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HIGHLIGHTS

o We studied the first aerosol indirect effect over Eastern China.

e Twomey effect was observed over ocean.

e Positive correlations between aerosol optical depth and cloud effective radius were found over land for most seasons.
e We attributed the positive effect to the associated changes in relative humidity and wind fields.
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Correlations between water cloud effective radius (CER) and aerosol optical depth (AOD) from the
Moderate Resolution Imaging Spectroradiometer (MODIS) are examined over seven sub-regions in
Eastern China for 2003—2012. Water phase cloud is defined as having a cloud top pressure greater than
800 hPa. Significant negative correlation coefficients (r = —0.79 ~ —0.94) between AOD and CER are
derived over the East Sea and the South China Sea for grid cells with AOD < 0.3. However, positive
correlations (r = 0.01—0.91) are calculated for cells with AOD > 0.3. In contrast, significant positive
correlations (r = 0.67—0.95) are derived over the Eastern China mainland and Yellow Sea. Further
analysis for North China Plain shows that variations in wind speed and relative humidity may account for
such positive correlations. Southerly winds carry high levels of pollutants and abundant water vapor,
resulting in coincident increases in both AOD and CER in North China Plain, while the northerly winds
transport dry and clean air from high latitudes, leading to decreases in AOD and CER. Both processes
contribute to the positive correlations between AOD and CER over Eastern China, suggesting that the
influence of background weather conditions need to be considered when studying the interactions be-
tween aerosol and cloud.
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indirect effect (FAIE) or Twomey effect (Twomey, 1977; Breon et al.,
2002; Feingold et al., 2003). Satellite measurements can provide

1. Introduction

By acting as cloud condensation nuclei (CCN), aerosol particles
increase cloud droplet number concentration (Ramanathan et al.,
2001; Andreae, 2009), limit cloud droplet size at constant liquid
water path, and increase cloud albedo; termed the first aerosol
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global observations for statistical studies of the relationships be-
tween aerosol and cloud properties. The slopes of correlation
analysis evaluated for some parameters have shown some skill in
representing the magnitude of FAIE (Nakajima et al., 2001; Feingold
etal., 2001; Breon et al., 2002; Sekiguchi et al., 2003; Kaufman et al.,
2005; Huang et al.,, 2006). Uncertainties in the characterization
of FAIE include measurement biases and factors such as the size
distribution, chemical composition, and mixing state of aerosol
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Table 1

Previous studies of the first aerosol indirect effect (FAIE) based on satellite data. IE
(unitless) refers to the indirect effect and is the slope of the cloud effective radius
(CER) to aerosol index (Al) or to aerosol optical depth (AOD). RF is the estimated
radiative forcing due to IE at the top of atmosphere. Na is particle number, and Nc is
cloud droplet number.

Reference Instrument Parameter Region Result
Nakajima et al., AVHRR CER, Al Global RF=-0.7
2001 ocean  to —1.7 W m2
IE =0.17
Feingold et al., AVHRR CER, AOD Amazon IE = 0.12-0.38
2001
Breon et al., 2002 POLDER CER, AOD, Al Global IE = —0.085 W m 2
ocean
Sekiguchi et al., AVHRR CER, Na Global RF= -0.6
2003 POLDER to —1.2 Wm™2
Kaufman et al., MODIS CER, AOD Atlantic ACER = 10%—30%
2005
Yuan et al,, 2008  MODIS CER, AOD China, IE = -2.73-2.03
Mexico
Costantino and MODIS Vertical Angola IE = -0.03 to —-0.15
Breon, 2013 CALIPSO profiles coast
Lohmann and POLDER  CER, Al Global RF = -0.85W m2
Lesins, 2002
Quaas et al,, 2006 MODIS CER, AOD, Global RF=-0.3
POLDER Al to —0.5W m™2
Penner et al.,, 2012 MODIS Nc, Al TOA North RF=-1.8
CERES fluxes Pacific to-22Wm™
Ocean

particles, as well as meteorological conditions (Lohmann and
Feichter, 2005; Mauger and Norris, 2007). To date, few studies of
FAIE using satellite data have been performed over China, where air
pollution is heavy and the meteorological environment is complex
due to the Asian monsoon (Sekiguchi et al., 2003; Yuan et al., 2008).
In this work, FAIE is investigated, and the influence of meteoro-
logical conditions is analyzed over seven sub-sectors of Eastern
China and the surrounding waters using aerosol and cloud prop-
erties observed by the Moderate Resolution Imaging Spectroradi-
ometer (MODIS) and meteorological variables from the European
Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis.

