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Using almost 10 years of observations of clouds and aerosols from the US Southern Great Plains (SGP) atmospheric observatory
and the Semi-Arid Climate and Environment Observatory of Lanzhou University (SACOL) in China, the impact of aerosols on
single-layer overcast clouds over continental land for diﬀerent regimes were investigated. Atmospheric conditions at the two sites
were ﬁrst compared in an attempt to isolate the inﬂuence of aerosols on cloud properties from dynamic and thermodynamic
inﬂuences. Cloud types and amounts are similar at the two sites. The dominant aerosol types at the SGP and SACOL sites are
sulphate and dust, respectively, with greater aerosol optical depths (AODs) and absorption at the SACOL site. Aerosol ﬁrst
indirect eﬀect (FIE) ranges from 0.021 to 0.152 and from −0.078 to 0.047 at the SGP and SACOL sites, respectively, when using the
AOD below cloud base as CCN proxy. Although diﬀerences exist, the inﬂuence of meteorological conditions on the FIE at the two
sites is consistent. FIEs are easily detected under descending motion and dry condition. The FIE at the SGP site is larger than that at
the SACOL site, which suggests that the cloud albedo eﬀect is more sensitive under relatively cleaner atmospheric conditions and
the dominating aerosol at the SACOL site has less hygroscopicity. The radiative forcing of the FIE over the SGP site is −3.2 W m−2
for each 0.05 increment in FIE. Cloud durations generally prolong as aerosol loading increases, which is consistent with the
hypothesis of the aerosol second indirect eﬀect. The negative relationship between cloud duration time and aerosol loading when
aerosol loading reaches a large value further might suggest a semidirect eﬀect.

1. Introduction
Since the late nineteenth century, evidences that aerosol
particles are essential for forming cloud droplets have been
reported by serving as cloud condensation nuclei (CCN)
[1–4]. Studies on aerosol-cloud interactions have been
conducted for nearly a century and these interactions are still
considered to be one of the most important and least known
forcings in the climate system [5]. Twomey [6] hypothesized
that, under ﬁxed cloud liquid water content conditions,
cloud particle sizes decrease with an increasing number of
CCN. The reﬂection of solar radiation oﬀ the cloud is then
enhanced due to more but smaller cloud droplets in the
cloud. This has been referred to as the aerosol ﬁrst indirect
eﬀect (FIE, [7, 8]). A greater number of smaller cloud
droplets reduces the precipitation eﬃciency and increases

the cloud liquid water path (LWP), enhancing the cloud
lifetime [9]. This phenomenon is referred to as the cloud
lifetime eﬀect [7, 9] or the second indirect eﬀect [8]. For deep
convective clouds, increasing aerosols might trigger the
vertical development of clouds [10–14]. Furthermore,
aerosols that strongly absorb solar radiation can generate
local heating that, in turn, changes the relative humidity
(RH) and the stability of the troposphere and thereby inﬂuences cloud formation and lifetime. This is referred to as
the semidirect eﬀect [15].
These hypotheses and postulations have been examined
using observational, both in situ and satellite, remote sensing
data. The magnitudes and even the signs of these aerosol
eﬀects are still highly debatable (e.g., [16–19]). The diﬃculties in quantifying aerosol eﬀects on cloud properties
arise for diﬀerent reasons. First, although aerosol particles

2
are necessary for cloud droplet formation, dynamic and
thermodynamic factors such as RH and vertical motion are
also main drivers for cloud formation [20, 21]. Sena et al.
[22] found that the impact of macroscopic variables on
aerosol-cloud interactions is stronger than the impact of
aerosol particles. It is thus hard to fully decouple meteorological inﬂuences from aerosol eﬀects. Second, there are
some inherent limitations in observation data and/or
techniques. Aerosol optical depth (AOD) from clear areas
near a cloud has been employed to represent aerosols entering the cloud, as done in many previous studies, but this
can incur large uncertainties in relationships between
aerosol and cloud properties [23, 24]. Although costly aircraft measurements can solve this problem, using aerosol
concentrations near cloud bases is a cost-eﬀective approach
with the added beneﬁt of being able to make long-term
continuous measurements.
Most previous studies using satellite-based measurements or model simulations (e.g., [19, 25]) have focused on
global means. Aerosol-cloud interactions have regional
characteristics due to diﬀerent aerosol properties and meteorological regimes. In situ observations obtained from
various short-term intensive ﬁeld campaigns have been
employed in regional studies of aerosol-cloud interactions
(e.g., [18, 26]). Huang et al. [27] used satellite-based measurements to compare aerosol-cloud interactions in semiarid regions with similar meteorological environments (in
China and USA) and found that, of the two regions, aerosols
over China’s semiarid region had a larger optical depth,
higher absorption, and a more signiﬁcant semidirect eﬀect
[27–31]. A better understanding requires techniques that can
combine accurate aerosol and cloud property parameters
over an extended period of time to distinguish the impact of
aerosols from the natural cloud variability.
Given these uncertainties and diﬃculties, the goal of this
paper is to evaluate and compare aerosol eﬀects on the
microphysical, macrophysical, and radiative properties of
clouds and to assess their dependence on meteorological
conditions by analyzing long-term surface observations
made at the US Southern Great Plains (SGP) atmospheric
observatory and the Semi-Arid Climate and Environment
Observatory of Lanzhou University (SACOL). A brief description of datasets used is presented in Section 2. Section 3
compares background meteorological conditions, aerosol
properties, and cloud types at the two sites. Section 4 examines the inﬂuences of aerosols on cloud microphysical
and macrophysical properties for single-layer overcast
clouds with cloud-base height less than 1 km [12] over the
two sites and discusses their diﬀerences. Section 5 summarizes the ﬁndings.

