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Abstract

We investigate hygroscopic growth of marine aerosols from three research cruises: Texas Air
Quality Study-Gulf of Mexico Atmospheric Composition and Climate Study (TexAQS-GoMACCS) 2006,
International Chemistry Experiment in the Arctic Lower Troposphere (ICEALOT) 2008, and California Research
at the Nexus of Air Quality and Climate Change (CalNex) 2010. Particle hygroscopic growth was characterized
by measuring the effect of water uptake under subsaturated conditions on the aerosol light extinction at
532 nm. Mie theory calculations were utilized to convert the observed optical growth factors (fext(RH)) into
physical growth factors (GF) at 85% RH. GF is found to be a more robust measure of aerosol hygroscopic
growth than fext(RH), which can be biased by changes in aerosol dry size. Consistent with previous observations,
the overall GF(85%) for submicron aerosol depended on the fraction of organics. The submicron GFOM(85%)
speciﬁcally was found to range from 1.0 to 1.3 for all three campaigns. A robust positive linear dependence of the
overall supermicron GF(85%) on the mass fraction of sea salt was observed. During TexAQS, two types of dust
particles with distinct hygroscopic properties were identiﬁed in the supermicron mode; one that originated from
the Sahara desert was moderately hygroscopic (GFdust(85%) = ~1.4) and the other from continental sources
was nearly hydrophobic. The GF(85%) of supermicron organics was estimated through hygroscopicity closure
calculations. Supermicron organics that originated from marine sources were found to be substantially more
hygroscopic than those from continental sources, with the latter having a GF(85%) similar to that of the
submicron organics. This study demonstrates the potential of using aerosol optical measurements to
retrieve hygroscopic growth factor and underlines the importance and need for future investigations on
the hygroscopic properties of marine supermicron aerosols.

1. Introduction
Atmospheric aerosols affect Earth’s radiative balance and climate directly through absorption and scattering of
the incoming solar radiation and indirectly through modiﬁcation of cloud properties [Intergovernmental
Panel on Climate Change, 2007]. Hygroscopicity, which characterizes the ability of aerosols to take up water
under subsaturated and supersaturated conditions, is a key parameter determining both the direct and indirect
climate effects of aerosols. It is well known that the hygroscopic growth of soluble particles can be described by
the Köhler theory [Köhler, 1921, 1936]. Nonetheless, it remains challenging to characterize the hygroscopic
behaviors of the dynamic and complex atmospheric aerosol consisting of particles with a wide range of sizes
and chemical composition. As such, it is not surprising that representations of aerosol hygroscopicity in
current atmospheric chemistry, and climate models are highly simpliﬁed and uncertain [Malm and Kreidenweis,
1997; Kinne et al., 2003; Ghan et al., 2012]. Numerous efforts have been made to develop instruments and
techniques that quantitatively determine atmospheric aerosol hygroscopicity in situ. These measurements
combined with chemical speciation data provide direct observational constraints for improving model
parameterizations of hygroscopic properties of atmospheric aerosols.
Hygroscopic growth under subsaturated condition can be described by the hygroscopic growth factor (GF),
which is the ratio of equilibrium particle diameters (Dp) under dry and wet conditions:
GFðRHÞ ¼

Dp;wet
Dp;dry

(1)

In principle, GF can be derived from the detected changes in particle size, mass, or optical properties due to
water uptake. Instruments for direct quantiﬁcation of GF based on particle size measurements (direct or inferred
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from light scattering), such as the Hygroscopicity Tandem Differential Mobility Analyzer (H-TDMA) [Liu et al.,
1978; Rader and McMurry, 1986] and the Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe
(DASH-SP) [Hersey et al., 2009; Sorooshian et al., 2008], have been deployed to determine subsaturated aerosol
hygroscopic growth in a wide range of atmospheric environments. The link between submicron aerosol GF
and chemical composition has been extensively studied [e.g., Gysel et al., 2007; Hersey et al., 2009; Cerully et al.,
2011; Duplissy et al., 2011; Stock et al., 2011; Hersey et al., 2013; Wu et al., 2013]. However, an important limitation
of these techniques is that they are only applicable for small particles due to the restriction of particle size
range by the Differential Mobility Analyzers (typically dry diameter < 300 nm for high relative humidity (RH)
conditions). GF measurements of larger (e.g., coarse) particles require different techniques and are sparse in the
literature [Hitzenberger et al., 1997; Hegg et al., 2006, 2008; Stock et al., 2011].
Besides these techniques for direct measurement of GF, an optical approach that involves measurements of
aerosol light extinction (or scattering) at dry and humidiﬁed conditions has also been utilized to characterize
the impact of particle water uptake on optical properties [e.g., McInnes et al., 1998]. The ratio between the
extinction coefﬁcients (bext) of the humidiﬁed and dried aerosols is deﬁned as the optical growth factor, often
referred to as fext(RH):
f ext ðRHÞ ¼

bext;wet
bext;dry

(2)

Since this optical approach does not require the direct measurement of wet particle diameter, it is in principle
applicable for a wider range of particle sizes. Some studies have further converted fext(RH) to an approximately
RH-independent single-parameter, γext, which represents a presumed power law continuous growth of
aerosol light extinction as the RH approaches 100% [Gassó et al., 2000; Quinn et al., 2005; Kim et al., 2006; Massoli
et al., 2009]. f(RH) and γext have been extensively characterized in ﬁeld and laboratory studies in which the
dependence of f(RH) and γext on aerosol chemical composition have been investigated [Carrico et al., 2003;
Malm and Day, 2001; Malm et al., 2003; Quinn et al., 2005, 2006; Wang et al., 2007; Ziemba et al., 2013; Zhang
et al., 1994]. For example, fext(RH) and γext were both found to exhibit a negative correlation with the mass
fraction of particulate organic matter (POM) in submicron aerosols sampled during New England Air Quality
Study (NEAQS) 2004 [Quinn et al., 2006] and Texas Air Quality Study-Gulf of Mexico Atmospheric Composition
and Climate Study (TexAQS-GoMACCS) 2006 [Massoli et al., 2009], respectively.
In more recent studies, an optically weighted hygroscopic GF was retrieved from the measured fext(RH) for
laboratory-generated aerosols [Cappa et al., 2011; Flores et al., 2012; Prather et al., 2013]. This inverse approach,
based on Mie theory under the assumption of spherical particles, takes into account the changes in both the
physical size and the refractive index of aerosols due to water uptake. Compared to fext(RH) and γext, the
optically weighted GF is more straightforwardly linked to model parameterizations. It should be noted that
almost all these previous applications of the optical hygroscopic growth measurement techniques have only
investigated submicron particles, although the method does allow for the extension to larger size ranges.
In this work, fext(RH) measurements and complementary aerosol chemical composition data for PM1 and PM10
aerosols from three research cruises are analyzed. The algorithm developed by Cappa et al. [2011] has been
used for the ﬁrst time to retrieve hygroscopic GF from fext(RH) for both submicron and supermicron aerosols
collected in coastal and marine boundary layer atmospheres during these cruise campaigns. Variations in GF for a
relatively wide range of chemical composition sampled in different regions are examined. In particular, the
results on the hygroscopic properties of supermicron aerosols, for which in situ observational studies are scarce
and in need, are highlighted. Results from this study will be a valuable addition to the understanding of
hygroscopicity of marine aerosols, especially in the supermicron range, and provide observational constraints
for the representation of marine aerosol hygroscopic growth in climate models.