An array of approaches has been used to retrieve aerosol and
cloud properties from observations. For example, aerosol number
concentrations can be measured directly by instruments onboard
aircraft (Warner and Twomey, 1967; Andreae et al., 2004) or esti-
mated using aerosol scattering coefficients measured from the
ground (Feingold et al., 2003). They may also be represented by
column integrated aerosol optical depth (AOD) or aerosol index (Al)
measured by satellites (Nakajima et al., 2001; Breon et al., 2002;
Kaufman et al., 2005; Huang et al., 2006). Compared with the
former two approaches, satellite observations provide a large
sample size with high coverage in both space and time, and as a
result are more applicable to estimate FAIE on global or regional
scales, as outlined in Table 1. In these studies, negative correlations
between AOD and cloud effective radius (CER) have been found
over oceans (Nakajima et al., 2001; Breon et al., 2002; Kaufman
et al., 2005), and positive correlations have been observed over
China, the Gulf of Mexico and the Mediterranean Sea (Sekiguchi
et al., 2003; Myhre et al.,, 2007; Yuan et al., 2008). The relation-
ships of aerosol and cloud derived from satellite measurements can
be used to constrain climate model simulation and decrease un-
certainty of FAIE by a factor of two (Lohmann and Lesins, 2002;
Quaas et al., 2006; Penner et al., 2012).

Quantifying FAIE is very uncertain because it is associated with
both physical and chemical properties as well as the mixing state of
aerosol particles (Nenes et al., 2002; Chen and Penner, 2005; Dusek
et al,, 2006; Wang et al., 2008), vertical distributions of aerosol and
cloud (Costantino and Breon, 2013), and meteorological conditions

like relative humidity (RH), wind fields, updraft velocity and lower
troposphere static stability (Loeb and Schuster, 2008; Kaufman
et al., 2005; Mauger and Norris, 2007; Koren et al., 2010; Wang
et al,, 2010). For example, large-scale low-level convergence in-
creases cloudiness as well as aerosol number concentration, and
relative humidity enhances cloud droplet growth and deliques-
cence (Mauger and Norris, 2007; Koren et al., 2010). Such effects of
meteorology are important, but difficult to isolate from broad ob-
servations, like those from satellite.

Pollution in China is characterized by a wide variety of chemical
compositions and is influenced by the Asian monsoon, especially in
the eastern part of the country (Ding and Chan, 2005; Hu and Ding,
2010; Zhang et al., 2012). Sekiguchi et al. (2003) demonstrated a
positive correlation between CER and Al from Polarization and
Directionality of the Earth’s Reflectances (POLDER) measurements
in a 17.5° x 17.5° grid in China. Yuan et al. (2008) confirmed this
phenomenon using AOD and CER from MODIS. Using a model
simulation, they attributed the positive FAIE over the Gulf region to
the influence of slightly soluble organic aerosols and sea salt
aerosols, which accounts for higher AOD but delays the activation
of small aerosol particles that results in higher CCN and lower CER.
However, more detailed analysis is required to explain positive FAIE
in China, because previous studies covered a large domain char-
acterized by complex aerosol compositions and varying meteoro-
logical conditions, which together may affect the seasonality of
cloud systems, aerosol hygroscopic growth, and their correlations.