2. Data and Method
The SGP site in north-central Oklahoma is a ﬁeld measurement site established by the US Department of Energy’s
Atmospheric Radiation Measurement (ARM) Program. The
site is a rural, continental site that experiences a variety of
aerosol conditions and cloud types. The other site is the
SACOL located on the Loess Plateau in China, a typical
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semiarid region downwind of desert regions. This site is
operated by the Key Laboratory of Semi-Arid Climate
Change of the Lanzhou University and is equipped with
several advanced instruments. All parameters from these
two sites, as well as their uncertainties, the algorithms used
to retrieve them, and the measurement periods are outlined
in Table 1 and described next.
2.1. Aerosol Properties. The aerosol proxy used for the
SACOL and SGP sites is the AOD below the cloud base,
which can be calculated by summing up the aerosol extinction coeﬃcient from surface to cloud base. For SACOL,
both cloud base height (CBH) and extinction coeﬃcient
proﬁle are retrieved from the attenuated backscatter intensity of a micropulse lidar (MPL). Detailed information
about cloud height will be given in Section 2.2. The retrieval
method of extinction coeﬃcient is according to Fernald
method [43] and assuming proper extinction-to-backscatter
ratio [33, 44]. To minimize the impacts of water vapor on
aerosols, we use the vertical proﬁle from surface to 60 m
below the CBH. The MPL can provide continuous day and
night measurements at a sampling rate of 60 s. As condensation nuclei concentration number (CN) has a closer
relationship with cloud droplets than AOD, CN at the
surface measured by a TSI model 3010 condensation particle
counter are also employed at the SGP site. However, no same
CN measurement is available at the SACOL site. The condensation particle counter works day and night with 60 s
sample intervals. When the CBH is constrained to less than
1 km, the CN at the surface can be assumed to be proportional to aerosols injected into a cloud. Thus, clouds at
both sites are constrained to base heights less than 1 km. To
compare the chemical composition and optical property of
aerosols at the two sites, two long-term global datasets,
Monitoring Atmospheric Composition and Climate
(MACC) reanalysis [34] and Ozone Monitoring Instrument
(OMI) [35], are also utilized to give a climatology of aerosol
types. Available periods and other information about
datasets are summarized in Table 1.
2.2. Cloud Properties. The cloud vertical distribution at the
SGP site is obtained from the Active Remote Sensing of
CLouds (ARSCL) value-added product, which provides the
number of cloud layers (up to a maximum of 10 layers),
CBHs, and cloud-top heights (CTHs). This product combines data from a MilliMeter wavelength Cloud Radar
(MMCR), ceilometers, and an MPL [36]. At the SACOL site,
the number of cloud layers and corresponding CBHs and
CTHs are retrieved from MPL measurements [37]. Given
that CTH retrievals are only reliable when the signal-tonoise ratio above the cloud top is small, the value of CTH is
not used herein. Only single-layer shallow clouds with CBH
less than 1 km are chosen in this study.
At both sites, the cloud optical depth (τ) is retrieved from
measurements made by an unﬁltered silicon pyranometer
and a multiﬁlter rotating shadowband radiometer (MFRSR),
which is a seven-channel radiometer with six bands of 10 nm
full width at half maximum centered near visible and near-
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Table 1: Description of data used in the study.

Parameters
Aerosol

CN concentration
Aerosol optical
depth singlescattering albedo
Aerosol types
Absorbing aerosol
index

Cloud
(groundbased)

Cloud top/base
height
Cloud optical
depth

Temporal/
spatial
resolutions
60 sec

Instruments and
models

Manufacturer and/or
retrieval algorithm

CPC

2007.03–2015.06

2004.10–2017.12

60 sec

MPL

3 hours

MACC

SGP : TSI model 3010
SGP : Sigma Space
Corporation, [32] SACOL :
NASA Goddard Space
Flight Center, [33]
[34]

Daily

OMI (Aqua)

[35]

Period
2000.01–2010.03

2007.01–2012.12

SGP : MMCR from NOAA
MMCR,
environmental research
10 sec 60 sec ceilometer, MPL
2000.01–2010.032007.03–2015.06
laboratories, [36] SACOL:
MPL ()
[37]
Both sites: MFRSR from
MFRSR ()
2000.01–2010.03
Campbell Scientiﬁc, Inc.
60 sec
MFRSR ()
2007.03–2015.06
SGP: [38] SACOL: [39]