2. Methods
2.1. Field Campaigns
The data sets analyzed in this study were collected from three NOAA sponsored research cruises (data available
for download at http://saga.pmel.noaa.gov/data/). A map that shows the cruise tracks is presented in Figure S1
in the supporting information. The TexAQS-GoMACCS (Texas Air Quality Study-Gulf of Mexico Atmospheric
Composition and Climate Study) took place during the period of 27 July to 11 September 2006 near the Texas
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Gulf coastal region, with the goals of better understanding the sources, atmospheric processes, and radiative
properties of aerosols over the Gulf of Mexico [Bates et al., 2008]. Aerosol optical and chemical composition
measurements were made on board the NOAA R/V Ronald H. Brown. The ICEALOT (International Chemistry
Experiment in the Arctic Lower Troposphere) campaign was conducted in the spring of 2008 (19 March to 24
April 2008) to characterize the sources and distribution of gas and aerosol phase pollutants within the Arctic
marine boundary layer. Measurements used in this study were made aboard the Woods Hole Oceanographic
Institute (WHOI) R/V Knorr, most of the time cruising in an ice-free region of the Arctic during the campaign
[Frossard et al., 2011]. The CalNex (California Research at the Nexus of Air Quality and Climate Change)
campaign, conducted in the spring-summer time of 2010, was a multiplatform ﬁeld study that aimed to
understand the interactions between regional air quality and climate change issues [Ryerson et al., 2013].
As part of CalNex, aerosol measurements were made aboard the WHOI R/V Atlantis along the California
coast from mid-May to mid-June 2010. A large fraction of the data were collected near the Los Angeles
coastal region sampling air masses inﬂuenced by urban and ship emissions.
During these cruises, aerosol particles were sampled ~18 m above the sea surface through a ~5 m tall inlet
mast. The inlet nozzle was designed to rotate with wind to maintain a nominally isokinetic ﬂow and to
minimize the loss of supermicron particles. The lower part of the mast was moderately heated so that the
sampled air was maintained at <25% relative humidity (RH) during ICEALOT and <60% RH during TexAQS
and CalNex. The sampled aerosols were directed to a variety of instruments and impactors via 1.9 cm
diameter stainless steel or conductive polyethylene tubes that extended into the heated zone of the inlet.
Further details about the sampling mast were provided by Bates et al. [2002].
2.2. Measurements
2.2.1. CRD-AES Light Extinction and fext(RH)
Aerosol extinction (bext) and subsaturated hygroscopic growth fext(RH) measurements were made with a cavity
ring-down aerosol extinction spectrometer (CRD-AES) similar to that described in Langridge et al. [2011]. An
automated valve was placed upstream of the CRD-AES to switch the sample ﬂow between two Berner-type
impactors [Berner et al., 1979] to select either sub-10 μm (PM10) or sub-1 μm particles (PM1). Extinction due
to supermicron particles (PMsuper) was determined by taking the difference between the observed bext(PM10)
and the average bext(PM1) as measured just prior to and just after the PM10 measurement. The CRD-AES used
during the three campaigns had four channels operating at 532 nm, one channel at 355 nm, and one at
1064 nm. The effect of water uptake on the light extinction was measured by operating one of the 532 nm
channels under dry RH (<30%) with a Naﬁon diffusion dryer (Perma Pure) and two of the 532 nm channels at an
elevated RH (i.e., 75% and 85%) with custom-built humidiﬁers. The RHs in the cavity were monitored using
calibrated RH and temperature probes (Rotronic Inc.). The fourth 532 nm channel was dried and ﬁltered to
determine the interference from gas-phase species to the observed signal. The particle loss in the Naﬁon dryer
was estimated to be ~10%. The accuracy of the RH measurement is ±2%. Not counting particle losses, the
uncertainty is estimated to be within ±3% for the PM1 and PM10 CRD extinction measurements. The uncertainty
in the derived supermicron particle extinction depends on the PM10/PM1 extinction ratio. As this ratio increases,
the uncertainty in supermicron extinction decreases. For a PM10/PM1 extinction ratio >1.25, the propagated
uncertainty in supermicron extinction is <20%.
The fext(RH) was calculated using the measured 532 nm aerosol extinction coefﬁcients (bext) at dry
(RH < 30%) and humidiﬁed (RH = 75% ~ 90%) conditions (equation (2)). Because the RHs for the humidiﬁed
cells were not actively controlled, and thus exhibited some ﬂuctuations in time, a dimensionless, RHindependent parameter, γext, was obtained by combining the three CRD 532 nm extinction measurements
at dry and elevated RH:


