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Abstract This study reports a detailed set of ambient observations of optical/physical shrinking of
particles from exposure to water vapor with consistency across different instruments and regions. Data
have been utilized from (i) a shipboard humidified tandem differential mobility analyzer during the Eastern
Pacific Emitted Aerosol Cloud Experiment in 2011, (ii) multiple instruments on the NASA DC-8 research
aircraft during the Studies of Emissions, Atmospheric Composition, Clouds and Climate Coupling by Regional
Surveys in 2013, and (iii) the Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe during
ambient measurements in Tucson, Arizona, during summer 2014 and winter 2015. Hygroscopic growth factor
(ratio of humidified-to-dry diameter, GF =Dp,wet/Dp,dry) and f(RH) (ratio of humidified-to-dry scattering
coefficients) values below 1 were observed across the range of relative humidity (RH) investigated (75–95%).
A commonality of observations of GF and f(RH) below 1 in these experiments was the presence of particles
enriched with carbonaceous matter, especially from biomass burning. Evidence of externally mixed aerosol,
and thus multiple GFs with at least one GF< 1, was observed concurrently with f(RH)< 1 during smoke
periods. Possible mechanisms responsible for observed shrinkage are discussed and include particle
restructuring, volatilization effects, and refractive index modifications due to aqueous processing resulting
in optical size modification. To further investigate ambient observations of GFs and f(RH) values less than 1, it
is recommended to add an optional prehumidification bypass module to hygroscopicity instruments, to
preemptively collapse particles prior to controlled RH measurements.

1. Introduction

Aerosol-water interactions influence how ambient particles scatter solar radiation, act as cloud condensation
nuclei (CCN), and deposit to surfaces, including in the human respiratory system [Dua and Hopke, 1996].
These interactions are important to account for in remote sensing retrievals of aerosol particles due to arti-
facts that result from aerosol swelling in moist areas such as next to clouds, in addition to using retrieved
columnar aerosol data to estimate fine particulate matter (PM2.5) [Kim et al., 2015]. Representing the ability
to take up water vapor at fixed relative humidity (RH), hygroscopicity is a property of particles dependent
on size and composition. Improving the understanding of aerosol hygroscopicity will improve predictability
of future climate, as aerosol interactions with water vapor and clouds are the largest source of uncertainty in
estimates of total anthropogenic radiative forcing [Intergovernmental Panel on Climate Change, 2013].

In order to study aerosol hygroscopicity in the atmosphere, a number of instruments have been developed.
Traditionally, the humidified tandem differential mobility analyzer (HTDMA [Liu, 1978; Rader and McMurry,
1986] has been used for size-resolved, subsaturated aerosol water uptake measurements; however, the
long sampling time required to scan through a complete size distribution is impractical for aircraft applica-
tions. The Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe (DASH-SP, Brechtel Mfg. Inc.)
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[Sorooshian et al., 2008a] is a newer instrument designed specifically for aircraft-based, rapid, size-resolved
measurements of aerosol subsaturated hygroscopicity using optical particle counters (OPCs) in place of a
second differential mobility analyzer (DMA) in the HTDMA. When comparing the HTDMA and DASH-SP, the
final humidified particle size distributions are based on different measurement principles including electri-
cal mobility and an optically based algorithm, respectively. Both instruments quantify hygroscopic growth
factor (GF), defined as the ratio of humidified particle diameter to a fixed, single diameter at dry conditions
(GF =Dp,wet/Dp,dry). Nephelometer-based instruments quantify hygroscopicity for bulk aerosol using the
parameter f(RH), which is the ratio of light scattering from all particle sizes in humid (typically RH of
~80%) versus dry conditions (typically RH less than 20%). While the nephelometer-based instruments
are rapid and suited for aircraft measurements, key differences with the previous two instruments are that
f(RH) data are not size resolved and have limitations in terms of probing RHs above 85% [Kreidenweis and
Asa-Awuku, 2014].

While extensive research has reported on GF and f(RH) values extending from unity (i.e., no growth upon
hydration) to higher values, only studies based on laboratory work, summarized below, have reported hygro-
scopic growth less than 1, suggestive of particle size shrinkage upon hydration. Hygroscopic GFs below 1
result when the humidified diameter is less than the original dry diameter (Dp,dry) or when the total scattering
of humidified ambient air is less than dried ambient air. Hygroscopicity can be expressed in terms of a single
parameter, kappa (κ), developed by Petters and Kreidenweis [2007], which is related to GF as shown by the
approximation in equation (1). The κ model does not allow for values of κ< 0 (as a result of GF< 1), and
therefore, κ will be referred to here as an effective κ (κe).

