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Abstract. We have conducted the first airborne hygro-
scopic growth closure study to utilize data from an Aero-
dyne compact Time-of-Flight Aerosol Mass Spectrome-
ter (C-ToF-AMS) coupled with size-resolved, multiple-RH,
high-time-resolution hygroscopic growth factor (GF) mea-
surements from the differential aerosol sizing and hygro-
scopicity spectrometer probe (DASH-SP). These data were
collected off the coast of Central California during seven
of the 16 flights carried out during the MASE-II field
campaign in July 2007. Two of the seven flights were
conducted in airmasses characterized by continental ori-
gin. These flights exhibited elevated organic volume frac-
tions (VForganic=0.56±0.19, as opposed to 0.39±0.20 for
all other flights), corresponding to significantly suppressed
GFs at high RH (1.61±0.14 at 92% RH, as compared with
1.91±0.07 for all other flights), more moderate GF sup-
pression at intermediate RH (1.53±0.10 at 85%, compared
with 1.58±0.08 for all other flights), and no measurable
GF suppression at low RH (1.31±0.06 at 74%, compared
with 1.31±0.07 for all other flights). Organic loadings were
slightly elevated in above-cloud aerosols, as compared with
below-cloud aerosols, and corresponded to a similar trend of
significantly suppressed GF at high RH, but more moderate
impacts at lower values of RH. A hygroscopic closure based
on a volume-weighted mixing rule provided good agreement
with DASH-SP measurements (R2=0.78). Minimization of
root mean square error between observations and predictions
indicated mission-averaged organic GFs of 1.22, 1.45, and
1.48 at 74, 85, and 92% RH, respectively. These values
agree with previously reported values for water-soluble or-
ganics such as dicarboxylic and multifunctional acids, and
correspond to a highly oxidized, presumably water-soluble,
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organic fraction (mission-averaged O:C=0.92±0.33). Fi-
nally, a backward stepwise linear regression revealed that,
other than RH, the most important predictor for GF is
VForganic, indicating that a simple emperical model relat-
ing GF, RH, and the relative abundance of organic material
can provide accurate predictions (R2=0.77) of hygroscopic
growth for the California coast.

1 Introduction

Atmospheric aerosols change size with fluctuations in rela-
tive humidity, with a magnitude dictated by chemical com-
position. Because this hygroscopic response determines par-
ticle size, it influences direct climate forcing attributed to
aerosols. Further, subsaturated hygroscopic growth factor
(Dp, wet/Dp, dry) is strongly correlated with CCN activity
(Prenni et al., 2001). Given the importance of aerosol water
uptake on both the direct and indirect light scattering proper-
ties of aerosols, incomplete understanding of aerosol hygro-
scopicity has been identified as a major limitation in estima-
tions of climate forcing (IPCC, 2007).

With a firm foundational understanding of hygroscopic
properties of inorganic aerosol constituents, there has been
a significant shift in focus toward organic hygroscopicity in
the last decade, as a number of theoretical (e.g.,Clegg and
Seinfeld, 2006; Topping et al., 2005a,b), laboratory (Peng et
al., 2001; Choi and Chan, 2002a,b; Peng and Chan, 2001;
Sjogren et al., 2007; Virkkula et al., 1999; Cruz and Pan-
dis, 2000; Prenni et al., 2001, 2007, 2003; Cocker et al.,
2001a,b; Hameri et al., 2002; Saathoff et al., 2003; Petters
et al., 2006; Varutbangkul et al., 2006; Sjogren et al., 2007;
Moore and Raymond, 2008; Rood et al., 1985; Carrico et
al., 1998, 2000; Dougle et al., 1998; Magi and Hobbs, 2003;
Kim et al., 2006; Kreisberg et al., 2001; Hegg et al., 2006;
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Massling et al., 2007), and chamber (e.g.,Ansari and Pandis,
2000; Cocker et al., 2001a,b; Duplissy et al., 2008) studies
have sought to address how the presence of organics affects
the water uptake characteristics of atmospheric aerosol. De-
spite advances in understanding of hygroscopic characteris-
tics of organic-containing particles, measurements of aerosol
hygroscopicity in field campaigns have remained relatively
sparse.

Closure studies, which attempt to reconcile simultane-
ously measured hygroscopic and chemical data, link labo-
ratory studies of hygroscopicity, theoretical models for water
uptake, and field measurements of aerosol-water interactions.
The standard method for predicting hygroscopic growth from
composition data is based on volume-weighted water uptake
by the individual chemical constituents. While it is usually
possible to predict water uptake for the inorganic fraction of
atmospheric aerosols, the wealth of organic species in the at-
mosphere, combined with limited understanding of organic
aerosol hygroscopicity, has led investigators to assign the wa-
ter uptake of organics as the particle growth not explained by
inorganic constituents (e.g.,Malm et al., 2005).

An important approach in hygroscopicity closure is to
combine ambient measurements of water uptake with simul-
taneous, detailed chemical measurements from the Aerodyne
Aerosol Mass Spectrometer (AMS). One notable ground-
based study in an urban atmosphere (Gysel et al., 2007) used
chemical data from the AMS to make volume-weighted pre-
dictions of hygroscopic growth factor (GF), providing good
agreement between predicted and measured hygroscopicity
values. Their study represents an improvement in the hygro-
scopic treatment of organics over prior work, but is limited
by both low time resolution and single-RH conditions inher-
ent in HTDMA systems.