log f ext ðRHÞ



γext
(3)
log 100  RHdry =ð100  RHÞ
where in our study RHdry is 25%. Using equation (3), fext(RH) at exactly 85% RH was determined to facilitate
comparison between different time periods and to further allow for retrieval of the optically weighted GF at
85% RH (detailed in section 3). The uncertainty of the derived fext(85%) for submicron particles is largely
determined by the accuracy of the RH measurement. A ± 2% error in RH measurement translates to an
uncertainty of ±7% in fext(85%) for a typical γext value of 0.5.
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It is possible that particle losses between the humidiﬁer and humidiﬁed channels were increased relative
to the dry channel due to the increase in particle aerodynamic diameter with water uptake, with such an
effect being most important for the supermicron particles. Loss of semivolatile aerosol components (i.e.,
ammonium nitrate) upon inlet heating during TexAQS and CalNex may have also occurred. Such losses would
lead to a low bias in the observed fext(RH) and derived GF, and thus, the reported GFs are lower limits.
However, as will be shown below, the magnitude of the derived GFs from CalNex and TexAQS when the seasalt fraction is large suggests that the supermicron GFs are not substantially underestimated. The fext(RH)
data for supermicron particles from ICEALOT were discarded due to additional biases introduced by the
different conditions under which the measurements were made. The ambient temperature in ICEALOT (often
near or below the freezing point) was substantially lower than the indoor temperature, while for both TexAQS
and CalNex the indoor temperature was much more similar to the outdoor temperature. As a result, the
sampled particles were effectively dried during ICEALOT from warming, while the sampling line RH during
TexAQS and CalNex was close to ambient RH. When sampling PM10, we suspect that the residence time
in the CRD-AES humidiﬁer during ICEALOT was insufﬁcient to allow for sufﬁcient water uptake given the large
absolute amount of water required and the small starting RH. For PM1, much less water needed to be
transferred to the particles, and it is believed that the particles were able to reach equilibrium. Comparison of
the fext(RH) data for PM1 to similar data collected during ICEALOT for particle scattering (i.e., fsca(RH)) indicates
that there is no substantial bias in the submicron fext(RH) observations.
2.2.2. Aerosol Chemical Composition
Time series concentrations of nonrefractory (NR) submicron aerosol NH4+, NO3, SO42, and particulate
organic matter (POM) were determined with a Quadrupole Aerosol Mass Spectrometer (Q-AMS) (Aerodyne
Research Inc.) [Jayne et al., 2000; Allan et al., 2003] sampling downstream of a PM1 impactor. The collection
efﬁciency of the AMS varied from 0.54 to 1, dependent upon aerosol chemical composition, and therefore
was assigned to each 5 min sample based on AMS ammonium to sulfate molar ratio. The overall
measurement uncertainty was estimated to be 20%. Further details about the Q-AMS operation and
calibration are reported by Bates et al. [2008].
PM1 and PM10 particles (50% aerodynamic cutoff diameters) were collected using multijet cascade impactors
[Berner et al., 1979] with sampling times ranging from 2 to 23 h. The total number of impactor samples
was 107, 52, and 49 for TexAQS, ICEALOT, and CalNex, respectively. The collected particles were analyzed
ofﬂine for organic carbon (OC), elemental carbon (EC), trace elements, inorganic ions, and particle mass [Bates
et al., 2008]. Two-stage and one-stage impactors were used to collect PM1 and PM10 particles for OC/EC
analysis, respectively. A denuder was deployed upstream of the submicron impactor to minimize
interference from gas-phase organic species. OC and EC concentrations were determined with a Sunset
Laboratory OC/EC analyzer following the National Institute for Occupational Safety and Health (NIOSH) [1996]
protocol. The difference in concentrations between the two impactors was attributed to supermicron
particles with aerodynamic diameter between 1 and 10 μm. Submicron organic aerosol mass (OM) was
determined using the Q-AMS measurements. Supermicron OM was determined by multiplying the impactor
OC concentration by a constant factor of 2.0 [Turpin and Lim, 2001; Bates et al., 2008]. The uncertainty of the
impactor OC was estimated to be ±13% for OC and ±33% for supermicron OM (including ±31% uncertainty
associated with the OM/OC ratio) [Bates et al., 2008]. Seven-stage impactors were used for inorganic ion
analysis. The four smaller stages were combined to get submicron concentrations, and the three larger
stages were combined to get supermicron concentrations. Cation (Na+, NH4+, K+, Mg2+, and Ca2+) and
anion (Cl, NO3, and SO42) concentrations were quantiﬁed using ion chromatography. Measurement
uncertainty of the water-soluble ions was estimated to be ±8.5%. Sea-salt (SS) aerosol mass concentration
(μg m3) was calculated as follows:
½SS ¼ ½Cl  þ ½Naþ 1:47

(4)

Concentrations of trace elements (Na, Mg, Al, Si, P, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ba, As, and Pb) were
determined using thin-ﬁlm X-ray primary and secondary emission spectrometry [Bates et al., 2004]. The
inorganic oxidized material (IOM) that was mainly composed of dust, and/or ﬂy ash was constructed based
on elemental data as follows:
½IOM ¼ 2:2½Al þ 2:49½Si þ 1:63½Ca þ 2:42½Fe þ 1:94½Ti
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[Malm et al., 1994]. The average overall
uncertainty in the IOM mass was ±12%
[Bates et al., 2008]. In the following
analysis and discussion, IOM is used as
a surrogate of the dust component in
submicron and supermicron particles.
2.2.3. Particle Number
Size Distributions
Particle number size distributions in the
diameter range of 20–800 nm Stokes
diameter were measured by combining
an “Aitken” Differential Mobility Particle
Sizer (DMPS) (20–200 nm) and
an “accumulation” DMPS (200–800 nm).
The number size distributions of
particles in the diameter range of
0.8–10 μm aerodynamic diameter
were determined with an Aerodynamic
Particle Sizer (APS). The two size
distributions were merged by
Figure 1. Schematic representation of the iterative algorithm for retrieving
converting the APS data from
the hygroscopic growth factor (GF) at 85% RH from the fext(RH) measurement.
aerodynamic diameters to Stokes
diameters using particle densities
calculated from measured aerosol chemical composition [Bates et al., 2008]. The use of Stokes diameters
over aerodynamic diameters is more appropriate for optical calculations as they represent the physical
size of the particle under the assumption of spherical particles. The APS data adjustment also accounted
for nonspherical particle shape [Quinn et al., 2004]. The estimated uncertainty in the number concentration
in each size bin was ±10%.
All of the size measurements were made at the inlet mast RH (<25% for ICEALOT and <60% for TexAQS and
CalNex), whereas the “dry” optical property measurements were made at ~25% RH. If the particles retain
water at 60% RH, the measured particle size would be overestimated relative to the optical property
measurements. This would inﬂuence the ability to obtain absolute optical closure but has only a small
inﬂuence on the conversion of fext(RH) to GF(85%), as illustrated through sensitivity tests shown in Figure S2.

