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Abstract

Aerosol optical quantities have been widely employed as the proxy variables of cloud
condensation nuclei concentration to study aerosol indirect effects (AIE). Due to the aerosol swelling
effect, cloud condensation nuclei and aerosol optical quantities do not vary in harmony, leading to a bias
in the estimation of the AIE. To identify and quantify this artifact, we employ extensive measurements of
aerosol and cloud properties made at four sites in different continents that have distinct aerosol properties
in terms of size and composition. One-unit enhancement in aerosol scattering coefﬁcient by swelling
effect is found to lead to a systematic underestimation of the ﬁrst indirect effect (FIE) by about 23%
that can result in an underestimation in the FIE-related radiative forcing by several W/m2 depending on
aerosol properties and relative humidity. This likely contributes signiﬁcantly to the systematic difference
between satellite-based estimates of the FIE and those simulated by general circulation models.
Recommendations are made to make more sound comparisons of the AIE estimated from observations
and model simulations.

Plain Language Summary Due to the limited measurements of cloud condensation nuclei
concentration, the aerosol optical quantities such as aerosol optical depth have been widely employed to
study the aerosol ﬁrst indirect effect (FIE), which is one of the largest sources of uncertainties in climate
studies. Aerosol optical quantities are signiﬁcantly inﬂuenced by aerosol swelling effect, but cloud
condensation nuclei are not, which can lead to a bias in the estimation of the FIE. Here we
employed extensive measurements of aerosol and cloud properties made at four Atmospheric
Radiation Measurement sites that have distinct aerosol types to identify and quantify this artifact.
Our results reveal that one-unit enhancement in aerosol scattering coefﬁcient due to aerosol
swelling can result in underestimating the FIE by ~23%, which will lead the signiﬁcant
underestimation on the FIE-related radiative forcing. The ﬁnding helps account for the systematic
differences between observation-based and modeled simulated FIE, especially for those derived
from satellite-based measurements. It may also help explain some observed positive aerosol
indirect effects values.
1. Introduction
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Aerosol particles play signiﬁcant roles in weather, climate, and various types of severe events through
their direct and indirect effects (Li et al., 2016, 2017). The widely known Twomey effect (Twomey, 1977)
is a key root cause for the widespread impact, which describes a decrease in cloud particle size with
an increasing number of cloud particles for the same liquid water amount leading to a higher cloud
albedo by more but smaller cloud droplets. This is often referred to as the aerosol ﬁrst indirect effect
(FIE), which has been estimated from satellite retrievals of cloud particle size and aerosol optical depth
(AOD) or its derivative quantity called the aerosol index on regional (Liu et al., 2003; Menon et al.,
2008; Nakajima et al., 2001; Yuan et al., 2008) and global (Bréon et al., 2002) scales. The aerosol FIE has
also been studied at a few select sites using data from ground-based instruments (Feingold et al.,
2003, 2006; Kim et al., 2003, 2008; Liu & Li, 2018; Liu et al., 2016; Ma et al., 2010; Pandithurai et al.,
2009) and from aircraft in situ measurements (Flamant et al., 2018; Lu et al., 2008; Painemal &
Zuidema, 2013).
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These studies have reported that the magnitude of the FIE generally lies between 0.02 and 0.33, but anomalous values have also been reported (Panicker et al., 2010; Tang et al., 2014; Yuan et al., 2008). The FIE is subject to the inﬂuences of interactions and feedbacks with aerosol properties (e.g., aerosol vertical distribution,
aerosol size distribution, and aerosol chemical properties) and cloud dynamical conditions (e.g., vertical velocity and vertical wind shear). Estimates of the FIE are also inﬂuenced by different analysis methods (Rosenfeld
& Feingold, 2003), data spatial resolutions (McComiskey & Feingold, 2012), and meteorological conditions
(Liu et al., 2016). A systematic discrepancy in the aerosol FIE was found based on coincident satellite and
ground-based observations, which are sensitive to different parts of clouds (Liu et al., 2016). As such, the
aerosol FIE has been regarded as one of the largest sources of uncertainties out of all climate forcing agents
(IPCC, 2013; National Research Council, 2005; Tas et al., 2012).
The mechanism underlying the FIE is that aerosols can act as cloud condensation nuclei (CCN) and affect
the number of cloud droplets and their droplet effective radius (DER). The FIE should thus be measured by
the response of cloud properties to variations in CCN concentration. However, because of the high cost
and complexity, in situ and ground-based observations of CCN concentration have been difﬁcult to collect
and few are on a global scale, especially over oceans despite a recent encouraging development of
inferring CCN from satellite remote sensing (Rosenfeld et al., 2016). While the AOD has been commonly
used as a proxy for CCN in FIE studies, the approximation suffers from serious uncertainties (Andreae,
2009; Liu & Li, 2014). The AOD represents the vertically integrated attenuation that depends not only
on the number of particles but also on relative humidity (RH) and the size distribution, and is thus not
a good proxy for the CCN even though it can be corrected to some extent (Liu & Li, 2014). A major
uncertainty is incurred by aerosol hygroscopicity, which depends strongly on aerosol chemical composition
(Jeong et al., 2007; Liu & Li, 2014). Aerosol hygroscopicity also conveys information about the enhancement
of aerosol light scattering/extinction as RH increases. Meanwhile, the aerosol absorption may be
augmented by the humidiﬁcation effect for light-absorbing aerosols with a hygroscopic coating (Peng
et al., 2016; Wang et al., 2013), which could potentially be an additional uncertainty source for using
AOD as a proxy for CCN. Studies on the relationship between cloud cover and AOD show that the aerosol
humidiﬁcation effect can explain about a quarter of the observational correlation between cloud cover
and AOD (Jeong & Li, 2010) and is the dominant contributor to the modeled cloud cover-AOD relationship
(Quaas et al., 2009, 2010).
However, few studies have examined the extent of the contribution of the enhancement in aerosol optical properties due to aerosol swelling to the FIE, which is possibly one of the main reasons behind the
large uncertainties in aerosol-cloud interaction (ACI) studies using satellite retrievals. Feingold and
McComiskey (2016) and Seinfeld et al. (2016) have pointed out that the contributions of aerosol hygroscopicity and composition to the FIE are still ambiguous and that further observationally based evaluations are still needed.
The objective of this study is to examine the adverse inﬂuence of aerosol hygroscopicity on the FIE and to
estimate the contribution of this artifact to the magnitude of the FIE derived from measurements made
by a large suite of instruments at ﬁxed and mobile Atmospheric Radiation Measurement (ARM) Climate
Research Facility (ACRF) sites located in regions around the world with different meteorological conditions
and diverse aerosol types with distinct aerosol compositions and sizes. The ﬁndings have signiﬁcant
implications for both ACI studies based on satellite and ground-based aerosol optical quantities and for
explaining discrepancies between observation-based estimates of the FIE and model simulations of
the FIE.