The current study presents data obtained during seven
flights in the marine atmosphere off the coast of Central Cal-
ifornia during the second Marine Stratus/Stratocumulus Ex-
periment (MASE-II). The dataset is the first to combine high-
time-resolution, size-resolved AMS chemistry with high-
time-resolution, size-resolved hygroscopic data at multiple
RH values from the Differential Aerosol Sizing and Hy-
groscopicity Spectrometer Probe (DASH-SP). Hygroscopic
studies have previously been carried out in the marine atmo-
sphere (see Table1), but none of those listed utilized either
AMS chemical data or hygroscopic data as highly size-, time-
and RH-resolved as those presented here.

2 Experimental

2.1 MASE-II Experiment

The data presented here were obtained during a series of
seven cloud probing flights carried out as part of the second
Marine Stratus/Stratocumulus Experiment (MASE-II) field
campaign during July 2007. The MASE-II experiment was

the second of two airborne field campaigns directed toward
measurement of aerosol-cloud relationships in marine stra-
tocumulus in the Eastern Pacific Ocean. The Marine Stra-
tus/Stratocumulus Experiment (MASE) was carried out in
2005 off the coast of Monterey, California (Lu et al., 2007),
and MASE-II was undertaken in 2007 in the same region.
Both experiments were carried out in the month of July, when
marine stratocumulus are prevalent over the region, and uti-
lized the CIRPAS Twin Otter aircraft. In each campaign,
comprehensive airborne measurements were made of aerosol
and cloud properties in areas both perturbed and unperturbed
by continental emissions. Tables2 and3 list the flights car-
ried out during MASE-II and the instrument payload on-
board the Twin Otter, respectively. The present study ad-
dresses measurements of the hygroscopic properties of ma-
rine aerosols during MASE-II. Other flights probed emis-
sions from a large bovine source and a large container ship,
and these data are presented elsewhere (Sorooshian et al.,
2008b; Murphy et al., 2009).

2.2 Aerosol composition measurements

Non-refractory aerosol chemical species were characterized
by the Aerodyne compact Time-of-Flight Aerosol Mass
Spectrometer (C-ToF-AMS) (Drewnick et al., 2004a,b).
Particles with vacuum aerodynamic diameters (Dva)
50 nm≤Dva≤800 nm are focused by an aerodynamic lens,
pass through a 3.5% chopper, and are vaporized at 530–
600◦C. The chopper is operated in three modes, to detect
background mass spectra, ensemble average mass spectra
over all particle sizes, or size-resolved mass spectra. After
particle vaporization, molecules are ionized via electron im-
pact, and are pulsed into a time-of-flight mass spectrome-
ter. MASE-II data were collected at unit mass resolution.
AMS mass spectra are deconvolved into sulfate, nitrate, am-
monium, and organic mass loadings (Allan et al., 2004). O:C
ratios are determined by using mass concentration atm/z 44
and a parameterization presented in Aiken et al. (2008).

AMS measurements were averaged to match the time-
resolution of hygroscopicity measurements, and particle den-
sity was calculated for each flight leg. Because the C-
ToF-AMS measures particle vacuum aerodynamic diame-
ter (Dva) and the DMA measures electrical mobility diam-
eter (Dem), one can determine particle density by compar-
ing the volume distribution from the DMA (dV/d log(Dem))
to the total mass distribution measured by the C-ToF-AMS
(dM/d log(Dva)) (DeCarlo et al., 2004). If one assumes
that the aerosol consists of an internal mixture of spheri-
cal particles, the relationship between the two diameters is
ρp=(Dva/Dem)ρo, whereρo is unit density (1 g/cm3). Un-
der these assumptions, the ratio of theDva where the mass
distribution peaks to theDem where the volume distribution
peaks is the density. Reference to the peak of each distribu-
tion is given for simplicity, though in practice the ratio that
causes the entirety of the two distributions to best align is

Atmos. Chem. Phys., 9, 2543–2554, 2009 www.atmos-chem-phys.net/9/2543/2009/



S. P. Hersey et al.: Aerosol hygroscopicity closure using AMS and DASH-SP data 2545

Table 1. Previous marine aerosol hygroscopicity studies.

Investigators Year Study Area Reported GFs

Hegg 1996 Eastern Pacific 1.4–2.0
Berg 1998 Pacific and Southern Oceans 1.56–1.78
Kotchenruther 1998 Mid-Atlantic 1.81–2.3∗

Gasso 2000 Eastern Atlantic γ=0.51− 0.75∗∗

Swietlicki 2000 Northeastern Atlantic 1.6–1.8
Zhou 2001 Arctic Ocean 1.4–1.9
Hegg 2002 Eastern Pacific γ=0.2 − 0.7∗∗

Vakeva 2002 Northeastern Atlantic 1.3–1.4∗∗∗

Massling 2003 Atlantic and Indian Oceans 1.6–2.0
Hegg 2006 Eastern Pacific 1.3–1.5
Kaku 2006 Eastern Pacific 1.2–1.7
Tomlinson 2007 Southeastern Pacific 1.3–1.7∗∗∗∗