3. Derivation of Hygroscopic GF
Following Cappa et al. [2011], an iterative algorithm, illustrated in Figure 1, was applied to retrieve GF at 85%
RH using measured fext(85%) and dry particle size distribution for both submicron and supermicron data sets.
Speciﬁcally, bext,532nm values were calculated using Mie theory for both the dry particle size distribution and
for a humidiﬁed (at 85% RH) particle size distribution [Bohren and Huffman, 1983]. The ratio between the
diameters of the humidiﬁed particles and the dried particles correspond to GF(85%). The value of GF(85%)
that corresponds to the observed fext(85%) was determined by increasing the GF(85%) from some initial
guess value (typically GF = 1.0) in steps of 0.005 until the calculated fext(85%) agreed with the observed fext
(85%) to within ±1%. The algorithm returns a null value for GF if the derived GF(85%) was unrealistically high
(i.e., GF > 2.1). This was done separately for submicron and supermicron particles to determine values of
GFsub and GFsuper at 85% RH, respectively. The temporal resolution of the retrieved GF(85%) is 10 min, based
on the alternating sampling of PM1 and PM10. GFsuper(85%) data were averaged to the impactor sampling
periods (2–23 h) for further analysis. There is generally good agreement between the observed and
calculated bext,532nm for both submicron and supermicron particles (Figure S3), which suggests that the
assumption of spherical particles in the Mie calculations is reasonable.
Values of several parameters used in this process need to be estimated prior to the GF derivation. For instance,
the real part (n) of the dry particle refractive index (RIdry) was assumed to be 1.50 based on measured
aerosol chemical composition. The imaginary part (k) of RIdry was set to scale with the black carbon (BC)
ZHANG ET AL.
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concentrations inferred from measured light
absorption at 532 nm using a photoacoustic
spectrometer, under the assumption that
organics are nonabsorbing at 532 nm [Lambe
et al., 2013]. The wet particle refractive index
(RIwet) was determined using volume mixing rules
assuming RIwater = 1.33. A particle Stokes
diameter of 684.2 nm (Dp,cut) was used to
separate submicron and supermicron dry particle
number size distributions. The use of 684.2 nm,
as opposed to 1 μm, is appropriate since the
cutoff size of the impactors was aerodynamic
diameter and the particle density was most
likely >1 g cm3. This particular value was
determined by minimizing the difference
between calculated and measured dry particle
Figure 2. Variations in fext(RH) at 532 nm as a function of dry
particle diameter (nm) for a constant growth factor of 1.5 or
bext,532nm for both submicron and supermicron
2.0. fext(RH) is calculated based on Mie theory for lognormally
particles, which was generally within 15%. The
distributed particles (σ = 1.5).
model also assumes that the particle chemical
composition is size independent within a given
mode (submicron versus supermicron) and that all particle components are internally well mixed. To estimate
the uncertainty of the retrieved GF(85%) introduced by the various model assumptions and from the
measurement uncertainties of fext(85%) (±7%) and particle number concentration (±10%), a series of sensitivity
tests have been performed, the results from which are summarized in Figures S4 and S5. It was found that GF
(85%) was relatively insensitive to the changes in RI and Dp,cut. For example, varying the Dp,cut by 22%
(equivalent to ±150 nm in Stokes diameter) only introduced on average 2.5% change in the calculated GF for
either submicron or supermicron particles, although it does have a substantial impact on the calculated
absolute bext,532nm. The estimated uncertainty in the overall submicron and supermicron GF(85%) resulting
from measurement uncertainties associated with fext(85%) was ±4% and ±18%.

4. Results and Discussions
4.1. The fext(RH) and GF for Submicron and Supermicron Aerosols
The fext(RH) (and γext) depends on both dry aerosol size and the water content of the particle, with only the
latter being associated with particle hygroscopic properties. As shown in Figure 2, in the submicron size
range smaller particles will theoretically exhibit much larger fext(RH) values for a given GF (in this case GF = 1.5
or 2.0). The sensitivity of fext(RH) to size is much reduced in the supermicron range. Therefore, in theory, fext(RH)
values provide only an approximate measure of particle hygroscopic growth as they are subject to variations in
the particle dry size distribution, especially for submicron particles. The example shown in Figure 2 uses
lognormally distributed particles (σ =1.5) to illustrate the point. A distribution of atmospheric aerosols will
exhibit overall smaller sensitivities to variations in particle size, as is indicated by the general insensitivity in the
derived GF(85%) values to small errors in particle size discussed above. However, in comparing between
different campaigns, where the nature of the observed size distributions may be quite different, conversion of
the observed fext(RH) values to equivalent optically weighted GF values should provide a more robust
quantitative measure of hygroscopic growth since variations in dry particle size are inherently accounted for in
the inversion process.
Normalized frequency distributions of fext(85%) and GF(85%) for the three campaigns are shown in
Figures 3a and 3b, respectively. For submicron aerosols, fext(85%) and GF(85%) exhibited similar
distribution patterns and were in general proportional to each other with a relatively constant campaignaverage ratio between fext(85%) and GF(85%) that ranged from 1.91 to 2.03 (Table 1). For supermicron
aerosols, the fext(85%) to GF(85%) ratio was also similar for TexAQS and CalNex (1.49 and 1.65, respectively),
but the distributions of GF(85%) are much broader than fext(85%). The distinct ratio between fext(85%)
ZHANG ET AL.
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Figure 3. (a) Normalized frequency distributions of the measured submicron (Dp,dry < 1 μm) and supermicron (1 μm < Dp,dry < 10 μm) particle fext(RH) at 85% RH
for TexAQS, ICEALOT, and CalNex. (b) Same as Figure 3a but for the retrieved submicron and supermicron hygroscopic growth factor (GF) at 85% RH. (c) Scatterplots
of submicron (bottom) and supermicron (top) fext(85%) versus the retrieved GF(85%) for the three campaigns. The dotted black lines are provided for reference
and are the theoretical curves for the fext(85%) versus GF(85%) relationship, based on Mie calculation, for different monodisperse dry particle diameters in the
submicron and supermicron size ranges. Supermicron fext(RH) and GF data from ICEALOT are not available for reasons discussed in section 2.2.

and GF(85%) for submicron and supermicron particles suggests that conversion from physical water
uptake to the impact this water uptake has on particle light extinction should be treated differently for
these two particle size ranges.
Further, although similar campaign-average ratio between fext(85%) and GF(85%) was obtained among the
three campaigns (Table 1), Figure 3c shows the major role that the particle size effect plays in determining
the dependence of fext(85%) on GF(85%), especially in the submicron size range. Consistent with
theoretical calculations, when comparing hygroscopic behaviors of submicron particles with supermicron
particles, fext(85%) is not a robust measure due to its high sensitivity to particle size (Figure 2). Taking
data from TexAQS as an example, a comparison between submicron fext(85%) (mean ± 1σ: 3.22 ± 0.88) and
supermicron fext(85%) (2.48 ± 0.58) would, by itself, suggest that submicron particles are much more
hygroscopic than supermicron particles. However, the derived GFsub(85%) (1.56 ± 0.15) was smaller than
GFsuper(85%) (1.64 ± 0.23), which indicates that submicron particles were actually less hygroscopic.
Therefore, in the following analysis, we use the retrieved optically weighted GF as a measure of the overall
aerosol hygroscopic growth. In all cases, the GFs correspond to 85% RH.