Liquid water path
Precipitable water

20 sec 60 sec

MWR MWR

Cloud albedo

4 km/30 min

GOES

Precipitation

60 sec 60 sec

Rain gauge

Vertical velocity
CAPE

1 hour 3
hours

RUC ECMWF

Meteorology

Table 2: Aerosol-mediated shortwave cloud radiative forcing at the
SGP site.
LWP (g m−2)
20–70 70–120 120–200 200–400 400–600
−2.60
−7.55
−10.22
Forcing (W m−2) −3.99 −6.05

infrared channels. The temporal resolution of the measurements is 20 s and 60 s at the SGP and SACOL sites,
respectively. For retrievals of both liquid and ice τ, we take
advantage of simultaneous spectral measurements of directbeam and total radiation from the MFRSR and diﬀerences in
the ice and liquid cloud particle scattering phase functions
[38, 39, 45]. Compared to other surface-based retrieval
techniques, this method develops a simple correction
scheme that eﬀectively removes radiation scattered in the
forward direction by a cloud [46]. t used in this study is
based from total radiation rather than direct-beam, which
makes it suitable for not very thin cloud. The uncertainty of t
is less than 5% [39].
Column-integrated amounts of water vapor and LWP at
the SGP and SACOL sites were retrieved from measurements made by a microwave radiometer (MWR). The SGP
MWR measures brightness temperatures at two channels
(23.8 and 31.4 GHz) and applies a statistical retrieval method
developed by [40]. The SACOL MWR (TP/WVP-3000) has
12 channels and uses brightness temperatures at 23.8 and
30 GHz for its retrievals and applies an improved statistical
retrieval method [47, 48]. To avoid large retrieval error when
LWP is small [49], clouds with LWP less than 20 g m−2 are

Both sites: MWR from
radiometrics corporation 2000.01–2010.03 2007.03–2015.06
SGP: [40] SACOL, [27]
NB-BB conversion
2000.01–2010.03
algorithm [41]
SGP : NovaLynx Corp.
2000.01–2010.03
SACOL : Belfort Instrument
2007.03–2015.06
Company
2000.01–2010.03
SGP: [6, 7] SACOL: [42]
2007.03–2015.06

eliminated. In addition, the cloud droplet particle size, or
eﬀective radius (re), is derived from (3LWP/2ρl τ)
[38], where ρl is density of liquid water. Errors of re are
1.5 and 3 μm for LWP less than 250 g·m−2 and greater than
250 g·m−2, respectively.
In short, cloud LWP, τ, re, and cloud vertical information
over the SGP and SACOL sites are derived from the MWR,
the MFRSR, and active remote sensing instruments (MPL
and MMCR). In addition, the Geostationary Operational
Environmental Satellite (GOES) platform provides cloud
albedo information for the SGP site using narrowband-tobroadband conversion formulas [41].
2.3. Meteorology. To examine the thermodynamic eﬀect on
aerosol-cloud interactions, daily ERA-Interim reanalysis
data [42, 50], a global atmospheric reanalysis produced by
the European Centre for Medium-Range Weather Forecasts
(ECMWF), was used for the SACOL site. The spatial resolution of the numerical weather prediction system
(IFS–CY31r2) used by ERA-Interim is approximately 80 km
(T255 spectral). ECMWF interpolated data in regular grid of
various spatial resolution ranged from 0.125°∗ 0.125° to 3°∗ 3°.
The spatial resolution of the ERA-Interim is ∼0.125° and the
temporal resolution is three hours. For the SGP site, a North
American analysis data with the spatial and temporal resolutions of 20 km and 1 hour from the Rapid Update Cycle
(RUC, [51, 52]), which is an operational atmospheric prediction system comprised primarily of a numerical forecast
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model and an analysis system to initialize that model, was
also used in this study. It has been demonstrated that
ECMWF and RUC show good performance in SACOL and
SGP sites [53], respectively. Data are interpolated spatially
and temporally. Rain gauge data at both sites were also used
to remove the rain cases. For studies of climatology at both
sites, other long-term auxiliary reanalysis data are utilized.
2.4. Methodology. Ground and space measurements are
continuous at both the SACOL and SGP sites with diﬀerent
spatial covering and temporal frequencies. Firstly, based on
previous studies [54–56], the optimal match method of
diﬀerent observation is that satellite dataset is averaged over
a 20 km × 20 km area around the site and surface observations are averaged over 30 min centered on the satellite
overpass time. Then, the study uses several ground-based
active instruments to selected out cases meeting with singlelayer cloud and CBH less than 1 km. If cases are with raining
during the 30 min, corresponding aerosol proxy is used, the
30-min averaged CN, before raining. Finally, aerosol eﬀects
on cloud microphysical and macrophysical properties over
two sites have been compared and discussed.