In this study, FAIE over Eastern China and surrounding waters
are examined using aerosol and cloud retrievals from MODIS and
meteorological parameters from reanalysis data and in situ mea-
surements. Eastern China is divided into seven sub-sectors with
relatively common aerosol properties and meteorological condi-
tions. Coefficients and slopes of the correlation between AOD and
low-level liquid cloud effective radius with cloud-top pressure
(CTP) greater than 800 hPa are calculated for each region, and the
influences of winds and RH on correlations between AOD and CER
are analyzed. Datasets used in this study are introduced in Section
2. Results of the study and effects of atmospheric circulations are
described in Sections 3 and 4, respectively, and the conclusion and
discussion are presented in Section 5.

2. Data and methodology

Daily AOD, CER, and CTP observed by MODIS onboard the Aqua
satellite from 2003 to 2012 on 1° x 1° grids are used in this work.
For the retrieval of aerosol and cloud properties, MODIS identifies
the state of each pixel (clear or cloudy) based on spatial variability
(Ackerman et al., 1998). For clear pixels, two independent algo-
rithms are applied to retrieve aerosol properties: the Deep Blue
method over land using reflectances at 0.47, 0.66, and 2.13 um and
the dark target method over ocean using seven bands ranging from
0.47 to 2.13 pm (Remer et al., 2005). MODIS Level 2 AOD has a
footprint of 10 x 10 km and an overall uncertainty of +£0.05 + 0.15t
over land and +0.03 + 0.05 1 over ocean (Remer et al., 2005). The
Deep Blue algorithm decreases the influence of albedo effects over
bright surfaces, thus has high accuracy over land, except over dust
and snow surfaces. Thus, our target region does not include
Western China, which is desert in Xinjiang and frequently snow
covered on the Tibetan Plateau.

By comparison, MODIS retrieves cloud physical and optical
properties using 14 spectral bands. Cloud phase (water or ice) is
determined based on the distinct differences in absorption at
1.64 um between water and ice (King et al., 2003). CER is retrieved
at 1 x 1 km resolution using absorption at 2.13 pm in combination
with information from non-absorbing bands at 0.65, 0.86, and
1.24 pm over land, ocean, and ice surfaces (Platnick et al., 2003).
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Fig. 1. Regions of Eastern China and surrounding waters analyzed in this study:
Northeast China (NE), North China Plain (NCP), Middle China (MC), and South China
(SC), Yellow Sea (YS), East Sea (ES) and South China Sea (SS).

Cloud fraction (CF) and cloud-top properties are retrieved at
5 x 5 km resolution using the CO,-slicing algorithm (Menzel et al.,
2003). One of the advantages of the cloud retrieval method of
MODIS is that the liquid and ice phases can be distinguished to
separate warm and cold clouds. The disadvantage is that MODIS can
detect only irradiance reflected by clouds, and thus lacks any
effective vertical profiling capability.

With the MODIS algorithm for our study, limitations exist. First,
there is uncertainty when using AOD as an indicator of CCN because
AOD is related to both the number concentration and aerosol par-
ticle size distribution. Some studies have suggested that Al would
be better than AOD for representing CCN, because the former de-
creases the impact of aerosol particle size (Breon et al., 2002;
Penner et al., 2012). However, Al is calculated as AOD times the
Angstrom exponent, which has no significant correlation with ob-
servations from the Aerosol Radiation Network (AERONET) (Levy
et al., 2007, 2010). Additionally, a correlation coefficient of 0.98
has been found between AOD and CCN (Andreae, 2009). Recently,
AOD has been used at regional scale during a particular season,
when variation in aerosol particle size is assumed to be small
(Kaufman et al., 2005; Yuan et al., 2008; Koren et al., 2010).

Second, AOD is a column integrated parameter, which may not
represent aerosol information at cloud altitude. Costantino and
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Breon (2013) showed that FAIE estimated with MODIS is more
significant when cloud and aerosol are mixed than when decou-
pled. To limit this effect, we focus on low-level liquid clouds, re-
ported as water cloud phase by MODIS and lower than 2 km as
evidenced by CTP greater than 800 hPa. In addition, we use ob-
servations from the Aqua satellite, which passes at about 13:30
local time, when the top of the boundary layer is at about 2 km and
aerosol particles are generally well mixed (Del Guasta, 2002; Huang
et al., 2008; Campbell et al., 2013). To support this assumption, case
studies are explored based on MODIS level 2 data and meteoro-
logical parameters from special ground sites.