Table 1. Statistics of fext(RH) and GF at 85% RH for Submicron (Dp,dry < 1 μm) and Supermicron (1 μm < Dp,dry < 10 μm) Particles During TexAQS, ICEALOT,
a
and CalNex
Submicron (Dp,dry < 1.0 μm)

fext (85%)

Mean (±1σ)
Range
GF (85%)
Mean (±1σ)
Range
Mean fext(85%) to GF(85%) ratio
a

Supermicron (1.0 μm < Dp,dry < 10 μm)

TexAQS 2006

ICEALOT 2008

CalNex 2010

TexAQS 2006

ICEALOT 2008

CalNex 2010

3.22 ± 0.88
1.08–6.98
1.56 ± 0.15
1.03–2.07
2.03

3.00 ± 0.38
1.65–4.72
1.52 ± 0.09
1.20–1.89
1.97

2.91 ± 0.66
1.16–7.19
1.51 ± 0.12
1.07–2.10
1.91

2.48 ± 0.58
1.02–3.97
1.64 ± 0.23
1.00–2.10
1.49

N.A.
N.A.
N.A.
N.A.
N.A.

3.02 ± 0.60
1.16–3.99
1.81 ± 0.21
1.07–2.10
1.65

ICEALOT supermicron data have been excluded due to experimental complications (see text).
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It is instructive to compare GF(85%) values
among the campaigns and with those
reported by previous studies. GFsub(85%)
showed similar distributions for the three
campaigns, with ICEALOT GFsub(85%)
having a slightly narrower range,
indicating less variability in the hygroscopic
behaviors of submicron particles in the
Arctic marine boundary layer than in urban
coastal marine regions. This is consistent
with the reasonably constant submicron
particle composition observed during
ICEALOT [Frossard et al., 2011]. For CalNex,
the mean GFsub of 1.51 is comparable
to the GF(85%) range of 1.45–1.72 for
150–200 nm particles measured with a
DASH-SP off the coast of Central California
during MASE-II [Hersey et al., 2009]. The
GFsuper(85%) distributions were much
broader and had larger mean values than
GFsub(85%) for both TexAQS and CalNex
(Figure 3 and Table 1). Values of GFsuper
(85%) ~ 2.0 were observed in both regions.
(For reference, the GF(85%) for NaCl, the
primary inorganic component of sea
spray, is ~2.1.) These results indicate that,
in general, supermicron particles are more
hygroscopic than submicron particles in
these marine boundary layers. However,
Figure 4. Campaign-average relative aerosol chemical composition (left in contrast to the generally large
axis, bars) and the mean (±1σ) hygroscopic growth factor (GF) at 85% RH
GFsuper(85%) distributions observed in
(right axis, symbols) for dry submicron (Dp,dry < 1 μm) and supermicron
this study, Hegg et al. [2006, 2008] reported
(1 μm < Dp,dry < 10 μm) particles. ICEALOT supermicron hygroscopicity
descriptive hygroscopic GF (DHGF) values
data are not available for reasons discussed in section 2.2.
of only ~1.1–1.3 for 1–3.5 μm particles
measured using an Aerosol Hydration Spectrometer on board the Center for Interdisciplinary Remotely-Piloted
Aircraft Studies (CIRPAS) Twin Otter aircraft sampling at 30–500 m above sea level off the Monterey Bay, California.
They typically observed lower values at 30 m altitude compared to 250 m and attributed the relatively low
supermicron DHGF values to either inhibition of hygroscopic growth due to the presence of fatty acids or to
the substantial presence of dust particles. In the next section, we examine in detail the relationship between
GF and chemical composition for submicron and supermicron aerosols during the three campaigns.
4.2. Hygroscopic Growth and Chemical Composition
Figure 4 shows the average chemical composition of submicron and supermicron aerosols and the
superimposed mean (±1σ) of GFsub(85%) and GFsuper(85%) for the three campaigns. OM and sulfate were the
two largest components in submicron aerosols. Sea salt accounted for ~25% of the submicron aerosol mass
in ICEALOT, much higher than the other two campaigns, which was likely a reﬂection of the remote sampling
environment as well as the efﬁcient sea spray aerosol production due to high wind speeds during ICEALOT.
The IOM (dust) contribution to submicron aerosol mass was relatively high in TexAQS (~20%), largely due
to the passage of dust storms (further discussed in section 4.3) during the sampling period. Sea salt (SS) and
IOM are the dominant contributors in the supermicron particles. In particular, ICEALOT has the largest SS
mass fraction (~85%), whereas TexAQS has the largest fraction of IOM (~50%).
Numerous studies have investigated the relationship between measured GF, f(RH), or γ and the aerosol
chemical composition, although almost all focused exclusively on the submicron size range. Here the
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Figure 5. Scatterplots of (a) submicron aerosol growth factor (GFsub) at 85% RH versus the mass fraction of submicron
organic matter (mfOM) from both the Q-AMS and the impactor measurements, and (b) supermicron aerosol growth
factor (GFsuper) at 85% RH versus the mass fraction of supermicron sea salt (mfSS) from the impactor measurements. In
Figure 5a, the slopes of the linear ﬁts of the data for each category are listed. The dashed black lines are the 95% prediction
bands for the linear ﬁt of data from all the three campaigns.