∗ Ratio of light scattering coefficient at 80% RH to 30% RH.
∗∗ γ from the expressionbsp(RH)/bsp(RH0)= ((1−RH/100)/(1−RH0/100))−γ (Kasten, 1969).
∗∗∗ Aitken mode particles.
∗∗∗∗ 85% RH.

the final calculated particle density. Organic density is then
calculated by using the bulk chemistry from the C-ToF-AMS
for a given time period and assuming the particles measured
by the DMA are completely dry. The dry densities of all
the inorganic components are known and, assuming volume
additivity, the density of the organic component can then be
estimated. If the inorganic component of the particles mea-
sured by the DMA is not completely dry, this procedure will
result in an underestimate of the particle density because the
Dem will be larger than it would have been for a dry particle.
Particles entering the C-ToF-AMS are assumed to be dry, and
even if they are not completely devoid of water, the presence
of small amounts of water causes little change in the vacuum
aerodynamic diameter. One important issue concerning C-
ToF-AMS data is the collection efficiency of particles within
the instrument (Huffman et al., 2005). In this study, C-ToF-
AMS mass loadings were confirmed by comparison between
the sulfate measurements from the C-ToF-AMS and the Par-
ticle Into Liquid Sampler – Ion Chromatograph (PILS-IC,
Brechtel Mfg. Inc.) during periods when there were no rapid
fluctuations in particulate mass loading. Composition data
represent size-resolved AMS chemistry averaged over 10 nm
size bins.

2.3 Hygroscopicity measurements

Hygroscopicity measurements were carried out with the Dif-
ferential Aerosol Sizing and Hygroscopicity Spectrometer
Probe (DASH-SP, Brechtel Mfg;Sorooshian et al., 2008a).
Ambient particles pass through a nafion dryer before re-
ceiving a uniform charge distribution in a210Po neutral-
izer. A cylindrical, single-classification differential mobil-
ity analyzer (DMA) then size selects particles into narrow

Table 2. MASE-II flights.

Flight Date Type of Flight
Number (July 2007)
(RF)

1 10 Cloud/aerosol interactions
2 11 Cloud/aerosol interactions
3 12 Bovine source probe
4 14 Cloud/aerosol interactions
5 15 Cloud/aerosol interactions
6 16 Coordinated ship plume probe
7 21 Cloud/aerosol interactions
8 22 Cloud/aerosol interactions
9 23 Cloud/aerosol interactions
10 24 Cloud/aerosol interactions
11 25 Cloud/aerosol interactions
12 26 Cloud/aerosol interactions
13 28 Cloud/aerosol interactions
14 29 Cloud/aerosol interactions
15 30 Bovine source probe
16 31 Cloud/aerosol interactions

ranges of mobility-equivalent diameters (Dem) between 0.1
and 1.0µm. The resulting monodisperse aerosol is split
into five separate flows. One channel provides a redundant
measurement of total particle concentration at the DMA-
selected size with a water condensation particle counter
(TSI Model 3831). The remaining four channels consist
of parallel nafion humidification chambers (Perma Pure,
LLP, Model MD-070-24FS-4), followed by correspondingly
humidified custom optical particle counters (OPCs). In
the OPC sample volume, particles pass through a focused
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Table 3. MASE-II instrument payload.

Parameter Instrument Time Detection Limit Size Range
Resolution

Particle Number Concentration Condensation Particle Counter 1 s 0–10 000 cm−3 Dp≥10 nm
(TSI CPC 3010)

Particle Number Concentration Condensation Particle Counter 1 s 0–100 000 cm−3 Dp≥3 nm
(including ultrafine) (TSI CPC 3025)
Aerosol Size Distribution Scanning differential mobility analyzer 73 s N/A 10–700 nm

(Dual Automated Classified Aerosol
Detector, DACAD)

Aerosol Size Distribution Passive Cavity Aerosol Spectrometer 1 s N/A 0.1–2.6µm
Probe (PCASP)

Separation of Cloud Droplets Counterflow Virtual Impactor N/A N/A N/A
From Interstitial Aerosol
Cloud Droplet Size Distribution Phase Doppler Interferometer (PDI) 1 s N/A 4–200µm
Cloud and Drizzle Drop Forward Scattering Spectrometer 1 s N/A 1–46µm
Size Distribution Probe (FSSP)
Cloud Droplet Liquid Water Content Light Diffraction 1 s N/A 5–50 nm

(Gerber PVM-100 probe)
Aerosol Bulk Ionic Composition and Particle-Into-Liquid Sampler (PILS) 5 min 0.02–0.28µg/m3 1µm
Soluble Organic Composition
Aerosol Bulk Composition Aerodyne compact Time-of-Flight Aerosol 1 s or 15 s≤0.25 g/m3 40 nm≤Dp, va≤1µm
(non-refractory species) Mass Spectrometer (C-ToF-AMS)
Aerosol Hygroscopicity Differential Aerosol Sizing and 15–100 s N/A 150 nm≤Dp≤1µm

Hygroscopicity Spectrometer
Probe (DASH-SP)