2. Data and Methods
2.1. Experimental Sites
Data from four ACRF sites, representing different climate conditions and aerosol types, were selected. The
ﬁxed sites are located in the U.S. Southern Great Plains (SGP) and on Graciosa Island in the Azores (GRW).
The mobile facility sites are located in the Ganges Valley in India (PGH) and at ShouXian (SX) in China.
Detailed information about each site is listed in Table S1 in the supporting information and can also be found
at http://www.arm.gov/sites.
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2.2. Aerosol Scattering Coefﬁcients and Hygroscopicity
Total aerosol scattering coefﬁcients (σ) of aerosol particles with diameters less than 1 μm and 10 μm were measured by two 3-wavelength (450, 550, and 700 nm) TSI Model 3653 nephelometers. The σ associated with aerosol
particles with diameters less than 10 μm were used in this study. One instrument measured σ under dry conditions
(RH = ~40%) and the other instrument measured σ under varying RH conditions (~40% to ~90%). The aerosol
hygroscopic growth factor is deﬁned as the ratio of σ at a given RH to that at a low reference RH (RHRef):
ƒ σ;RH ¼

σðRHÞ
:
σðRHRef Þ

(1)

The hygroscopic growth factor at RH = 85% and RHRef = 40% is then written as ƒRH(85%/40%), which is denoted
as fRH in this study. A two-parameter function has been widely used to describe the RH dependence of σ:


RHð%Þ b
;
(2)
ƒσ;RH ¼ a  1 
100
where a and b are determined by ﬁtting σ measured at varying RH levels (Jefferson, 2011). By ﬁtting the function with observational data from the study sites, the parameters a and b can be derived, from which σ can be
estimated at any ambient RH level:
b
amb
1  RH100
σ ðambÞ ¼ σ ðdryÞ 
b :
RH
1  100dry

(3)