relationship between both GFsub(85%) and GFsuper(85%) and the corresponding chemical composition (i.e., mass
fractions of different chemical components measured with AMS and impactors) was examined. Considering
ﬁrst the submicron particles, a negative correlation was observed for all three campaigns between GFsub(85%)
and the mass fraction of organic matter (mfOM) (Figure 5a), similar to the negative linear dependence of GF
(determined with an H-TDMA) on the organic volume fraction for laboratory generated aerosols from β-pinene
oxidation [Virkkula et al., 1999], as well as the negative relationship found between γext and the mass ratio of
POM to POM + sulfate for ambient submicron aerosols during the Atmospheric Chemistry Experiment (ACE),
the International Consortium for Atmospheric Research on Transport and Transformation (ICARTT), and
TexAQS ﬁeld studies [Quinn et al., 2005; Massoli et al., 2009]. Here mfOM was determined for each of the
three campaigns based on either the AMS NR-PM measurements, which exclude refractory BC, IOM, and
sea salt, or the impactor measurements, which include the refractory materials.
Linear regressions of GFsub(85%) versus mfOM from the AMS NR-PM for individual campaigns gave very
similar slopes for ICEALOT (0.34) and CalNex (0.34), whereas a much steeper slope was obtained for
TexAQS data (0.57). Based on all three campaigns’ data, the average GF(85%) of submicron organics was
estimated to be in the range of 1.0 and 1.33, as determined from the 95% prediction bands of the linear ﬁt.
Less negative slopes were obtained for TexAQS (0.42) and ICEALOT (0.23) when the mfOM from the
impactor measurements was used, likely because the impactor-derived mfOM accounts for contributions
from refractory materials (BC, dust, and sea salt) in addition to the NR components. The slopes determined
using the impactor-derived and AMS-derived mfOM from CalNex were very similar, most likely a reﬂection of
contribution from submicron refractory materials being the smallest during this campaign (approximately
11% in total). Overall, these results highlight the important role that dust and SS play in modifying submicron
aerosol hygroscopic properties in some remote and coastal marine atmospheres, as well as the challenge and
the appreciable uncertainty associated with the simpliﬁed parameterization of the bulk composition
dependence of the aerosol hygroscopic behavior.
(It should be noted that in a binary system where volume mixing rules apply, there should be a linear
relationship between GF3 and the volume fraction of one component, whereas the relationship between GF
and mass fraction, or volume fraction, may not be strictly linear. In general, for a binary system, linear
extrapolation of a GF versus mass fraction relationship will lead to an overestimation of both the more and
less hygroscopic components, the extent of which will depend on the relative GFs of the two components
and the range of mass fractions over which the data extend. Linear extrapolation in a multicomponent
system adds an additional level of complexity that prohibits such simple analysis of whether extrapolation
will lead to an over/underestimate of the “pure” component GFs. Here linear ﬁts between the observed GF
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and mass fractions are used to be
consistent with at least some of the
literature and because, broadly
speaking, the observed relationships
are reasonably linear. Nonetheless, it
should be kept in mind that the
uncertainties in the derived purecomponent GFs, such as that for the
submicron organics above or some of
the supermicron components below,
may be underestimated from the
regression statistics alone because the
linear ﬁt itself is only an
approximation. Further discussion is
provided in the supporting
information (Figures S6 and S7).
Considering the supermicron
particles, it is found that the
relative fraction of sea salt (SS),
determined from the impactor
measurements, strongly controls the
supermicron aerosol hygroscopic
growth in TexAQS and CalNex, as
suggested by the tight correlation
between GFsuper(85%) and the
mass fraction of supermicron sea salt
(mfSS) (Figure 5b). A linear ﬁt to the
combined TexAQS and CalNex datasets
yields a value of GFsuper(85%) = 2.14
Figure 6. (top) Pie charts that illustrate the composition of the inorganic
when mfSS = 1, consistent with the
oxidized material (IOM) for the type I and type II dust. (bottom) Scatterplot
of supermicron growth factor (GFsuper) at 85% RH versus the mass fraction of known hygroscopic growth of NaCl
particle. This consistency suggests that
supermicron IOM (mfIOM) for the type I (red and gray circles) and type II
dust (blue triangles). The data during the dust event from 27 to 30 August
particle losses between the humidiﬁer
2006 are highlighted as gray markers. The GFIOM(85%) for type I and II dust
and the extinction measurement cells
were determined from the linear ﬁts to GFsuper(85%) versus mfIOM extrapodid not substantially inﬂuence the
lated to mfIOM = 1.
measurements. It is noteworthy that
the GFsuper(85%) when mfSS = 0 for these two campaigns is 1.55 (based on linear extrapolation), which suggests
that the non-SS components are, on average, reasonably hygroscopic. This will be examined further for the
TexAQS study in the next section.
4.3. Supermicron Particle Hygroscopic Growth: TexAQS Case Study
4.3.1. Hygroscopic Growth of Supermicron Dust
During TexAQS 2006, dust was a major component of the supermicron particle mass, especially during the
period from 27 to 30August 2006 when a major dust event was encountered and impacted the air masses
sampled at the ship [Lack et al., 2009]. During this period, the total IOM mass loading increased up to
41.4 μg m3. The average IOM mass fractions were 53% and 59% for submicron and supermicron aerosols,
respectively, which are 14.9 and 8.4 times higher than before the event. Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) back trajectories [Draxler and Rolph, 2013] (Figure 7) showed that the air
masses during this particular event had originated from the Saharan region of North Africa and had been
over the Atlantic Ocean for approximately a week before reaching the Gulf of Mexico, under the inﬂuence of
the Azores High [Bates et al., 2008]. The geochemical signatures (i.e., the mass ratio of Ca/Al, Fe/Al, and Si/Al)
of the IOM component during the event quantitatively agreed with those of Saharan dust [Formenti et al.,
2003], which further conﬁrmed the origin of the dust aerosols encountered during the event. Outside of
this major dust event, there were some other periods where back trajectories showed a marine origin for the
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air masses sampled, and where the IOM composition was very similar to that during the event, indicating
that the dust aerosols during these mixed marine/dust periods also originated from the Sahara. The dust
encountered during the major dust event and during the mixed marine/dust periods will be referred to as
Type I dust. A second type of dust, referred to as Type II dust, that had a composition distinct from the
Saharan dust and that had a different temporal proﬁle was also encountered during TexAQS. The Type II
dust was mainly sampled in September 2006, the last one third of the cruise, during which the source
category was deﬁned by northerly trajectories (Figure 7) and high radon concentrations. This suggests that
the air masses with Type II dust that were intercepted by the ship had recently been over the North
American continent (e.g., from the Ohio River Valley) [Bates et al., 2008; Massoli et al., 2009]. The Type II dust
had a much higher fraction of CaO and lower fractions of SiO2 and Al2O3 compared to Type I dust (Figure 6,
top), consistent with the HYSPLIT back trajectories that indicated different source regions for the two
dust types.
Interestingly, these two types of dust exhibited very different hygroscopic behaviors. Reasonably tight
correlations between GFsuper(85%) and the mass fraction of IOM, mfIOM, in supermicron aerosols were
observed for both Type I and Type II dust (Figure 6, bottom). From a linear ﬁt to GF(85%) versus mfIOM
extrapolated to mfIOM = 1, the GF for type I dust (the Saharan dust) was estimated to be 1.38 ± 0.15,
suggesting that this type of dust was moderately hygroscopic. (The uncertainty reported is a ﬁt uncertainty;
it is possible that the derived GF(85%) for type I dust is somewhat overestimated from limitations of linear
extrapolation. Further details are provided in the supporting information (Figure S8).) In contrast, the GF(85%)
for Type II dust was 1.01 ± 0.14, indicating that it is overall much less hygroscopic than Type I dust. This
suggests that the CaO component of dust is less hygroscopic than the SiO2 and Al2O3 components, as CaO
made up a larger fraction of the Type II dust. These results are consistent with the prior ﬁndings by Lack et al.
[2009], who estimated an average GF(85%) of ~1.25 for 2.1 μm dust particles during the same major Saharan
dust event. For comparison, Pan et al. [2009] reported a mean fsca(80%) of 1.20 during a dust episode in
Beijing, and Carrico et al. [2003] determined fsca(82.5%) values of 1.18 and 1.39 for PM10 and PM1 particles,
respectively, observed during a dust storm period on board the R/V Ron Brown during ACE-Asia. Also, during
ACE-Asia, Kim et al. [2006] observed fsca(85%) as high as 2.00 (±0.27) for PM10 dust particles that had
originated from the Gobi desert at a ground site in Korea. Our study, together with the previous ﬁndings by
Lack et al. [2009], suggests that the Saharan dust particles are either inherently somewhat hygroscopic or
during long-range transport over the ocean can become hygroscopic. Whatever the reason, it is evident that
dusts from different sources have different hygroscopicities, hence differently inﬂuence the hygroscopic
behavior of the bulk aerosols.
4.3.2. Estimation of Supermicron Organics Growth Factor Through Hygroscopicity Closure
Organic aerosol is an important component in the supermicron size range, yet its hygroscopic properties
have not been extensively characterized in the ambient atmosphere before. Organics were found to
contribute to the supermicron mass to a similar extent as nonsea-salt inorganic ions (TexAQS) or to both
nonsea-salt inorganic ions and IOM (CalNex) (Figure 4). In this study, the investigation of hygroscopic growth
of supermicron organics during TexAQS was possible through an analysis of hygroscopicity closure since the
GF(85%) of IOM was explicitly constrained by observations above, and the GFs of the other inorganic
components are also known. The basic idea is that in a hygroscopicity closure study the growth factor of the
mixture (GFmixed) can be estimated from the growth factors of individual aerosol components and their
volume fraction (ε), using the Zdanovskii-Stokes-Robinson volume-weighted mixing rule [Zdanovskii, 1948;
Stokes and Robinson, 1966; Gysel et al., 2007; Hersey et al., 2009]:
!13
X
3
GFmixed ¼
εi GFi
(6)
i