3. Climatology of the Two Sites
The geography and climatology at the SGP and SACOL sites
have similarities and diﬀerences. Both sites are located in the
same latitudinal zone (∼35°N) and in the inner part of their
respective continents. Their altitudes diﬀer; that is, the SGP
site is located at 320 m above sea level (ASL) and the SACOL
site is located at 1965.8 m ASL. Land surface types at the SGP
and SACOL sites are cropland and grassland, respectively.
The topography around the SACOL site is characterized by
the Loess Plateau consisting of a plain, a ridge, and a mound
plain. The terrain where measurements are made is ﬂat and
covered with short glass [57].
Studying the similarity and diﬀerence in aerosol-cloud
interactions in diﬀerent regions will help us improve the
understanding of underlying mechanism. However, differences in meteorology dominate changes in air mass
properties, which in turn dominate changes in cloud
properties. This makes it diﬃcult to separate aerosol and
meteorological eﬀects when studying aerosol-cloud interactions. Before comparing aerosol indirect eﬀects over the
two sites, diﬀerences in their climatology, cloud coverages,
cloud types, aerosol loadings, and aerosol types need to be
examined.
3.1. Environmental Conditions. Surface air temperature, RH,
and convective available potential energy (CAPE) obtained
from the ERA-Interim monthly reanalysis [42, 50] ranging
from 1979 to 2015 are used to examine the climatology of the
two sites. Precipitation data are from the Global Precipitation Climatology Project (GPCP) Version 2.2 Combined
Precipitation Dataset [58], which provides a consistent
analysis of global precipitation from an integration of various satellite datasets over land and ocean and a gauge
analysis over land.
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Figure 1shows the monthly mean surface air temperature, RH, precipitation, and CAPE annual cycles at the
two sites. The annual cycles of temperature are similar but
the SGP site is generally warmer than the SACOL site by 8
to 11° throughout the year. The annual cycle of RH at the
SGP site is almost ﬂat with a small peak in May. The
SACOL site is generally 15% drier than the SGP site except
in the fall. For both sites, the annual cycles of precipitation
and relative humidity have similar trends. More precipitation occurs at the SGP site during the late spring and the
early summer and less precipitation occurs during the
winter. Precipitation at the SACOL site mainly occurs in
summer and early autumn and the amount is 10∼90 mm
per month less than that experienced at the SGP site. CAPE
is associated with vertical motion, which is a key factor in
cloud formation. Seasonal trends at both sites are similar
to maxima in CAPE in the summer. CAPE at the SGP site
is greater than that at the SACOL site. This suggests that
the thermodynamic drivers for cloud formation at the
SACOL and SGP sites should be diﬀerent. At the SGP site,
the atmosphere should be much more unstable and easily
leads to cumulus and convective clouds, which are developed as a consequence of local convection other than
advection. It is consistent with the results from a statistical
analysis based on ﬁve years of CloudSat and CloudAerosol Lidar and Infrared Pathﬁnder Satellite Observation data [59].
3.2. Cloud Types and Coverage. Almost 30 years of cloud
climatology information from the International Satellite
Cloud Climatology Project (ISCCP) are used to examine
cloud properties at the two sites. The climatology is based
on an analysis of measurements of radiances from up to
ﬁve geostationary and two polar orbiting satellites to
infer the global distribution of cloud properties.
Depending on cloud-top temperatures, cloud-top pressures, and τ, clouds are classiﬁed into nine categories:
cumulus, stratocumulus, stratus, altocumulus, altostratus, nimbostratus, cirrus, cirrostratus, and deep convective. ISCCP cloud amounts corresponding to the nine
cloud types over the SGP and SACOL sites are shown in
Figure 2.
The distributions of cloud amounts for the diﬀerent
cloud types are similar for the two sites. The fractional area
covered by low-level clouds is greater at the SGP site; for
example, the area covered by stratus clouds at the SGP and
SACOL sites is 2.7% and 0.8%, respectively. Concerning
mid-level clouds, altocumulus, altostratus, and nimbostratus clouds over the SACOL site cover more area than
they do over the SGP site. Concerning high-level clouds,
the areal coverage of cirrostratus clouds is greater at the
SACOL site than at the SGP site, while the areal coverage of
cirrus and deep convective clouds at the SGP site is greater
than that at the SACOL site. In this study, warm based
shallow clouds are selected. Those clouds include shallow
cumulus, stratocumulus, and stratus. Percentages of cumulus, stratocumulus, and/or stratus to total clouds at the
two sites were similar.
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Figure 1: Monthly (a) air temperature, (b) relative humidity from the NCEP reanalysis (1948–2015), (c) precipitation amount from the
GPCP (1979–2015), and (d) convective available potential energy (CAPE) from the ECMWF (1979–2015) at the SGP (in red) and SACOL (in
blue) sites. Annual mean values are given in the upper left corners of the panels and error bars show the standard deviations.
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Figure 2: ISCCP cloud amounts for diﬀerent cloud types at the SGP
(red bars) and SACOL (blue bars) sites. Data are from 1980 to 2010.
Mean cloud amounts at each site are given in the upper left corner.

3.3. Aerosol Types and Loadings. The eight-year-long reanalysis of atmospheric composition data covering the

period of 2003–2010 used here is from the MACC reanalysis,
which is provided by assimilating satellite data into the
global model and data assimilation system based on the
ECMWF’s Integrated Forecast System (IFS) [34]. The dataset
includes global ﬁelds of chemically reactive gases, namely,
carbon monoxide, ozone, nitrogen oxides, and formaldehyde, as well as aerosols and greenhouse gases. AODs of sea
salt, dust, organic matter, black carbon, and sulphate at the
SGP and SACOL sites are shown in Figure 3(a). All ﬁve
aerosol species are present at both sites with dust dominating
at the SACOL site and sulphate dominating at the SGP site.
For most of aerosol species, the aerosol loadings at the
SACOL site are greater than those at the SGP site. The total
AOD at the SACOL site (0.4) is double that at the SGP site
(0.2). Dust particles can act as ice nuclei and sulphate is an
eﬃcient CCN. This diﬀerence may have a large impact on the
cloud phase.
More than 10 years (2004–2015) of OMI absorbing
aerosol index (AAI) data are also used in this study. AAI is
based on the spectral contrast of the reﬂectances at two UV
wavelengths, compared to that of a pure Rayleigh atmosphere. This makes the OMI especially suited for distinguishing between UV-absorbing aerosols, such as desert
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Figure 3: (a) Aerosol optical depth for diﬀerent aerosol types from the MACC reanalysis (2003–2015) and monthly mean absorbing aerosol
index from the OMI (2004–2015) (b), aerosol optical depth of dust (c), and sulphate (d) from MACC at the SGP (in red) and SACOL (in
blue) sites. The total AOD at each site is given in the upper right corner of (a). Error bars in (b-d) show the standard deviations.