2.3. Cloud Optical and Microphysical Properties
The cloud optical depth (COD) retrieved in this study is based on ground measurements of downwelling zenith
radiance measured by a two-channel (673 and 870 nm) narrow ﬁeld-of-view radiometer with a 5.7° ﬁeld of view
(Chiu et al., 2006; Liu et al., 2013; Marshak et al., 2004). Narrow ﬁeld-of-view radiance measurements are quantiﬁed and corrected by comparing them with Aerosol Robotic Network Sun photometer radiance measurements, which are considered to be accurate (Holben et al., 1998) at the four sites as shown by Chiu et al.
(2006; Figure S1). The COD retrieved by this method has been validated through comparisons with retrievals
from other surface-based and satellite-based methods (Chiu et al., 2006; Liu et al., 2013; Marshak et al., 2004).
The cloud liquid water path (LWP) was retrieved using the statistical approach proposed by Liljegren et al.
(2001) and Liljegren and Lesht (2004) applied to atmospheric brightness temperature measurements made
by a microwave radiometer or a microwave radiometer proﬁler. Typical uncertainties in LWP retrievals from
microwave radiometers are ~20 g/m2 for LWP < 200 g/m2 and ~10% for LWP > 200 g/m2 (Liljegren et al.,
2001). DER is calculated from temporally matched retrievals of COD and LWP using the following equation:
COD ¼

3LWP
;
2ρw DER

(4)

where ρw is the density of water. Micropulse lidar measurements were used to determine cloud base heights
at the SGP, GRW, and SX sites using the methodology developed by Wang and Sassen (2001). Ceilometer
measurements were used to determine cloud base heights at the PGH site.
In this study, data corresponding to LWP < 50 g/m2 and LWP > 700 g/m2 were excluded to avoid very thin or
broken cloud cover, postprecipitation conditions (McComiskey et al., 2009), and potential precipitation contamination (Dong et al., 2008). Clouds with bases higher than 1.0 km and with DER > 25 μm were also
excluded because these values are unrealistic for low-level clouds (Bulgin et al., 2008).

3. Results
Statistics summarizing cloud microphysical and aerosol properties at each site are listed in Table S2. The largest mean LWPs occur at the PGH site (192 ± 141 g/m2) and at the SX site (171 ± 119 g/m2). Mean LWP at the
SGP and GRW sites are roughly the same. Mean COD is the largest at the PGH site (38.4 ± 21.5), followed by
mean COD at the SX (37.3 ± 24.9), SGP (35.9 ± 18.2), and GRW (31.8 ± 17.6) sites. The largest and smallest
mean DER is found at the PGH and SGP sites (8.3 ± 4.9 μm and 7.0 ± 3.3 μm, respectively). The largest fRH
is found at the GRW site. This is because sea salt aerosols with strong hygroscopicities dominate over this
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Figure 1. Cloud effective radius as a function of dry aerosol scattering coefﬁcient at 450 nm at the SGP, GRW, PGH, and
SX sites for samples with fRH less than and greater than the site-speciﬁc threshold value. LWP is constrained to the range
2
of 60–100 g/m . Green dots represent data corresponding to fRH less than the site-speciﬁc threshold value, and red
dots represent data corresponding to fRH greater than the site-speciﬁc threshold value. Green and red lines represent the
best ﬁt lines through each group of data. FIE stands for the aerosol ﬁrst indirect effect. LWP = liquid water path.