In equation (6), GFmixed corresponds to the derived GF values determined from inversion of the fext(RH)
observations. Assuming a constant growth factor for the supermicron organics (GFOM) at 85% RH that
equals either 1 or 1.3 (i.e., the range of values determined for the submicron OM) leads to substantial
underestimation of the overall supermicron GFmixed(85%) (Figure S9), suggesting that supermicron organics
are largely more hygroscopic than the submicron organics in this study. The absolute values of the bulkaverage GFOM(85%) were determined for each observed GF(85%) by minimizing the root mean square
error between the observed GFsuper(85%) and calculated GFmixed(85%). Table 2 lists the individual
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Table 2. Parameters (Growth Factor, Density, and Volume Fraction of Each Supermicron Particle Component) and the
Associated Uncertainty Used in the Hygroscopicity Closure With Monte Carlo Analysis
3

GF(85%)
IOM

NaCl (SS)
NaNO3
(NH4)2SO4
OM

CaO
Al2O3
SiO2
Fe2O3
TiO2

Density (g cm
a

Type I: 1.38
Type II: 1.01 + 13.6%

2.05 ± 0.05
1.65 ± 0.05
1.5 ± 0.05
b
TBD

3.35
3.95
2.65
5.24
4.23
2.15
1.78
1.78
c
1.11

)

Volume Fraction

d

28.8% ± 4.5%

19.5 ± 2.6%
16.6 ± 2.2%
5.2 ± 0.7%
30.0% ± 9.9%

a

For the type I dust, a left-skewed and offset Weibull probability distribution (Figure S11) was adopted to account for
the possible overestimate of GFIOM(85%) introduced by the extrapolation of the linear ﬁt of GFsuper(85%) versus the IOM
mass fraction (Figure 6).
b
To be determined as part of the closure.
c
The density of organic matter was calculated from the ratio of organic aerosol mass and the difference between the
total aerosol volume determined with an APS and the sum of the volumes of the individual inorganic components.
d
The campaign-average volume fraction and the associated measurement uncertainty for each component. Note that
the time-dependent volume fractions associated with each individual GF(85%) measurement are used in the optical
closure. The total uncertainty in the volume fraction includes those associated with the total particle volume distribution
measurement and the impactor mass measurement of each component.