dust and biomass-burning aerosols, and weakly-absorbing
aerosols and clouds. The AAI are near-zero for clouds and
weakly-absorbing aerosols and positive for desert dust and
biomass-burning aerosols [35]. Annual variations in AAI at
the two sites are shown in Figure 3(b). The mean AAI equals
1.105 at the SACOL site, which exceeds that at the SGP site
by 14%. This suggests that transported natural dust is the
major contributor to the AAI at the SACOL site, which is
expected because the site is located near a dust source region
having frequent dust events. Huang et al. [60] found that the
single-scattering albedo of Taklimakan dust aerosols is about
0.89 at 0.67 μm, which is about 6% less than that of Saharan
dust. Ge et al. [61] also obtained the single-scattering albedo
about 0.75 at 0.415 μm from MFRSR measurement in East
Asian dust event. Logan et al. [62] compared the mineral
dust optical properties of two strong Asian dust events from
the winter and spring using AERONET-retrieved parameters from the SACOL site and found that there were carbonaceous inﬂuences in wintertime and more dust
dominating in spring.

4. Results and Discussion
4.1. Aerosol Impact on Cloud Droplet Size. To represent the
response of re properties to variations in the number of
aerosol particles at a constant liquid water content, an FIE
index has been proposed by Feingold et al. [63]:
FIE � −

z ln re
 ,
z ln α LWP

(1)