Third, CER are retrieved by irradiance reflected from cloud top,
which is dependent on cloud top height and may not represent the
average state. To check the possible impact from variations of cloud
top height, we binned the cloud top height and calculated corre-
lation between AOD and CER for each thin cloud layer.

Since it is difficult to isolate aerosol and cloud from the back-
ground meteorology, we divide Eastern China and the surrounding
waters into seven sub-sectors (Fig. 1): Northeast China (NE), North
China Plain (NCP), Middle China (MC), and South China (SC), as well
as three nearby waters: Yellow Sea (YS), East Sea (ES) and South
China Sea (SS). Aerosol chemical composition and meteorological
conditions can be considered to be similar in each sector. NCP, MC,
and SC are three major polluted regions, while NE is relatively less
polluted. MC is centered on the Yangtze River Delta area, and SC
includes most of the province of Guangdong and the Pearl River
Delta area (Xia, 2010; Zhang et al., 2012). The ocean sectors YS, ES
and SS can be affected by pollution through offshore advection.
Most of these sectors are affected by the Asian summer monsoon,
with a south-to-north shift of the rain belt that causes increased
precipitation over SC from May to mid-June, MC from mid-June to
mid-July, and the NCP and NE after July (Hu and Ding, 2010). These
regions are also affected by the Asian winter monsoon, which in-
duces strong north-westerly winds over NC and north-easterly
winds over the Southern China. These synoptic phenomena are
associated with the anti-cyclonic circulation of the surface Sibe-
rian—Mongolian High (Chang et al., 2004). Compared with north-
ern inland regions, SC and the adjacent ocean are more humid
during most seasons due to the Asian Monsoon (Ding and Chan,
2005).

The correlation coefficient between AOD and CER is calculated
for each sub-sector based on MODIS level 3 data from 2003 to 2012.
To investigate the possible reasons for the observed correlations,
this study explores the seasonality of correlations, impact of
meteorological factors, and case studies were explored based on
MODIS level 2 and level 3 data, daily precipitation observed at 756
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Fig. 2. Longitudinal dependence of aerosol optical depth (AOD) (a), and cloud effective radius (CER) (b) from 110° to 170°E. CER is shown for three intervals of AOD. The dots
represent 2003—2012 mean values averaged over 2-degree longitude bins between 33°and 40°N. Both AOD and CER are from MODIS Aqua level 3 daily mean data. The gray vertical

line in panel (b) represents the position of the coast.



J. Tang et al. / Atmospheric Environment 84 (2014) 244—253 247

AOD CER (um) RH (%)

" 0.8 a 16 h 80 p
W 0.4 13 50
0 10 20

o 1.4 b 16— 80 D
% 0.8 13 50
0.2 10 20
1.4 c 16 i 80
0.2 10 20

o 1.4 d 16 K 80 .
Bos__mg : 13 50
0.2 10 20

(/) 14 s 16 | 80 S
o8 annln 13 50
0.2 10 20

" 0.6 7 20 m 80 n
® 03 15 50
0 10 20
0.6 20 80

g n u

L T e T — T T
01357911 101357911 201357911
Month Month Month

Fig. 3. Monthly mean values of AOD, CER (um) and relative humidity (RH, %) over the seven regions of Eastern China. AOD and CER are from MODIS, as in Fig. 2. RH is from ECMWF

reanalysis data.

meteorological stations in China, and daily RH and wind speed at a
resolution of 1.5° x 1.5° from ECMWEF reanalysis during 2003—
2012. The topographic data from the National Geophysical Data
Center (NGDC) are also employed in the study. Each of the datasets
is interpolated or aggregated to a common 1° x 1° grid that
matches that of MODIS Level 3 data.