Soot Absorption Photoacoustic Absoprtion 1 s 1 Mm−1 10 nm–5µm
Spectrometer (PAS)

Soot Absorption Particle Soot Absorption ≥1 s N/A N/A
Photometer (PSAP)

laser beam (λ=532 nm, World Star Technologies, Model
TECGL-30) and scatter light in proportion to size (Dp) and
refractive index (RI). Forward-scattered light is collected and
focused on a photomultiplier tube, and the resulting electrical
pulse is recorded by a high-speed data acquisition computer.
An iterative data processing algorithm, based on laboratory
calibrations with salts of known refractive indices, is used
to determine the best fit on a solution surface relating elec-
trical pulse height, size, and refractive index. The hygro-
scopic growth factor (GF=Dp, wet/Dp, dry) is corrected for
the RI change caused by particulate liquid water at elevated
RH. Temperature and pressure measurements are continually
made at multiple locations in the instrument, and used to en-
sure that temperature and pressure variability do not impact
hygroscopicity measurements.

In the current study, hygroscopicity was measured at dry
sizes corresponding toDem of 150, 175, and 200 nm. Multi-
ple RH sensors in the nafion tubes and OPCs controlled RHs
to dry (≤8%), 74%, 85%, and 92%, with RH uncertainty
of 1.5%. Low particle loadings inherent in the marine at-
mosphere required increased on-line collection times at each
DMA size step, but usually≤1 min was sufficient to over-
come counting statistic limitations. Overall uncertainty in
GF calculations is 4.5%.

Assuming particles to be uniform, non-light-absorbing
spheres allows the assumption that the intensity of scattered
light is a function of only RI andDp. This assumption
also allows calculation of dry, “effective” RI from the known
DMA-selectedDp and measured scattered light intensity.

2.4 Hygroscopic closure

A volume-weighted mixing rule was used to perform a hy-
groscopic closure using AMS and DASH-SP data, under the
assumption of independent and additive water uptake by in-
dividual constituents in each particle:

GFmixed(aw) =

(∑
i

εiGFi(aw)3

)1/3

(1)

where GFmixed is the overall particle GF,aw is the water ac-
tivity, GFi is the hygroscopic growth factor for pure species
i, andεi is the volume fraction of speciesi. At equilibrium,
aw=RH (Seinfeld and Pandis, 2006). Values for εi were
calculated for the following species, using AMS masses of
ammonium (NH+4 ), nitrate (NO−

3 ), sulfate (SO2−

4 ), and to-
tal organic: ammonium nitrate (NH4NO3), ammonium sul-
fate ((NH4)2SO4), ammonium bisulfate (NH4HSO4), sulfu-
ric acid (H2SO4), and organic. Partitioning between sulfate
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species was determined on the basis of the ammonium to sul-
fate molar ratio (SR=[NH+4 ]/SO2−

4 ]). When SR≤1, the sul-
fate was assumed to be a mixture of H2SO4 and NH4HSO4;
when 1<SR<2, sulfate was assumed to be a mixture of
NH4HSO4 and (NH4)2SO4; when SR≥2, sulfate was as-
sumed to be solely(NH4)2SO4. During MASE-II, sulfate
was predominantly found to exist as NH4HSO4. (NH4)2SO4
is assumed to have a GF of unity at RH equal to 74% since
particles are exposed to RH well below its effloresence point
before subsequent rehumidification. The organic fraction
was assumed to be hydrophilic, based on evidence of a high
degree of organic oxygenation from AMS mass spectra (see
Sect.3.3). Values of GFi for the organic fraction were calcu-
lated as those necessary to minimize the root mean square er-
ror in comparing predictions with measured hygroscopicity.

3 Results

GF values for seven flights are presented (RF 7, 10, 11,
12, 13, 14, and 16 in Table2). Table4 presents measured
GFs at each RH and eachDem, dry. Typically, multiple mea-
surements were made on each leg, at each size, for each
flight. The error reported is±one standard deviation in these
multiple measurements. When only one measurement was
made at a given size in a given leg, it is reported without
error. Ship plumes were encountered on flights 10 and 16,
as evidenced by brief, significantly elevated particle num-
ber concentration. Analysis of GF measurements in these
presumptive plumes is not presented in the present work.
Aerosol densities were calculated for each leg and used in
the analysis below. Mission-averaged densities (averaged
over all flight legs) were found to be 1.53±0.19, 1.56±0.20,
and 1.47±0.15 g/cm3 for below-cloud, above-cloud, and free
troposphere legs, respectively. Mission-averaged organic
densities were calculated to be 1.20±0.76, 1.34±0.46, and
1.30±0.24 for below-cloud, above-cloud, and free tropo-
sphere legs, respectively.

3.1 Airmass origin

Relative to the other flights, RF 12 and 16 exhibited signifi-
cantly suppressed water uptake at high RH for all dry sizes.
During these two flights, 92% GF values for 200 nmDem, dry
particles averaged 1.61±0.14, as compared with 1.91±0.07
for all other flights. These low-GF flights corresponded
to significantly elevated total organic, as measured by the
AMS. Mass concentration averaged 1.97±1.71µg/m3 or-
ganic (as opposed to 0.58±0.63µg/m3 for all other flights),
corresponding to volume fraction organic (VForganic) of
0.56±0.19 (as opposed to 0.39±0.20 for all other flights).