where α is a widely used CCN proxy, such as the aerosol
number concentration, AOD, or aerosol light scattering. In
this study, AOD below cloud base is used at the SACOL site,
and both CN concentration at the surface and AOD below
cloud base are used at the SGP site. FIE is deﬁned as positive
in sign if an increase in α results in a decrease in re. Higher
FIE values mean stronger relative changes in cloud microphysics for a relative change in aerosol concentration.
This derivative representing the FIE can be used for model
validation.
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Uncertainties exist in LWP retrievals that limit the attainable accuracy to a certain range of values, which results
in an unacceptably large uncertainty for thin clouds [49].
Because of this, cloud cases with LWP less than 20 g·m−2 are
not considered here. Cases with liquid clouds having CBHs
less than 1 km are sorted into several site-speciﬁc LWP bins.
At the SGP site, the bins are 20–70, 70–120, 120–200,
200–400, and 400–600 g·m−2. At the drier SACOL site, the
same bins are applied but the largest bin, 400–600 g·m−2, is
not analyzed because of lack of enough samples. Figures 4(a),
4(c), and 4(e) show that LWPs at both sites remain generally
constant as the aerosol loading increases, which satisﬁes the
FIE assumption of constant LWP conditions.
Figures 4(b), 4(d), and 4(f) show the relationships between re
and CN concentration at the SGP site and between re and AOD
below cloud base at both the SGP and SACOL sites for diﬀerent
LWP bins. No matter using the CN concentration or AOD
below cloud base as CCN proxy, re decreases as the CN concentration increases in nearly all LWP bins at the SGP site. For
clouds with LWP of 70–120 g·m−2, the trend between re and CN
concentration is inconsistent with the FIE. This may be due to
errors in re, which is retrieved from τ and LWP in this study.
Errors in LWP will lead to errors in re. Based on equation (1),
values of the FIE at the SGP site in Figure 4(b) are 0.011, −0.010,
0.012, 0.053, and 0.082 for the 20–70, 70–120, 120–200, 200–400,
and 400–600 g·m−2 LWP bins, respectively. When using the
AOD below cloud base as CCN proxy, values of the FIE are,
respectively, 0.069, 0.021, 0.05, 0.111, and 0.152 for those LWP
bins. These values suggest that the FIE is more pronounced for
clouds with large LWP. Values of the FIE at the SACOL site are
0.047, 0.014, −0.078, and −0.025 for the 20–70, 70–120, 120–200,
and 200–400 g·m−2 LWP bins, respectively. The trends in the
20–70 and 70–120 g·m−2 LWP bins reﬂect the FIE, while no FIE
is seen in the other LWP bins. The negative values are caused by
meteorological conditions. The reason for negative trends might
be increasing cloud droplet collision-coalescence and then increasing re with LWP increase. Positive values of the FIE at the
SGP site are generally larger than those at the SACOL site.
The phenomenon that increases in FIE as LWP increases
at the SGP site is not consistent with that at the SACOL site.
For current studies, the dependence of FIE on the LWP over
California coast [64], the East China Sea [65], southeast
Paciﬁc [66], Nordic Countries [67], and Indian subcontinent
[68] showed positive correlations, but it showed negative
correlations at Pt. Reyes, California [69], and Azores [20].
Meanwhile, results of no clear dependence of FIE on LWP
are also reported by observational study based on both in
situ and satellite measurements [70] and a modeling simulation [71]. The reason for negative trends might be increasing cloud drop collision-coalescence and then
increasing re with LWP increase. For positive trends, aerosol
eﬀect on the FIE overwhelms the LWP eﬀect.
Many observational eﬀorts have shown that the FIE can
take on a wide range of values (e.g., [72]). Figure 5 compares
long-term observed FIE at the SGP and SACOL sites with
other current observations of FIE from the literature. Some
studies used the cloud droplet number concentration (Nd)
instead of re. For comparison purpose, all values are converted to the form (−z ln re /z ln α)LWP, which is equivalent
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to ((1/3)(z ln Nd /z ln α)) [72]. Diﬀerent CCN proxies, such
as aerosol number concentration, aerosol index, AOD, and
aerosol scattering coeﬃcient, would also bring discrepancy
in FIE values, which were seldom considered in previous
works [68, 70, 72]. In Figure 5, diﬀerent CCN proxies are
marked with diﬀerent symbols. Most of works [20, 25, 26, 64,
65, 67–71, 73–82] use the aerosol number concentration as the
proxy, and corresponding values for the FIE range from 0.01 to
0.25. The largest FIE appears over ocean and the smallest FIE
over Indian subcontinent. Comparing the FIE with AOD
proxy, FIE at the SACOL site is the smallest one and FIE at the
SGP site is close to the magnitudes of the global mean FIE.
Discrepancy in the magnitudes of the FIE with same aerosol
proxy might be due to multiple factors, such as aerosol size,
aerosol composition, cloud types, and environmental conditions [20]. Aerosols with low hygroscopicity should have small
FIE. Reference [73] also found that the cloud albedo eﬀect is
sensitive under relatively clean conditions but is insensitive
under polluted conditions. More aerosol loadings and less
hygroscopicity of the dominant dust aerosol at the SACOL site
might be important reasons why the values of FIE at the
SACOL site are smaller than those at the SGP site in Figure 5.
Meteorological factors having the greatest inﬂuence on
cloud properties, that is, vertical velocity (ω) and precipitable
water (PWV) (e.g., [74, 75]) from the ERA-Interim analysis
and the MWR, respectively, were used to isolate the indirect
eﬀect by comparing the FIE at the SGP and SACOL sites
(Figure 6). Data were binned according to ω and PWV. For
each grid cell, the FIE in each bin/LWP range was then
calculated. In general, the value of FIE decreases as ω increases
for all LWP ranges considered. When descending motion
(ω ≤ 0 m·s−1) dominates, the values of FIE are almost all
positive, which suggests that the FIE exists. Under ascending
motion conditions, the FIE would go undetected, because the
growth of cloud droplets is primarily inﬂuenced by adiabatic
cooling and collision/condensation rather than by aerosols.
Similar trends are observed when the main meteorological
component, that is, PWV, was decoupled by restricting the
data to several speciﬁc PWV ranges. Figure 6(b) shows that
the values of FIE are positive and large under dry conditions
but negative and smaller under moist conditions. Similar
results were reported by [76] that analyzed MODIS products
over diﬀerent regions of the world. Reference [76] found that
several eﬀects, such as aerosol swelling [26], partial cloudiness
[77], atmospheric dynamics, and cloud three-dimensional
[78] and surface inﬂuences [79], can lead to this trend.
4.2. Aerosol Impact on Cloud Albedo. Figure 7 shows GOESretrieved cloud albedo as a function of CN concentration in
diﬀerent LWP bins. For all LWP bins, the cloud albedo
increases as the CN concentration increases. For clouds with
smaller LWP, cloud albedo changes little as the CN concentration increases. Those trends are generally consistent
with the re–CN relationship. Note that re is derived from
MFRSR and MWR ground measurements [38], while the
cloud albedo is derived from GOES measurements [41].
Data from diﬀerent sources supporting each other demonstrates that these trends are robust.
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The cloud albedo depends on both the cloud droplet size
and the cloud optical thickness. These competing eﬀects
partially cancel each other making it more diﬃcult to detect
an FIE. Based on the relationship between cloud albedo and
CN concentration, the shortwave radiative forcing of the FIE
can be quantiﬁed as follows [14, 80].
First, the relationship between cloud albedo and CN
concentration is assumed to be linear, so it is written as
αcld (CN) � αcld (CN � 0) + s ∗ CN,

(2)

where αcld is the cloud albedo, s is the slope, and αcld (CN �
0) is the y-intercept. The cloud albedo is directly extracted
from the GOES product and CN is from ground-based
measurements made at the SGP site. The y-intercept and s
are calculated using the least-squares approach.
The shortwave radiative forcing induced by the FIE for
any aerosol loading can then be calculated as
FIE _RF(CN) � S0 ∗ αcld (CN) − αcld (CN � 0),
(3)
where S0 is the solar constant (1367 W·m−2). The long-term
shortwave radiative forcing from the FIE can be expressed as
FIERF � FIE _RF(CN) ∗ W(CN),
(4)
where W (CN) is the weight or frequency of a certain CN
concentration. A larger FIERF means that more solar radiation is reﬂected into space.
FIERF is estimated to be −3.99, −6.05, −2.60, −7.55, and
−10.22 W·m−2 for LWP bins 20–70, 70–120, 120–200,
200–400, and 400–600 g·m−2, respectively (Table 2). The
LWP appears to amplify the cooling eﬀect from the FIE
except −2.60 W·m−2, which might result from data sampling
uncertainties. Such estimates of FIE derived from measurements may be used to test parameterizations in globalscale models, which has implications for radiative forcing.
Quaas et al. [25] evaluated the representation of the FIE in
ten diﬀerent general circulation models (GCMs) using three
satellite datasets and found that GCMs tend to overestimate