3. Results
3.1. Variation in CER with AOD over the North Pacific
The meridional mean of CER and AOD is calculated between

33°N and 40°N from 2003 to 2012, with resolution of 1° x 1°. The
average AOD peaks at 0.8 near 118°E between 110°E to 170°E

(Fig. 2a). For the open ocean, east of 140°E, AOD decreases from
prominent aerosol source region to relatively clean area with mean
AOD < 0.3.

According to the range of regional AOD, three types of pollution
conditions are defined: low (0—0.3), moderate (0.3—0.6), and high
(0.6—0.9). The meridional means of CER for the three AOD in-
tervals are shown in Fig. 2b. For the regions west of 140°E, CER
peaks at 14 pm near 118°E (Fig. 2b) and exhibits variation similar
to that in AOD. Over this land region, CER for high-pollution
conditions is 0.5—1 pum higher than that for relatively clean con-
ditions. For the regions east of 140°E, CER increases steadily from
12 to 16 um with longitude, a trend opposite to that of AOD. Over
this open-ocean region, CER for high-pollution conditions is 1—
2 pm smaller than that for relatively clean conditions. Kaufman
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Fig. 4. Correlations between CER and AOD over seven regions in Eastern China. Data are from MODIS, as in Fig. 2. Observations with cloud top pressure less than 800 hPa or
topography greater than 600 m are excluded. The points show CER sorted by AOD, and both AOD and CER are averaged over every 300 data points. R represents the correlation

coefficient between CER and AOD, and S represents the regression slope.
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et al. (2005) reported variations in CER with AOD and longitude
over the Atlantic. They found a decreasing trend of CER with
increasing AOD, a result similar to ours over the open ocean. The
positive relationship between CER and AOD over the land (Fig. 2b),
however, indicates that other processes are likely counteracting
the Twomey effect.

3.2. Monthly mean of AOD and CER

Fig. 3 shows monthly mean level of AOD, CER, and RH for each
sub-region. Over the urban continental region, including NE, the
NCP, and MC, peak values of AOD occur in June (Fig. 3a—c), likely
due to hygroscopic anthropogenic particles (Wang et al., 2008).
AOD over the YS exhibits monthly variation similar to that of the
urban regions, because it is frequently influenced by pollutants
from nearby urban areas. Over these regions, AOD is also high in
spring when strong dust storms persist (Husar et al., 2001). AODs
over SC, the ES, and the SS reach a maximum in spring (Fig. 3d—g).
However, this is likely due to transported pollution originated
from local agricultural burning in Southeast Asia (Sang et al., 2011).
For the period of 2003—2012, the annual mean AOD exceeds 0.5
for the NCP, MC, and SC. AOD is generally lower than 0.3 over the
ES and SS.

Large values of CER are shown, in both winter and summer, over
NE, the NCP, and the YS (Fig. 3h—n). However, only one CER peak in
summer is found from the other regions. Annual mean CER exceeds
14 um over the ES and SS, but it is less than 14 pm in other regions.
The monthly mean of RH shows similar variations with CER, with a
correlation coefficient ranging from 0.22 to 0.96 (Fig. 30—u). By
comparison, RH shows variations similar to those in AOD over NE,
the NCP, MC, and the YS. However, it shows variations opposite to
those in AOD over the ES and SS.

3.3. Correlations between AOD and CER

Several steps were taken before we calculated correlations be-
tween AOD and CER. First, data for elevations higher than 600 m
above sea level were excluded to eliminate the potential influence
of topography. Second, because rain can affect both aerosol and
cloud properties, land grid cells with precipitation were excluded
using the total precipitation observed at the meteorological sites.
Third, following the approach of Koren et al. (2008), all cells with
available observations of both AOD and CER were selected and
grouped by AOD. The pairs of AOD and CER were then averaged for
every 300 sorted cells.

Fig. 4 shows the correlation between AOD and CER in each sub-
region. Negative correlation coefficients of —0.8 to —0.9 occur for
AOD smaller than 0.3 over SC, the SS, and the ES (Fig. 4e—g).
However, positive correlations occur over SC and the ES when AOD
is higher than 0.3. In contrast, urban continental areas and nearby
waters, including NE, the NCP, MC, and the YS show positive cor-
relations between AOD and CER ranging from 0.7 to 0.99 (Fig. 4a—
d).