area. The smallest value of fRH is found at the PGH site, which suggests that aerosols with relatively low
hygroscopicity are prevalent over this region. The noticeably different fRH seen at each site suggests that
aerosols with different compositions dominate at each site. Very high aerosol loading is seen at the SX site
(mean σ = 451 ± 477 M/m). Aerosol loading is lowest at the GRW site (mean σ = 34 ± 23 M/m). These
results show that much greater differences in aerosol composition and aerosol loading exist from site to site.
The aerosol FIE was estimated using the linear regression slope of relationship between DER and σ in log-log
scale at constant LWP. Figure 1 shows DER as a function of dry σ in two ƒRH bins at each site. LWP is constrained to the range of 60–100 g/m2. Threshold values of ƒRH used to deﬁne the two bins are the median
values of ƒRH for data with LWP ranging from 60–100 g/m2. Accompanying statistics listing the mean and
standard deviation of σ, DER, and COD in each ƒRH bin at each site are given in Table S3. At the SGP and
PGH sites, larger values of mean σ are found for aerosol samples with low ƒRH, but at the GRW and SX sites,
larger values of mean σ are found for aerosol samples with high ƒRH. At each site, the ƒRH bin with the largest
σ also has the largest COD and the smallest DER. These results are consistent with the results reported by Kim
et al. (2003) who showed that COD is enhanced by increased aerosol loading.
The magnitude of the FIE for aerosol particles with relatively large ƒRH is greater than the magnitude of the FIE
for aerosol particles with relatively smaller ƒRH at each site (legends in Figure 1). This suggests that aerosol
particles with higher hygroscopicities have a greater effect on DER. Aerosol particles with higher hygroscopicities are generally more readily activated into CCN. This means that ACIs are more sensitive to aerosols,
resulting in a relatively stronger FIE. Model simulations have shown a weak relationship between DER and
AOD and at times, a positive correlation between DER and AOD due to a decrease in activated aerosols when
aerosols contain increasing amounts of slightly soluble organics (Yuan et al., 2008). Aerosol composition
appears to play a role in determining the ultimate magnitude of the Twomey effect (McComiskey et al.,
2009). The DER is nonlinear with respect to aerosol concentration, showing the highest sensitivity in the transition from clean to slightly polluted conditions (Koren et al., 2014). The similar ranges of aerosol loading for
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Figure 2. Cloud effective radius as a function of dry aerosol scattering coefﬁcient at 450 nm (green dots) and ambient
aerosol scattering coefﬁcient at 450 nm (red dots) at each site (SGP, GRW, PGH, and SX). LWP is constrained to the range
2
of 60–100 g/m . FIE stands for the aerosol ﬁrst indirect effect. LWP = liquid water path.

smaller and larger ƒRH cases at each site (Figure 1 and Table S3) suggest that the aerosol loading condition is
not the main reason behind the differences in the FIE for the smaller and larger ƒRH samples.
The AOD and aerosol extinction coefﬁcients measured under ambient conditions depend not only on the
aerosol loading but also on particle size and atmospheric humidity due to aerosol swelling. Liu and Li
(2014) have shown that RH signiﬁcantly inﬂuences the CCN estimation
from AOD retrievals and aerosol extinction/scattering coefﬁcient measurements. Figure 2 shows DER as a function of σ under dry and ambient
RH conditions for the LWP range of 60–100 g/m2 at each site. Mean
values of σ under dry and ambient conditions, respectively, are
60.3 ± 39.4 M/m and 160.3 ± 140.8 M/m at the SGP site, 32.5 ± 22.2 M/
m and 47.4 ± 38.4 M/m at the GRW site, 214.2 ± 129.3 M/m and
350.8 ± 190.5 M/m at the PGH site, and 306.2 ± 125.7 M/m and
471.9 ± 228.0 M/m at the SX site. The enhancements in σ due to the
aerosol swelling effect (Δσ), deﬁned as the ratio of the difference in σ
under ambient RH conditions and dry RH conditions to σ under dry RH
conditions, are large with magnitudes of 165.8%, 45.8%, 63.8%, and
54.1% at the SGP, GRW, PGH, and SX sites, respectively. The FIE estimated using the dry σ is larger than that using the ambient σ at all four
sites, and especially at sites where the largest enhancement in σ due to
the swelling effect is found. This is mainly because DER is nonlinear with
respect to aerosol concentration, showing a higher sensitivity in the
transition from clean to slightly polluted conditions than from clean to
highly polluted conditions (Koren et al., 2014). It is also the reason that
Figure 3. Changes in FIE [(FIEAmb  FIEDry)/FIEDry] estimated by using the
for the same amount of scattering, there are more aerosol particles
ambient σ and the dry σ as a function of the enhancement in σ
under dry conditions than under wet conditions. So per unit change of
[(σAmb  σDry)/σDry] due to aerosol swelling effects from dry to ambient
aerosol scattering, there are more changes in CCN concentration.
relative humidity conditions at each site.
LIU AND LI
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The differences in the FIE for the two cases in Figure 3 at all sites are attributed to the ambient and dry aerosol
scattering coefﬁcients that are used in calculating the FIE since all other potential factors (e.g., cloud samples
and meteorological variables) are kept the same in the two cases. The contribution of aerosol humidiﬁcation
to the FIE, expressed as the change in FIE (dFIE), is estimated using the ambient σ and the dry σ [i.e.,
dFIE = (FIEamb  FIEdry)/FIEdry]. The dFIE as a function of dσ ((σAmb  σDry)/σDry) is shown in Figure 3. The
increase in σ induced by aerosol swelling enhanced the magnitude of the decrease in the FIE. When σ
increases by one unit, the calculated magnitude of the FIE can decrease by ~23%. Twomey (1974) reported
a typical FIE value of ~0.27. Our result implies that when aerosol optical properties such as AOD and/or extinction are used as CCN proxies to estimate the FIE, the one-unit enhancement of aerosol optical properties due
to the aerosol swelling effect will result in an underestimation of 0.06 for the FIE. By using Santa Barbara
DISORT Atmospheric Radiative Transfer model simulations, McComiskey and Feingold (2008) found that an
uncertainty of 0.05 in the FIE could result in a local radiative forcing error of 3 to 10 W/m2 depending
on the properties of the aerosols.
Previous studies have indicated that atmospheric humidity and large-scale dynamic and thermodynamic
conditions inﬂuence ACIs (Feingold et al., 2003; Gryspeerdt et al., 2014; Liu et al., 2016; Liu & Li, 2018; Su
et al., 2010; Yuan et al., 2008). The vertical velocity at 700 hPa (ω) and lower tropospheric stability (LTS) have
been used to constrain the dynamic and thermodynamic conditions (Bony et al., 2004; Lebsock et al., 2008;
Matsui et al., 2004; Su et al., 2010). They are thus also examined in this study. The LTS is calculated as the difference between the potential temperature of the free troposphere (700 hPa) and the potential temperature
at the surface. Both quantities are obtained from the European Centre for Medium-Range Weather Forecasts
(ECMWF) model runs for ARM analysis with an hourly resolution for a 0.56° × 0.56° box centered on the site
(European Centre for Medium-Range Weather Forecasts (ECMWF), 1994). While the reanalysis is not as accurate as actual sounding data, the latter are too few for this investigation. Figures S2a–S2c show the mean
values and standard deviations of surface RH, ω, and LTS for aerosol particle samples with low and high
ƒRH at each site. Under both low- and high-ƒRH conditions, RH, ω, and LTS are similar at all sites. This suggests
that meteorological conditions are not the main reason behind the difference in the estimated FIE for cases
with low and high ƒRH. Figures S2d–S2f show the mean values and standard deviations of surface RH, ω, and
LTS under low and high aerosol loading conditions for aerosol samples with lower and higher ƒRH at each site.
Samples under low and high aerosol loading conditions in the ƒRH bins are deﬁned as those with σ smaller and
larger than the lower and upper one quarter of the total instantaneous σ in that ƒRH bin, respectively. There is no
signiﬁcant difference in any of the meteorological variables between low and high aerosol loading conditions
for the smaller and larger ƒRH cases at all sites, suggesting that the decrease in DER with increasing σ is not
explained by variations in meteorological variables from low to high aerosol loading conditions.