Back-trajectory analysis suggests that the MASE-II
flights can be categorized by airmass origin as either
polluted/continental (flights 12, 16), or non-continentally
influenced (flights 7, 10, 11, 13, 14). Figure1 shows

92% GF measurements for 200 nmDem, dry particles, with
corresponding 48-h HYSPLIT (available at:http://www.
arl.noaa.gov/ready/hysplit4.html) back-trajectories identify-
ing airmass origin. Note that the low GFs and high VForganic
measured on flights 12 and 16 correspond with airmass ori-
gins over the continental United States, while higher GFs and
lower VForganic measured on other flights correspond to air-
mass origins over the clean marine environment. It is in-
teresting to note that trajectories at sea level have marine
origins for all flights (including low-GF flights 12 and 16),
and that there is a general trend of descending air from aloft
over the course of the trajectories. This suggests that mix-
ing of air from aloft is a significant factor in determining
aerosol characteristics in the marine boundary layer. It is
also noteworthy that GF values at low RH were not signif-
icantly suppressed, with values of 1.31±0.06 at 74% (com-
pared with 1.31±0.07 for all other flights). GF values at in-
termediate RH were moderately suppressed in the continen-
tal airmasses, measuring 1.53±0.10 at 85% (compared with
1.58±0.08 for all other flights). In other words, the effect of
the high-VForganic, continental airmass was to significantly
suppress GF at high RH, while having no measurable effect
on aerosol water uptake at low RH and a moderate impact
at intermediate RH. These results, while suggestive of con-
tinental airmass influence, should be interpreted in light of
the relatively coarse grid resolution of the HYSPLIT model.
In this analysis, small shifts in back-trajectories toward conti-
nental origin correlate with significantly suppressed high-RH
GFs.

3.2 Hygroscopicity trends

No size-dependent hygroscopicity was observed over the
range of measuredDem, dry, and in addition, no significant
size-dependent trends in VForganic were observed. Further,
organic-to-sulfate ratios from the AMS showed no signifi-
cant variation over the size range measured by the DASH-SP.
This suggests an internally-mixed aerosol between dry sizes
of 150 and 200 nm.

Figure 2 shows below- and corresponding above-cloud
92% GF values for all flights. There exists a ubiquitous
trend of higher below-cloud aerosol GF values at high RH
when compared with top of cloud hygroscopicity values
(1.88±0.14 below cloud, versus 1.78±0.18 above cloud).
Marker sizes, proportional to VForganic, suggest a trend
of higher organic loading above cloud in several flights
(0.36±0.15 below cloud, versus 0.43±0.22 above cloud).
While variability is rather large in these measurements, the
trend of elevated VForganic above-cloud does correspond
to suppressed GF at high RH. There is a trend of more
moderate GF suppression at intermediate RH in the higher
VForganicabove-cloud layer (1.53±0.06 above cloud, as com-
pared with 1.58±0.07 below cloud). Unlike the continental-
influenced flights, there is evidence of greater suppression
of low-RH GFs in above-cloud legs, with 74% GF values of
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1.31±0.05 above cloud, compared with 1.36±0.05 below. It
appears, then, that the elevated organic loadings typical of
above-cloud legs are correlated with GF suppression at high
RH, and more moderate GF suppression at lower RHs.

3.3 Hygroscopic closure

A hygroscopic closure was performed, using volume-
weighted hygroscopic contributions from each chemi-
cal constituent identified by the AMS. O:C ratios for
the flights presented were very similar for below-cloud
(0.93±0.32), above-cloud (0.91±0.26), and free troposphere
(0.92±0.25) legs in both continentally- (0.94±0.30) and
marine-influenced (0.91±0.25) flights. This result indicates
that the organic component was consistently highly oxidized.
With this evidence, the organic fraction was treated as a bulk,
water-soluble constituent and was not divided into soluble
and insoluble fractions based on AMS organic mass spec-
tra (Kondo et al., 2007). As described in Sect.2.4, GF
values were calculated for the organic component of the
aerosol by minimizing root mean square error when com-
paring measured GFs with volume-weighted closure predic-
tions. Mission-averaged organic GFs were determined to be
1.22, 1.45, and 1.48 at 74, 85, and 92% RH, respectively.
Agreement at 74 and 92% RH is within 2%, compared with
the hydrophilic multifunctional and dicarboxylic acids pa-
rameterized in Peng et al.2001, though the 85% organic
GF is overpredicted here by 7%. Closure results are pre-
sented in Fig.3. Markers in Fig.3 are color-coded accord-
ing to relative humidity, and marker size is proportional to
VForganic. The volume-weighted hygroscopic closure utiliz-
ing size-resolved AMS chemistry achieves good agreement
with the 675 DASH-SP GF measurements, with anR2 of
0.78. Agreement is better at lower values of RH, owing to
smaller GF magnitudes and less overall GF variability.

Aside from the obvious RH dependence of GF values,
the clearest trend in Fig.3 is that of larger markers (higher
VForganic) at low GF transitioning to smaller markers (lower
VForganic) at high values of GF for the same RH. The clar-
ity and regularity of this trend reveal the importance of the
organic fraction in determining GF values.