The slope of the regressions between CER and AOD can be used
to represent the magnitude of FAIE. Slopes range from —2.7 to
—23.6 for AOD < 0.3 over SC, the SS, and the ES (Fig. 4e—g). In
contrast, slopes of 1.3—1.8 are shown over NE, the NCP, MC, and the
YS (Fig. 4a—d).

3.4. Seasonality of correlations between AOD and CER

The negative correlation between AOD and CER over the ES and
the positive correlation over the NCP are both statistically signifi-
cant. The seasonal variations of such correlations for these regions
during 2003—2012 were analyzed (Fig. 5). In the NCP, significant

(a) North China Plain

Corr. coef.

0 —
|

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

(b) East Sea

Corr. coef.

-0.9

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Fig. 5. Seasonality of the correlation between AOD and CER over the North China Plain and the East Sea. The data and method are as in Fig. 4. For each year, the sequence of the bars
runs from winter (January, February and December of the previous year) to autumn (August, September and November). The solid bars represent statistically significant correlations

(p < 0.05), and the empty bars denote insignificant correlation.
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(CTP). The data and method are described in Fig. 4.

positive correlations between 0.34 and 0.93 (p < 0.05) are shown
from spring to fall. During most winters, the correlations are either
negative or weakly positive, depending on the year. Over the ES,
significant negative correlations between AOD and CER occur for all
seasons except the summer of 2005. During this period, the cor-
relation is positive for some high-pollution days with AOD greater
than 0.3, indicating outflow from the continent.

4. Effect of atmospheric circulation
4.1. Positive FAIE in previous studies

Positive FAIE has been observed in previous studies. Myhre et al.
(2007) attributed the positive indirect effect observed in the
Mediterranean Sea to associated changes in CTP. They hypothesized
that as CTP decreases, AOD and CER increase, thus weakening the
positive correlation between AOD and CER when CTP is large. To
test this hypothesis, CTP has been divided into four sub-intervals
from 800 hPa to 1000 hPa, with a depth of 50 hPa. Correlations
between AOD and CER for each interval were calculated over NCP.
Similar positive correlations between AOD and CER are still found
for each sub-interval (Fig. 6), indicating that changes in CTP may
not be the only reason to explain the positive FAIE over China
mainland.

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 organics
particles (SSO) and giant cloud condensation nuclei (CCN). Using
the 2-D Goddard Cumulus Ensemble model and Twomey theory,
Yuan et al. (2008) explained that such particles can contribute to
large AOD but fewer total cloud droplets and thus higher CER. Since
most SSO are hydrophobic and not easily activated, giant CCN
preferentially absorb water vapor due to their lower critical su-
persaturation, resulting in the deactivation of many small aerosol
particles (Rosenfeld et al., 2002). However, most giant CCN are
generated from sea salt aerosols or mixed mineral dust and soluble
aerosols (Levin et al., 1996). Concentrations of sea salt aerosols are
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Fig. 7. (a) Daily variation of AOD and CER, (c) relative humidity (RH) and (d) wind fields around Xianghe (39.5°N, 116.6°E) from 1 October to 10 October in 2012. AOD and CER are
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Xianghe site, with a time resolution of 5 min. Green circles are observations at 13:30. Wind direction (WD) is represented by values from 0 to 360°, with northerly wind represented
by 0°.
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Fig. 8. Spatial distribution of AOD, CER, wind fields, and RH at 850 hPa for polluted days and clean days in August 2005 over the North China Plain. AOD and CER are from MODIS, as
in Fig. 2. Wind speed and RH are ECMWF reanalysis data. White pixels represent regions where no simultaneous observations of AOD and CER were made. The wind speed and RH
are shown on a larger domain than are AOD and CER. The white box in panels (c) and (f) shows the North China Plain, the domain for the other four panels.

small over inland China, and the activation rate of dust aerosols is
uncertain (Kelly et al., 2007; Zhang et al.,, 2012). In addition, SSO
accounts for only about 15% of the total aerosol mass in China
(Zhang et al., 2012). Thus, the hypothesis proposed by Yuan et al.
(2008) may not be sufficient to account for the observed positive
FAIE in Eastern China.

