerosol loading 
on re, whereas a value of 0.33 would indicate linear pro-
portionality between aerosol number concentration and 
cloud droplet number concentration. For the data set from 
1030 to 1740 LST on 27 June 2008, we obtained an IE of 
0.32.  

3.2  Dependence of the relation between aerosol and 
cloud on the LWP  

Six and seven cases of non-precipitation warm clouds 

were selected in summer (days between July and August) 
and in autumn (days between September and October), 
respectively. Summer average values for re, COD, σ, and 
LWP were 6.47 µm, 35.4, 595.9 mm–1, and 0.19 mm, and 
autumn average values were 6.07 µm, 96.0, 471.7 mm–1, 
and 0.37 mm. Possibly due to more frequent precipitation, 
LWP in summer is smaller than in autumn. We investi-
gated the first indirect effect of aerosol on warm cloud 
using the correlation between re and σ. As Fig. 2 shows, 
when LWP is between 0–0.2 mm and 0.35–0.55, the cor-
relation coefficients between re and σ are –0.5 and 0.6, 
respectively. To further examine the dependence of the 
relation between re and σ on the LWP, we divided the total 
LWP in a range of 15 subintervals from 0 to 0.9 mm with 
widths of 0.2 mm and midpoint values increasing from 
0.1 to 0.8 mm with 0.05 mm steps. Within each subinter-
val, we calculate the correlation coefficient between re and 
σ (Fig. 3). In summer (Fig. 3a) and autumn (Fig. 3b), the 
correlation coefficients between re and σ vary from nega-
tive to positive as LWP increases. When average LWP of 
subinterval is lower than 0.2 mm, the σ is negatively cor-
related with re, indicating that aerosol particles compete 
for limited water content and the cloud water droplet can 
not increase to a large size if the particle number is high. 
Alternatively, when LWP is higher than 0.2 mm, the cor-
relation becomes positive, indicating that enough water 
supply and frequent collision or coalescence may help 
increase the size of cloud droplets if the aerosol particles 
are abundant. Although the number of samples within 
some intervals in summer is smaller than 40, as seen in 
the blue points in Fig. 3a, the changing correlations be-
tween re and σ along with LWP show similar tendency as 
that in autumn (Fig. 3b). This interesting phenomenon 
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reveals the complexity of aerosol indirect effects. 

3.3  Distributions of cloud and aerosol properties 

As described in 3.1 and 3.2, the cloud properties are 
influenced by aerosol loading and LWP. To further verify 
the result, we analyzed the distributions of the cloud and 
aerosol properties. The total ranges of values of re, COD, 
σ, and LWP in different seasons are divided into 20 bins, 
the average value at each bin is shown in Fig. 4. The bars  

in Figs. 4a–d show the distributions of the re, COD, σ, and 
LWP respectively, in summer, with Figs. 4e–h displaying 
autumn results. All four parameters show peak probability 
density (PPD): re, COD, σ, and LWP appear at 2.67 μm, 
14, 961.7 mm–1, and 0.03 mm in summer and at 4.04 μm, 
113.88, 189.7 mm–1, and 0.49 mm in autumn. The PPD of 
COD and re in autumn is much larger than in summer, a 
possible attribute of the large PPD of LWP and small PPD 
of σ in autumn. 

 

 
 

Figure 2  The correlation between σ and re in autumn when the LWP is around 0.05–0.25 and 0.35–0.55 in Figs. 2a and 2b, respectively. In the fig-
ure, n is the number of data, r is the correlation coefficient between σ and re. 

 

 
 
Figure 3  Correlation coefficients between re and σ at different LWP subintervals in (a) summer and (b) autumn. Points indicate that the correlation 
coefficients pass the 95% significance test, while asterisks indicate that they do not pass. The blue dots and stars show that the number in each interval 
is less than 40, while the red dots show those greater than 40. 

 

 
 

Figure 4  The distribution of (a) re (µm), (b) COD, (c) σ (mm–1), and (d) LWP (mm) in summer. (e)–(h) are the same as (a)–(d) but for the cases in 
autumn. 
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4  Conclusions and discussion 

This study presents the analysis of aerosol first indirect 
effect in terms of correlation between aerosol and cloud 
effective radius and cloud optical depth in non-precipita-   
tion, ice-free, and overcast clouds. The result shows that 
both the dependence of the re and COD on aerosol load-
ing may be influenced by the magnitude of LWP. The 
correlation coefficient between re and σ varies from nega-
tive to positive value as LWP increases. 

Our results may be influenced by following factors not 
considered in this paper. First, the aerosol extinction coef-
ficient we used here was obtained on the ground level and 
it may be different from the value at the base of cloud 
layer. Secondly, the cloud macro and micro properties are 
more or less dependent on atmospheric dynamics (Kauf-
man et al., 2005; Mauger and Norris, 2007), which is not 
ruled out in this work. Finally, the aerosol indirect effect 
may also be affected by the vertical profile of the aerosol, 
the types of aerosol, and the aerosol chemical composi-
tion (Han et al., 1994). As a result, additional comprehen-
sive investigations are needed to understand the aero-
sol-cloud interaction.  
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