3.4 Simplified parameterization

To further investigate the relative importance of each pa-
rameter in quantifying aerosol water uptake, and to detem-
ine the simplest empirical model still capable of accurately
predicting GF, a backward stepwise linear regression was
performed. The process, which eliminates predictors one-
by-one to generate increasingly simplified linear representa-
tions of data, started with over 60 predictors, ranging from
PILS and AMS chemical parameters to atmospheric data.
The result is a two-parameter model that predicts GF as a
function of RH and VForganic:

GF = −0.312+ 0.0233(RH) − 0.282(VForganic) (2)

Figure4 demonstrates the accuracy with which this model
predicts DASH-SP GF values over the measured the range of
RH and VForganic. It is noteworthy that theR2 for this model
is 0.77, indicating that the simple, two-parameter model ex-
plains only 1% less variability than the full volume-weighted
chemical closure, which contains significantly more informa-
tion (i.e. multiple inorganic chemical species and their indi-
vidual GFs, in addition to organic fraction with its associated
GF). It appears as though accurate predictions of particle wa-
ter uptake in this region can be made simply on the basis of
relative humidity and the relative abundance of organics in
the aerosol, given a relatively uniform, highly-oxidized or-
ganic component internally mixed with predominantly am-
monium bisulfate. While this model accurately predicts GF
over the range of RH and VForganic, and for the O:C ratios
measured during MASE-II, it should not be used when RH is
outside the range 74%≤RH≤92%, or where VForganic is less
than 0.1 or greater than 0.9.

4 Discussion

Comparing mixed organic-inorganic particles with those
comprised entirely of inorganic salts, there is a strong RH-
dependence in the effect of organics on hygroscopicity (Peng
et al., 2001). During the MASE-II field campaign, GF values
at 74% RH averaged ~1.3. Organic GFs were calculated to
be 1.22 at 74% RH, suggesting that they contributed signifi-
cantly to overall aerosol water uptake at low RH. GF values
at 85% RH averaged ~1.6 during the campaign, and so the
organic GF of 1.45 calculated for 85% RH suggests that or-
ganics played a less significant role, but still influenced water
uptake at intermediate RH. An organic GF value of 1.48 was
calculated for 92% RH, with DASH-SP 92% GF measure-
ments of ~1.8 indicating that organics make little contribu-
tion to overall water uptake at high RH.

Inorganic salts exhibit deliquescent behavior as RH is in-
creased. Many organics do not deliquesce or crystallize when
RH is increased or decreased, respectively, but instead re-
tain water at RH values well below the RH of deliquescence
(RHD) of the inorganic salts with which they often co-exist
in ambient particles. As a result, at RH values below the
salt RHD, the presence of organics enhances water uptake.
Thus, the effect of organics is to contribute significantly to
overall water uptake at low values of RH in mixed organic-
inorganic particles. At high RH, on the other hand, organ-
ics tend to take up significantly less water than the inorganic
constituents with which they co-exist in ambient particles.
Therefore, at RH values above the inorganic RHD, organics
appear to suppress water uptake relative to that which a pure
inorganic particle would exhibit.

Figure 5 shows simplified behavior of a pure ammo-
nium sulfate (AS) particle, pure organic acid (OA) particle
(as described by Peng et al.,2001), and a mixed organic
acid and ammonium sulfate (OA/AS) particle over the range
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Table 4. GF results for below, above, free troposphere (FT), and ship plume measurements.

150 nm

Flight Below Above FT Ship Plume

74% 85% 92% 74% 85% 92% 74% 85% 92% 74% 85% 92%

7 1.40±0.04 1.57±0.03 1.82±0.05 1.26±0.06 1.55±0.04 1.78±0.01 1.40±0.03 1.55±0.03 1.84±0.04
10 1.42±0.04 1.60±0.06 1.80±0.04 1.37±0.10 1.57±0.04 1.71±0.11 1.42±0.03 1.56±0.04 1.70±0.07 1.42±0.04 1.62±0.03 1.78±0.04
11 1.44±0.05 1.61±0.06 1.80±0.07 1.40±0.07 1.51±0.02 1.64±0.05 1.38±0.07 1.52±0.06 1.65±0.10
12 1.38±0.03 1.58±0.03 1.63±0.04 1.34±0.04 1.51±0.03 1.55±0.01 1.38±0.02 1.60±0.01 1.63±0.01
13 1.39±0.01 1.61±0.05 1.82±0.02 1.35±0.01 1.61±0.03 1.75±0.05 1.27±0.05 1.49±0.07 1.61±0.08
14 1.36±0.05 1.65±0.21 1.82±0.14 1.39±0.02 1.62±0.01 1.87±0.09 1.37±0.03 1.60±0.03 1.77±0.06
16 1.41±0.02 1.58±0.05 1.64±0.08 1.33±0.03 1.52±0.03 1.54±0.03 1.29±0.04 1.49±0.07 1.52±0.06 1.38±0.02 1.59±0.02 1.61±0.04