component GF(85%) and the density used to convert mass fractions into volume fractions for each of the
different aerosol components. Based on the ammonium-to-sulfate molar ratio, (NH4)2SO4 was assumed to be
the main form of supermicron sulfate, and NaNO3 was assumed to be the main form of supermicron nitrate.
The temporal variation of the volume fractions of the various supermicron aerosol components is presented
in Figure S10. The uncertainty associated with the hygroscopicity closure calculation and the derived GFOM
(85%) was systematically assessed through a Monte Carlo analysis. Values for each of the model input
parameters (Table 2), including the overall supermicron GF(85%), were randomly sampled from probability
distributions that were assumed to be independent and normally distributed about each parameter’s mean
value (GFs were constrained to be >1), with the exception of the GF(85%) for the type I dust. For the type I
dust, a left-skewed and offset Weibull probability distribution (Figure S11) was used to account for the
possible overestimate of GFIOM(85%) introduced by the extrapolation of the linear ﬁt of GFsuper(85%) versus
the IOM mass fraction (Figure 6). GFOM(85%) values were derived 20,000 times to determine a frequency
distribution of GFOM(85%) values for each observed overall GF(85%). Approximately 35% of the model inputs
were unrealistic (e.g., gave a negative organic volume fraction) and therefore were discarded.
Figure 7 shows a time series of the inferred supermicron GFOM(85%) from the hygroscopicity closure with the
calculation uncertainty obtained from the Monte Carlo analysis. The campaign-average GFOM(85%) was 1.59
(±0.19), suggesting the appreciable contribution of water uptake from organics for supermicron particles.
Despite the relatively large uncertainty associated with the estimated GFOM(85%), variations in the GFOM
(85%) during the course of the TexAQS study appear to be linked to the air mass source regions.
Consideration of HYSPLIT back trajectories associated with different periods indicate that lower GFOM(85%)
values, most frequently encountered near the end of the campaign in September, were mainly associated
with continental U.S./polluted air mass origins. Comparably higher GFOM(85%) values, typically sampled
earlier during the cruise, were linked to air masses that originated from the ocean (Gulf of Mexico or Atlantic
Ocean) and/or long-range transport from Africa with likely atmospheric processing. For example, the
supermicron GFOM(85%) was estimated to be 1.26, 1.35, and 1.18 on 18 August, 30 August, and 7 September,
respectively, when the air mass trajectories were clearly from the continental U.S. (Figure 7). These values are
in the range of the submicron GFOM(85%) (~1.0-1.3) determined in this study (Figure 5) and reported
elsewhere [Randles et al., 2004; Hersey et al., 2009; Zamora et al., 2011; Gantt and Meskhidze, 2013], suggesting
that supermicron OM from continental sources may be chemically similar to submicron OM. In contrast,
marine or long-range supermicron OM on average had a substantially higher GFOM(85%), which could imply
a different chemical composition associated with the different particle origins. It is possible that some
marine primary organic aerosols (e.g., fungi and bacteria) make up a large fraction of the supermicron OM
mass in the marine boundary layer, and they likely have different hygroscopic behaviors from the organic
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Figure 7. The central panel shows a time series of the frequency distribution of the inferred supermicron GFOM(85%) from hygroscopicity closure calculation with 20,000 run
Monte Carlo simulation. The color represents the normalized frequency (between 0 and 1) of the supermicron GFOM(85%) ranged from 1.0 to 2.5 with 0.1 increment.
The black squares represent the mean supermicron GFOM(85%). The surrounding panels show 5 day (7 day in one case) HYSPLIT back trajectories that indicate air mass origin
for selected impactor sampling periods during the cruise. HYSPLIT results were obtained from http://ready.arl.noaa.gov/HYSPLIT.php. The horizontal dashed lines indicate
altitude, and are spaced by 500 m. The line colors indicate the end-point altitude of the air mass: surface (red), 20 m (blue), 500 m (green).

compounds formed from gas-particle conversion [Hawkins and Russell, 2010]. However, since no further
chemical information regarding the nature of the supermicron OM is available for this study, we cannot
comment on the type of organic compounds or functional groups that may lead to the highly hygroscopic
behaviors of the overall supermicron organics. In addition, given the uncertainty associated with the inversion
approach, the possibility that the mean GFOM(85%) was biased high cannot be completely ruled out.

5. Conclusion
Subsaturated hygroscopic properties of both submicron and supermicron aerosols in the remote and coastal
marine boundary layers during three research cruises, TexAQS-GoMACCS 2006, ICEALOT 2008, and CalNex
2010, were investigated using an optical approach. The impact of water uptake on particle light extinction, fext(RH),
was quantiﬁed with a cavity ring-down aerosol extinction spectrometer (CRD-AES) making extinction
measurement at 532 nm under dry (<30%) and elevated (i.e., 75% and 85%) RHs. An optically weighted bulk
growth factor (GF) at 85% RH for both submicron and supermicron aerosols was retrieved from the fext(85%)
measurement based on Mie theory calculations. The derived GF(85%) was proved to be a more robust
measure for hygroscopic growth than fext(85%), which can be confounded by changes in particle dry size
distribution. The link between aerosol hygroscopic growth and chemical composition was examined for
both size ranges. Broadly consistent with previous studies, a negative correlation was found between
submicron GF(85%) (GFsub) and the submicron organic mass fraction (mfOM), although the slopes of the
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linear regression ﬁt between the two showed moderate sensitivity to the mass fraction of dust and sea salt.
For supermicron aerosols, GFsuper(85%) was reasonably well correlated with the supermicron sea-salt mass
fraction. Hygroscopic behaviors of other supermicron components (i.e., dust and organics) were studied using
TexAQS 2006 as a case. Two types of dust with distinct hygroscopic properties were identiﬁed. The dust
aerosols that originated from the Saharan desert were moderately hygroscopic, with an average GF of
1.38 ± 0.15, whereas the dust from continental (possibly industrial) sources was nearly hydrophobic, with an
average GF of 1.01 ± 0.14. With the GFs for the IOM and other inorganic components constrained, the bulk
GF(85%) for supermicron organics (GFOM) was determined with a hygroscopicity closure calculation
based on volume-weighted mixing rule. Uncertainties in the derived GFOM(85%) were estimated through a
Monte Carlo analysis that accounted for uncertainties in each of the closure input parameters. Minimization
of the difference between observed and predicted GFs for the mixture yielded a campaign-average GFOM(85%)
of 1.59 (±0.19) for the supermicron organics, suggesting the important role that the supermicron OM plays in
inﬂuencing the overall aerosol water uptake. The supermicron organics that originated from the marine
environment were found to have much higher GFOM(85%) values than those that originated from continental
U.S./industrial sources, suggesting that marine organic aerosols likely have distinct chemical composition.
The continental supermicron organics had hygroscopicity similar to the submicron organics.
This study provides an addition to the literature of marine aerosol hygroscopic properties and observational
constraints for climate models, with new insights on the hygroscopic properties of supermicron aerosol
components, of which our knowledge are still very limited. The relatively large water uptake potential of
supermicron marine aerosols underlines their importance in determining the aerosol radiative forcing, yet
the lack of understanding on their chemical composition, sources, and hygroscopic and optical behaviors
poses great challenge in accurately quantifying their climate impact.
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