4.2. Case study of the positive effect over Xianghe

The apparent evidence of positive FAIE over inland areas is also
observed on a daily time scale. To investigate daily relationships
between AOD and CER, we selected a period, 1 October to 10
October in 2012, with frequent changes in atmospheric circulation

(a) AOD in polluted days (b) CER in polluted days
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Fig. 9. Same as Fig. 8 but for January 2006.
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Fig. 10. Same as Fig. 8 but for summer 2005 over the East Sea. The white box in panels (c) and (f) shows the East Sea, the domain for the other four panels.

over Xianghe (39.5°N, 116.6°E) (Fig. 7), which is in the NCP. During
this period, the average AOD is more than 0.5, and maximum values
reach as high as 1.2. On polluted days, such as 2 and 8 October, weak
and southerly winds prevail. In contrast, clean days, such as 1, 3,
and 9 October, are characterized by strong and northerly winds. The
daily variations in AOD and CER are associated with dramatic var-
iations in wind speed, wind direction, and RH. For example, con-
ditions at 13:30 on 8 October are southerly wind of less than
2 m s~ ! and RH of 83%; however, during the entire morning of 9
October, the wind is northerly, with speed of 4—5 m s~ ! and
correspondingly smaller RH of 52%. The change in the wind field
and RH may have contributed to the sharp decrease in AOD and
CER.

4.3. Effects of atmospheric circulation on FAIE over the NCP

Both the monthly variation and the case study show that both
RH and wind fields correlate with AOD and CER (Figs. 3 and 7). Such
effects of RH and wind fields have also been demonstrated in
previous studies (Koren et al., 2010; Wang et al.,, 2010, 2011).
Therefore, it is important to consider the question of whether the
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positive correlation between AOD and CER observed over inland
China regions can be related to atmospheric circulation. Fig. 5
shows that positive FAIE usually appears in summer in the NCP.
As a result, possible effects of atmospheric circulation on regional
aerosol—cloud relationships are investigated during August 2005.
AOD, CER, as well as the corresponding weather conditions for the
top five most-polluted and cleanest days of this month are shown
in Fig. 8.

On polluted days, AOD exceeds 0.6 on average (Fig. 8a) and CER
is greater than 14 um (Fig. 8b). In contrast, smaller values of AOD,
0—0.4, are observed on clean days (Fig. 8d), with most CER values
being less than 12 um (Fig. 8e). The higher values of AOD and CER
on polluted days are consistent with southerly winds prevailing,
which likely advect aerosol particles and abundant water vapor
from southern China. On clean days, northeast winds prevail,
bringing cleaner and drier air from northern China. This effect can
also be seen from emission inventories (Li et al., 2007).

A positive correlation between AOD and CER exists over the NCP
during most seasons, except for some winter periods; As Fig. 5
shows, a significant negative correlation occurs in early 2006. The
distributions of AOD and CER relative to atmospheric circulations

(b) Air mass trajectories on clean days
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Fig. 11. Air mass back trajectories on (a) five polluted days and (b) five clean days in summer 2005 over the East Sea (yellow box). The back trajectories are simulated by the Hybrid
Single Particle Lagrangian Integrated Trajectory Model for three points; 24°N,124°E; 28°N, 128°E; and 26°N, 130°E.
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are examined for relatively polluted and clean days of January
2006, as shown in Fig. 9. Compared with clean days, the regional
mean AOD during pollution episodes is higher by 0.3, and the CER is
lower by 1.5 pum. However, in both cases, the background circulation
shows a similar pattern, with northwesterly wind and low RH. This
result indicates that the Twomey effect can be observed over land
when the wind fields and spatial distribution of RH show little
variation.