175 nm

Flight Below Above FT Ship Plume

74% 85% 92% 74% 85% 92% 74% 85% 92% 74% 85% 92%

7 1.36±0.06 1.54±0.02 1.95±0.03 1.28±0.04 1.53±0.03 1.91±0.06 1.24±0.08 1.52±0.03 1.87±0.10
10 1.41±0.06 1.59±0.05 1.93±0.02 1.34±0.05 1.51±0.01 1.83±0.06 1.33±0.02 1.60±0.03 1.89±0.05 1.34±0.02 1.55±0.05 1.88±0.06
11 1.31±0.08 1.48±0.07 1.82±0.09 1.31±0.03 1.44±0.09 1.77±0.03 1.33±0.04 1.53±0.12 1.77±0.23
12 1.33±0.02 1.55±0.04 1.63±0.08 1.26±0.06 1.48±0.08 1.51±0.07 1.35±0.02 1.57±0.01 1.60±0.01
13 1.34±0.03 1.58±0.04 2.00±0.05 1.3 1.55 1.78 1.24±0.05 1.44±0.06 1.63±0.10
14 1.34±0.01 1.63±0.02 2.03±0.01 1.32±0.02 1.58±0.02 1.91±0.05 1.33±0.02 1.50±0.08 1.79±0.22
16 1.35±0.04 1.54±0.03 1.62±0.06 1.28±0.02 1.43±0.04 1.45±0.04 1.24±0.04 1.38±0.06 1.40±0.10 1.33±0.03 1.52±0.04 1.55±0.03

200 nm

Flight Below Above FT Ship Plume

74% 85% 92% 74% 85% 92% 74% 85% 92% 74% 85% 92%

7 1.37±0.04 1.57±0.03 1.98±0.03 1.22±0.06 1.56±0.05 1.92±0.01 1.21±0.01 1.54±0.08 1.91±0.04
10 1.41±0.09 1.72±0.09 2.01±0.05 1.33±0.02 1.57±0.07 1.87±0.04 1.35±0.01 1.63±0.06 1.93±0.06 1.33±0.04 1.66±0.06 1.95±0.05
11 1.25±0.11 1.45±0.17 1.86±0.07 1.26 1.47 1.83 1.36±0.16 1.56±0.15 1.89±0.20
12 1.33±0.03 1.64±0.03 1.73±0.05 1.29±0.03 1.48±0.10 1.55±0.12 1.37±0.05 1.64±0.05 1.69±0.04
13 1.36±0.05 1.68±0.05 2.01±0.04 1.3 1.61 1.85 1.21±0.08 1.45±0.07 1.78±0.12
14 1.42±0.11 1.65±0.05 1.98±0.10 1.31±0.05 1.60±0.03 1.96±0.01 1.35±0.09 1.59±0.10 1.89±0.11
16 1.35±0.02 1.59±0.05 1.77±0.08 1.26±0.02 1.45±0.08 1.53±0.10 1.23±0.06 1.40±0.10 1.40±0.11 1.33±0.03 1.62±0.04 1.66±0.06

50%≤RH≤94%. Note that the mixed OA/AS particle shows
smooth growth with RH, as opposed to the deliquescent be-
havior exhibited by the pure AS particle. The tendency of
organics to retain water at low RH causes water uptake be-
havior for the OA/AS particle to follow that of the descend-
ing (i.e. efflorescence) branch of the pure AS growth curve.
Since pure OA takes up less water at high RH than does pure
AS, the growth curve for the OA/AS particle is suppressed,
compared with that of pure AS. The overall result, as pre-
dicted by thermodynamic theory, is that the presence of OA
leads to enhanced water uptake at low RH and suppressed
GF at high RH.

Virkkula et al. (1999) concluded that the most impor-
tant factor contributing to GF suppression at high RH was
the volume fraction of organic present in an aerosol. Oth-
ers have suggested that the exact chemical identity of the
organic constituents is not especially important, and that
for an organic component classified as either oxidized or
hydrocarbon-like, its relative abundance determines its effect
on GF values (McFiggans et al., 2005; Moore and Raymond,
2008). The aerosol measured during MASE-II was com-
prised of an internally-mixed combination of highly-oxidized
organics with predominantly ammonium bisulfate in the size

range 150–200 nm. Results presented here from a stepwise
linear regression on GF data from the marine atmosphere
suggest that the single most important factor in predicting GF
(aside from RH) is, indeed, VForganic. This suggests that an
aerosol containing a uniform, highly-oxidized organic com-
ponent may be sufficiently characterized in global models by
a size distribution, RH, and a bulk estimate of the relative
abundance of organics.

A brief sensitivity study was undertaken, in order to de-
termine the importance of the VForganic term in predicting
water uptake for the marine aerosol encountered during this
study. Predictions of hygroscopic GF based on the assump-
tion of an entirely inorganic aerosol yielded poorer agree-
ment (R2=0.68) than the simple parameterization presented
in this paper (R2=0.77). This suggests that accurate predic-
tions of organic volume fraction are important to predict wa-
ter uptake for a marine aerosol with a uniformly oxidized
organic component.
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Fig. 1. 92% GF values forDem, dry=200 nm particles are shown for below (black) and above (yellow) cloud flight legs. 48-h HYSPLIT
back-trajectories show airmass origin for each flight. Flights 12 and 16 show both suppressed GF values and continental, polluted airmass
origin.