4. Implication of the Finding
Before interpreting the above results, one must ﬁrst bear in mind the limitations of the approach due to
numerous assumptions made which include, among others, (1) AOD measured in the clear column is proportional (not necessarily identical) to the aerosol extinction near cloud base, (2) CCN at cloud base is proportional to aerosol extinction, and (3) CCN is proportional to cloud droplet number concentration. It is
beyond the scope of this study to assess the effectiveness of the approach itself. The intent of the study is
to demonstrate an often overlooked factor that can undermine the validity of using the correlations between
aerosol measurements made in the clear-sky column and cloud microphysics in nearby cloud cells.
The above ﬁndings imply that the FIE is underestimated when AOD or aerosol scattering/extinction coefﬁcients at ambient RH conditions are used as a proxy for CCN to study ACIs. This is especially relevant to aerosol
indirect effect studies based on satellite retrievals that commonly use AOD and/or aerosol extinction coefﬁcients without considering the aerosol swelling effect. This is especially so in humid regions and in near-cloud
regions where AODs and extinction coefﬁcients are signiﬁcantly enhanced due in part to aerosol humidiﬁcation and the consequential growth of aerosol particles in the moist cloud environment (Jeong & Li, 2010;
Marshak et al., 2008; Yang et al., 2014).
The ﬁnding is consistent with that of Yuan et al. (2008) who found a highly variable FIE that is most sensitive
to the atmospheric moisture content by analyzing Moderate Resolution Imaging Spectroradiometerretrieved AOD and cloud particle size with meteorological quantities from the ECMWF reanalysis. The
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slope of their DER-AOD relationship is negative with a larger magnitude in the dry interior region of the continental United States, which decreases as moisture increases and even becomes positive in the very humid
region of the Gulf coast (Yuan et al., 2008). This is mainly because an increase in water vapor is accompanied
by an increase in drop collision-coalescence events and a reduction in cloud drop number concentration for
the same AOD, resulting in a decrease in the effect of aerosols on DER (McComiskey et al., 2009). While the
ﬁnding of this study helps explain the dependence of the FIE on moisture, we cannot attribute it entirely
to this effect which would require simultaneous measurements made across the same region as covered
by the satellite. We can, however, make a recommendation for any ﬁeld campaign to make either CCN (best)
or aerosol scattering measurements at the same humidity in determining the FIE for the sake of cross comparison. If only AOD or other optical quantities are available at ambient conditions, a correction should be
made to get a better proxy for CCN (Liu & Li, 2014).
Previous studies have shown systematic discrepancies in ACIs between general circulation model (GCM)
simulations and observations. GCM simulations tend to overestimate the cooling of ACIs and are more susceptible to aerosols compared with observations (e.g., Chen et al., 2016; Quaas et al., 2009; Quaas &
Boucher, 2005; Quaas et al., 2004). Multiple mechanisms have been proposed to identify the possible factors
contributing to the observation-model discrepancy, such as the dispersion effect whereby changes in aerosol
properties alter the spectral shape of the cloud droplet size distribution in addition to droplet number concentrations (e.g., Chen et al., 2016; Liu & Daum, 2002; Pandithurai et al., 2012), the turbulent entrainmentmixing process (e.g., Grabowski, 2006; Kim et al., 2003), the autoconversion process (e.g., Michibata et al.,
2016), and the buffering effect (Stevens & Feingold, 2009). The obvious discrepancies in the cloud coverAOD and LWP-AOD relationship obtained from GCM simulations and from observations have been partly
attributed to the aerosol swelling in regions where humidity is high and clouds are coincidentally present
(Grandey et al., 2013; Neubauer et al., 2017; Quaas et al., 2010). The ﬁnding from our study that optically based
methods may underestimate the FIE due to the aerosol swelling effect provides another possible explanation
for the discrepancy between measurements and GCM estimations. As such, we would recommend to use
CCN or any proxy variable made under dry or ﬁxed humidity in computing the AIE for the sake of cross comparison between observation and modeling, or among different observations.