the magnitude of the indirect eﬀect. The global, annualmean aerosol indirect eﬀect is equal to −0.7 ± 0.5 W·m−2.
McComiskey and Feingold [72] quantiﬁed the relationship
between radiative forcing and changes in FIE over a range of
values found in the literature. The diﬀerence in radiative ﬂux
that occurs as a result of changes in mid-latitude overcast
cloud properties for post- versus preindustrial aerosol
concentrations ranges from −3 W·m−2 to 10 W·m−2 for each
0.05 increment in FIE, depending on the anthropogenic
perturbation of CCN number ranging from 300 to
2500 cm−3 relative to a background value of CCN number
equal to 100 cm−3. By applying a linear ﬁt between FIERF
and FIE, this diﬀerence is −3.2 W m−2 for each 0.05 increment in FIE at the SGP site when using CN as CCN proxy.
Therefore, an accurate quantiﬁcation of FIE is needed for
better prediction of climate change. Because there are no
cloud albedo observations over the SACOL site, FIERF was
not calculated for that site.
4.3. Aerosol Impact on Cloud Duration Time. The LWPs of
clouds in the real atmosphere change as aerosol loading
changes, which is contrary to the assumption underlying the
FIE, that is, that the LWP is ﬁxed. The eﬀect of aerosols on
clouds without stratiﬁcation by LWP is a far more complex
problem because it involves an evolving system, which includes multiple feedbacks over the life cycle of a cloud.
According to GCM estimates, the cloud lifetime eﬀect may
be of a similar magnitude with FIE [7].
An increase in aerosol loading will suppress the warm
rain process and prolong the lifetime of a cloud, which is a
concept that was introduced by modelers but not readily
observed in nature. It is impractical to deﬁne a cloud lifetime
since the existence of a cloud for many hours does not mean
that individual parcels of cloudy air exist for many hours.
Rather, these parcels cycle in and out of clouds, and cloud
elements constantly form and decay. Thus, the cloud duration time is calculated instead of cloud lifetime. Data from
instruments that continuously collect observations during
the day and night are needed to do this calculation. Radar,
lidar, and ceilometer retrievals at the SGP site and lidar
retrievals at the SACOL site are used here. Their temporal
resolutions are 20 seconds and 60 seconds, respectively. The
cloud ﬂag is then processed at a 5-minute temporal resolution. Based on that, the cloud duration can be derived.
Only those cases where over 90% of the cloud proﬁles are
single-layer clouds with CBHs less than 1 km and where
there is no rain during the cloud duration period are chosen.
Figure 8 shows cloud duration as a function of aerosol
loading over the SGP and SACOL sites. Cloud duration
times at the SGP site are generally longer than those at the
SACOL site. Cloud durations are prolonged as aerosol
loading increases at both sites, which is consistent with the
aerosol second indirect eﬀect. At the SACOL site, cloud
duration times are not monotonically increasing with
aerosol loading increases. The trend is positive (negative)
when AOD are less (larger) than 0.35. Koren et al. [18] found
a similar relationship of cloud amount to AOD over the
Amazon and explained it as transition between two
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opposing eﬀects of aerosols on clouds: the microphysical and
the radiative. Dust aerosol with heavy burden has strong
absorption of electromagnetic energy (mostly in the visible
and near-infrared range) [60, 61] and then generates local
heating that in turn changes the RH and stability of the
troposphere and inﬂuences cloud formation and lifetime.
This is a semidirect eﬀect [15]. Due to lack of the relative
location of dust layer to cloud layer, it still cannot exclude
other impacts from environment conditions herein. At the
SACOL site, [44] compared the saturated layer thickness
(thickness of contiguous layers having RH > 85%) in dust
and no dust conditions and found that it is more moisture in
dust conditions. However, LWP in no dust condition is
larger than that in dust condition. The authors therein
believed that aerosol increased droplet evaporation due to
the semidirect eﬀect. Thus, we can speculate that both the
cloud lifetime eﬀect and the semidirect eﬀect involve
feedbacks leading to the cloud lifetime change. Using a
GCM, Lohmann and Feichter [7] compared the magnitude
of all these competing eﬀects and found that the semidirect
eﬀect can be important locally, despite the fact that indirect
eﬀects dominate globally. Goren and Rosenfeld [81] developed a method for partitioning the components of the
aerosol-cloud interaction radiative eﬀect (CRE) of marine
stratocumulus into Twomey, cloud cover, and liquid water
path eﬀects and examined 50 cases. They showed that, of the
three eﬀects, the Twomey eﬀect contributes to only a quarter
of the diﬀerence in the CRE.
Wind speed around a cloud layer may play a role in the
duration time of the cloud. Higher wind speed means faster
movement of cloud overhead, as well as shorter cloud duration observed by radar and lidar. Wind speed is the major
reason why the cloud duration is distinguished from cloud
lifetime. To minimize the inﬂuence from wind speed, cloud
duration as a function of aerosol loading for diﬀerent wind
speed ranges is shown in Figure 9. As expected, the cloud
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Figure 8: Cloud duration as a function of both aerosol CN concentration at the SGP site (red x-axis) and aerosol optical depth
below cloud base at the SACOL site (blue x-axis) for shallow warm
clouds. Error bars show the standard deviations.
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Figure 9: Cloud duration as a function of aerosol loading for
diﬀerent wind speed ranges at the (a) SGP and (b) SACOL sites for
single-layer clouds. Error bars show the standard deviations.