In most instruments that measure aerosol hygroscopicity,
residence times for humidification are on the order of sec-
onds; much longer than the equilibration time for most inor-
ganics with water vapor. Sjogren et al. (2007) noted, how-
ever, that particles with high volume fraction organic mate-
rial may require as long as 40 s to achieve equilibrium with
water vapor. If such long times are necessary to achieve equi-
librium, hygroscopic measurement methods suitable for the
field will tend to overpredict GF at low RH (water vapor does
not evaporate completely from the particle during the drying
process), while underpredicting GF at high RH (insufficient
humidification time is provided for the organic fraction to
achieve thermodynamic equilibrium with water vapor). In
electrodynamic balance (EDB,Cohen et al., 1987a,b,c) stud-
ies, suspended particles are subjected to extended exposure
to water vapor (minutes to hours), establishing equilibrium.

Some organics exhibit extremely high deliquescence rela-
tive humidities (DRH) (e.g., oxalic acid), while others ex-
hibit gradual hygroscopic growth at low RH and substantial
growth at high RH (e.g., malonic acid) (Peng et al., 2001).
It is possible, given the wide range of organic species in the
atmosphere and correspondingly wide range of hygroscopic
properties associated with those species, and the relatively
short humidification times in the DASH-SP and other similar
instruments, that the effects attributed to organics may reflect
some kinetic instrumental limitations.

Additionally, while particles entering the DASH-SP are
dried to well below relative humidity of efflorescence (RHE)
for the inorganic salts encountered in the marine atmosphere,
it is possible that the presence of organics causes some
particles to remain in a supersaturated (with respect to efflo-
rescence) state after drying. The inorganic fraction of such
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Fig. 2. Below- and above-cloud 92% GF values forDem, dry
200vnm particles as a function of altitude, with lines connecting
measurements made on the same ‘trip’ from bottom to top of cloud.
Marker size is proportional to VForganic, and ranges from 0.10 to
0.90. “a” and “b” designate separate “trips” during the same flight.

2.0

1.8

1.6

1.4

1.2

1.0

M
e

a
s

u
re

d
 G

F

2.01.81.61.41.21.0
P redicted G F

R2
 = 0.78

 74%
 85%
 92%

 

Fig. 3. Measured GF values versus volume-weighted predictions.
Markers are color-coded with RH, and marker size is proportional
to VForganic (ranging from 0.10 to 0.90). The blue line represents
1:1.
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Fig. 4. Predictions of GF from the simplified parameterization.
Markers are color-coded with RH, and marker size is proportional
to VForganic (ranging from 0.10 to 0.90). The blue line represents
1:1.

a supersaturated particle would exhibit gradual water uptake
with increased relative humidity, even at RH lower than the
RHD for the inorganic salt. Assuming deliquescent behavior
of the inorganic salt (i.e. the inorganic fraction is crystalline
at RH RHE), this enhanced water uptake at low RH would be
attributed to solely the organic fraction, thereby leading to a
potential overestimation in the organic GF.
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Fig. 5. Comparison of growth curves for pure ammonium sul-
fate, pure hydrophilic organic, and mixed organic/inorganic parti-
cles. Ammonium sulfate curves calculated from AIM (Clegg et al.,
1998).

5 Conclusions

We report a hygroscopic closure study for the coastal Califor-
nia aerosol, using size-resolved C-ToF-AMS chemical data
coupled with highly time-resolved, multiple-RH hygroscop-
icity measurements from the DASH-SP.

Airmasses originating from continental locations showed
elevated organic loading, and correspond to significant GF
suppression at high RH. More moderate GF suppression
was measured at intermediate RH and no impact was ob-
served at low RH. A comparison of above-cloud with below-
cloud aerosol indicated that a slightly organic-enriched layer
above cloud corresponded with suppressed GFs at high RH.
A volume-weighted hygroscopic closure provided excellent
agreement with measured GFs, and mission-averaged or-
ganic GFs at 74, 85, and 92% were calculated to be 1.22,
1.45, and 1.48, respectively. These GF values are rela-
tively high when compared with many previous estimations
of organic GF, but agree well with values reported for di-
carboxylic and multifunctional acids. These high organic
GFs are indicative of the highly oxidized state of the aged
organic fraction. A simplified parameterization for predict-
ing GF was developed using a stepwise linear regression
method. This parameterization is a function of only RH
and VForganic, and explains only 1% less variability than
does the volume-weighted chemical closure. These results
may be more broadly applicable to similar coastal condi-
tions, where some aged organics are present in an otherwise
marine-influenced atmosphere.

The richness of this hygroscopic/chemical data set un-
derlies the significance of coupling the DASH-SP instru-
ment with the AMS. The improved time resolution available
with the DASH-SP eliminates much of the time-averaging
of AMS composition data that is otherwise necessary with
less highly time-resolved HTDMA hygroscopicity measure-
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ments. The importance of simultaneous GF measurements
at multiple RH values is demonstrated by a simplified pa-
rameterization for predicting GF as a function of RH and
VForganic; a result potentially important for efficiently rep-
resenting aerosol-water interactions in global models.
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