4.4. Effects of atmospheric circulation on FAIE over the ES

In contrast to the dominant positive FAIE observed over inland
regions, correlations between AOD and CER over the ES are usually
negative (Fig. 5b). However, a positive correlation occurs when AOD
is higher than 0.3 (Fig. 10b), especially for the summer of 2005
(Fig. 5b). During the top five polluted days, high levels of pollutants
(Fig. 10a) are transported from Southeast Asia by southwesterly
wind (Figs. 10c and 11a). This prevailing flow carries abundant
water vapor, which enhances local CER (Fig. 10b). Such pollution
episodes are characterized by AOD greater than 0.4 and CER higher
than 17 pm. In contrast, for the five cleanest days in summer, AOD is
0.15 and CER is 15.5 pm on average (Fig. 10d). Winds on these days
are southeasterly, bringing clean air from a subtropical high to the
ES area (Figs. 10f and 11b).

5. Conclusions and discussion

The first aerosol indirect effect (FAIE) over Eastern China was
studied for the time period of 2003—2012 by examining corre-
lations between cloud effective radius (CER) and aerosol optical
depth (AOD) using Moderate Resolution Imaging Spectroradi-
ometer (MODIS) observations. Eastern China was divided into
seven regions for the study according to meteorological condi-
tions and air pollution situation, which are four inland regions:
Northeast China (ES), North China Plain (NCP), Middle China
(MC), and South China (SC), as well as three nearby waters:
Yellow Sea (YS), East Sea (ES) and South China Sea (SS). Signifi-
cant positive correlations between CER and AOD were found over
inland regions and the YS, while negative correlations consistent
to Twomey effect was observed over the ES and SS for AOD
smaller than 0.3. However, negative FAIE over the ocean regions
weakened significantly when AOD was higher than 0.3. The
magnitude of FAIE varied with season. For the NCP and SC, pos-
itive correlation between CER and AOD was found for most sea-
sons, except during spring or winter of some years. For the ES,
negative FAIE dominated.

Positive FAIE observed over Eastern China is likely attributable
to meteorological influence. During pollution episodes, the atmo-
spheric circulation usually favors transport of both pollutants and
water vapor from SC or Southeast Asia, leading to simultaneous
increases in both AOD and CER. In contrast, dry and relatively clean
northerly winds or anticyclonic circulation prevailed on clear days.
Both effects contribute to simultaneous variations in AOD and CER.
In summary, the Twomey effect was observed over both land and
ocean in China, but positive FAIE also occurred over land when
meteorological conditions were favorable.

A major uncertainty in our study is the assumption that AOD can
be used to represent CCN. First, aerosol and cloud properties from
MODIS are retrieved from space. Horizontally, aerosol properties
were assumed uniform within 1° x 1° resolved grids. Vertically,
AOD represents the total column aerosol, but cloud properties are
highly sensitive to CCN at the cloud base. To limit this effect, we
focus on low-level liquid clouds, reported as water cloud phase by
MODIS and lower than 2 km as evidenced by CTP greater than
800 hPa. Second, AOD may not correlate with aerosol particle

number because AOD is also sensitive to the size and absorbing
properties of particles (Hoppel et al., 1990; Steele and Hamill, 1981).

Another possible source of uncertainty is associated with the
influence of meteorology on aerosol—cloud interactions. Our study
showed that both AOD and cloud properties were correlated with
relative humidity and wind field, but it is not possible to isolate
observed aerosol and cloud properties from background meteoro-
logical conditions.

Despite these limitations, this study provides a general
description of the aerosol first indirect effect over Eastern China
and the adjacent ocean. Positive correlations between AOD and
CER are found over the mainland, which can be attributed in part
to the influence of general circulation. Our results suggest that the
effect of meteorology may not be negligible when investigating the
aerosol indirect effect on a large scale, especially when the
weather conditions are complex and change frequently. An inter-
active cloud—climate model may help diagnose and quantify the
impacts of aerosol on cloud droplets under variable meteorological
conditions.
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