5. Summary
The effects of aerosols on cloud microphysical properties remain one of the largest uncertainties among all climate
forcing agents/mechanisms. They have been shown to be sensitive to meteorological conditions (e.g., vertical
velocity), the scale and resolution of observations, as well as aerosol concentration, size, and chemistry. In this
study, the inﬂuence of aerosol hygroscopicity (ƒRH), which strongly depends on aerosol composition, on the relationship between aerosols and DER, is examined based on measurements of aerosol and cloud properties made at
four ACRF sites located around the world. Overall, the magnitude of the FIE for aerosol particles with stronger ƒRH
is larger than that for aerosol particles with weaker ƒRH, suggesting that aerosols with higher hygroscopicities have
a seemingly greater effect on cloud microphysical properties. Aerosol particles with higher hygroscopicities are
generally more readily activated into CCN and the resulting cloud droplets more readily grow as well, and thus
in a relatively stronger FIE. This suggests that aerosol composition also plays an important role in ACIs.
Aerosol scattering coefﬁcients are enhanced due to the aerosol swelling effect. Magnitudes of the FIE estimated using dry aerosol scattering coefﬁcients were greater than those based on ambient aerosol scattering
coefﬁcients at all four sites. When aerosol scattering coefﬁcients were enhanced by one unit due to aerosol
swelling, the magnitude of the FIE decreased by up to ~23%, which may contribute to a positive FIE as
noted in some previous observation-based studies. This corresponds to an underestimation of the FIEinduced radiative forcing of 3 to 10 W/m2 when AOD or aerosol scattering/extinction coefﬁcients under
ambient RH conditions are used as a proxy for CCN. By contrast, model-based estimations of the FIE usually
do not account for the hygroscopic effect, leading to potentially artiﬁcial discrepancies which ought to be
accounted for in observation-model intercomparison studies of the FIE. For the sake of comparing AIE
between observation and modeling or among observations, it is recommended to use (in the order of preference) CCN (best), aerosol number concentration, dry mass, scattering coefﬁcient measured under dry or
constant RH, ambient AOD (worst) for the sake of comparison. Whenever feasible, a correction should be
made for the swelling effect.
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