duration is generally longer under light wind conditions
than under stronger ones in our statistical analysis. For all
wind speeds, the cloud duration time increases as the aerosol
loading increases. It means that the approach to produce
cloud duration is rational and cloud duration can denote
cloud lifetime if time series used in analysis are long enough.
Anecdotal evidence of clouds in a very clean atmosphere
precipitating almost as soon as they form has been noted, but
no systematic observations of aerosol eﬀects on cloud lifetime have been reported. A modeling study by [17] showed
suppressed precipitation but no eﬀect of aerosol perturbations on the lifetime of populations of cumulus clouds. There
is also a suggestion that aerosol eﬀects may depend on the
size of the perturbed clouds and that small clouds may
respond diﬀerently than large clouds.

5. Conclusions
The aerosol indirect eﬀect is still a major source of uncertainty in the simulation of climate changes [5]. Some aspects
of linkages between aerosols, clouds, and climate have been
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qualitatively conﬁrmed, but there is still considerable debate
over their magnitude. Furthermore, the eﬀects of aerosols on
cloud fraction, cloud LWP, and cloud lifetime are highly
uncertain in sign. This study examined diﬀerences in
aerosol-cloud interactions between two inland continental
sites located in the same latitudinal zone, i.e., the US SGP
and China Loess Plateau SACOL sites. We analyzed about
ten years of data from both sites in an attempt to isolate the
inﬂuence of aerosols on cloud properties from dynamic and
thermodynamic inﬂuences.
Two sites have similar cloud types and corresponding
cloud amounts. Sulphate and dust aerosols dominate at the
SGP and SACOL sites, respectively, and the total AOD and
absorption at the SACOL site are larger than those at the
SGP site. At the SGP site, the aerosol FIE, i.e., re decreases as
the aerosol loading increases, does exist in nearly all LWP
bins, while it only exists when cloud LWP ranges from 20 to
120 g·m−2 at the SACOL site. FIE at the SGP site ranges from
−0.010 to 0.082 (0.021 to 0.152) when using the CN (AOD
below cloud base) as CCN proxy. Values of the FIE at the
SACOL site range from -0.078 to 0.047. Although the trends
in re as a function of aerosol loading over the two sites show
diﬀerences, the inﬂuence of ɷ and PWV on the trends is
consistent. FIEs are easily detected under descending motion
and dry condition.
The FIE at the SGP site is generally larger than at the
SACOL site. A possible explanation for this ﬁnding is that
the cloud albedo eﬀect is more sensitive under relatively
clean conditions. The dust aerosol at the SACOL site with
less hygroscopicity might be another important reason. The
radiative forcing of the aerosol indirect eﬀect over the SGP
site is -3.2 W·m−2 for each 0.05 increment in the FIE. The
ﬁndings presented here have important implications for
estimates of aerosol eﬀects on climate forcing.
At both sites, the cloud duration increases as the aerosol
loading increases, which is consistent with the hypothesis of
the aerosol second indirect eﬀect. The relationship between
cloud duration and aerosol loading further might suggest
cancelling of the competing inﬂuences by cloud lifetime
eﬀect and by the semidirect eﬀect. This ﬁnding is diﬀerent
from those reported in previous studies, in which the cloud
lifetime is hard to derive based on observations. Our approach is based on continuous day and night cloud measurements to produce a cloud duration dataset. Diﬀerences
in aerosol type and cloud type could deﬁnitely make differences in aerosol-cloud interactions; this is just an initial
work to reveal the impact of aerosol type on cloud properties. High temporal and spatial resolution dataset about
aerosol species and cloud types are needed in the future.
Results from this study are physically sound in general, and
the quantiﬁed estimates of radiative forcing may be useful
for evaluating modeling results.

Data Availability
The aerosol and cloud properties datasets of SACOL site are
provided by Key Laboratory for Semi-Arid Climate Change
of the Ministry of Education, Lanzhou University (http://
climate.lzu.edu.cn). All of data referring to SGP site are
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available from the Atmospheric Radiation Measurement
(ARM), a US Department of Energy (DOE) Oﬃce of Science
user facility (https://www.arm.gov/data). The ERA-Interim
dataset is obtained from https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim. Global Precipitation Climatology Project (GPCP) Version 2.2
Combined Precipitation Dataset is obtained from https://
www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html. The
cloud climatology is provided by International Satellite
Cloud Climatology Project (ISCCP) (https://eosweb.larc.nasa.gov/project/isccp/isccp_d2_table). The Monitoring Atmospheric Composition and Climate (MACC)
reanalysis is obtained from https://apps.ecmwf.int/datasets/
data/macc-reanalysis/levtype � sfc/.
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Journal de Pharmacie Et de Chimie, vol. 4, no. 1, pp. 165–172,
1875.
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