GF½ �3 ¼ 1þ κ
RH

100%

1� RH
100%

 !
: (1)

Numerous explanations for GF< 1 have been presented in past laboratory-based studies. They include
surface-active organic species [Petters and Kreidenweis, 2013], slightly soluble organic compounds [Petters
and Kreidenweis, 2008], and elemental carbon restructuring [Tritscher et al., 2011]. The majority of the litera-
ture has been devoted to particle restructuring. For example, flame-generated soot from diesel and propane
combustion shows evidence of particle restructuring at an RH as low as 35% [Henning et al., 2012]. Using a
similar particle source, Weingartner et al. [1997] concluded that the restructuring process was still occurring
and had not reached steady state with RH up to 80%. Another study showed that soot restructuring in acet-
ylene and ethylene burner emissions occurs upon water evaporation and is likely attributed to capillary
effects [Ma et al., 2013]. Hydrophilic soot particles collapse into globules with increased RH [Mikhailov et al.,
2006], yet when diluted with warm particle-free air, their fractal structure stays intact until humidification
at RH> 90% [Rissler et al., 2005]. Although not directly related to hygroscopic growth instruments, soot from
a propane diffusion flame has also been shown to undergomorphological transformations, from chain-like to
compact structure, which is explained by Coulomb interactions between parts of the aggregated soot parti-
cle [Onischuk et al., 2003].

Nonburner emitted particles also demonstrate restructuring behavior. Jimenez et al. [2003] observed that
iodine oxide particles formed under dry conditions were fractal agglomerates but became more compact
and more dense at higher RHs. There is evidence that biomass burning combustion particles of 100 nm or
larger are more readily restructured upon hydration [Martin et al., 2013]. The decrease in mobility diameter
upon humidification is more pronounced for larger particles [Pagels et al., 2009]. Weingartner et al. [1995]
found that organic particles above 100 nm shrank into a more compact structure at RH= 90% due to capillary
forces induced on any asymmetrical part of the structure. Lewis et al. [2009] reported that wood smoke from
combustion of chamise and palmetto collapsed to a more spherical and compact shape upon exposure to
high RH, while smoke from ponderosa pine, with lower inorganic content, did not show this behavior.
Mochida and Kawamura [2004] showed that the GF of lignin pyrolysis products (4-hydroxybenzoic acid
and vanillic and syringic acids) were just below 1.0 (>0.95) up to an RH of 95%, which they attributed to either
restructuring or, potentially, evaporation of organics in the HTDMA. Beaver et al. [2008] showed that
4-hydroxybenzoic acid exhibited f(RH) values below unity with the lowest values for the smallest optical
effective diameter examined in their experiments (f(RH = 80%) ~ 0.85 for 150 nm particles); in addition to
potential restructuring, they also stated that other explanations could include larger refractive indices or
lower densities for the dry particles as compared to the humidified particles.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025471

SHINGLER ET AL. SUB-1 HYGROSCOPICITY FIELD MEASUREMENTS 13,662



A number of laboratory studies focused on inorganic salts have found similar evidence of restructuring, indi-
cating that the mechanism is not limited to organic-containing particles. Aggregated fractal inorganic salt
particles shrank after exposure to RHs beyond the RH of formation (>60% in most cases), and the degree
of particle shrinkage was greater for aggregates of larger initial size, as well as larger increases in RH beyond
formation RH [Montgomery et al., 2015]. That study suggested that a potential explanation was rooted in sur-
face tension owing to water adsorption within the aggregate structure. At low RH (<50%), restructuring from
hydration of (NH4)2SO4 has been shown to have stronger effects on particle mobility diameter than the
adsorption or absorption of water [Mikhailov et al., 2009]. In a study of inorganic salts, observations of the
structural rearrangement of NH4NO3, (NH4)2SO4, NaCl, and NaNO3 indicated that particle size decreased by
up to 10% due to chemical reactions and evaporation upon hydration when exposed to RHs below each salts’
respective deliquescence RH [Gysel et al., 2002; Mikhailov et al., 2004]. Another study showed that additive
water uptake models overpredict hygroscopic growth for internal mixtures of amino acids and ammonium
sulfate [Garland et al., 2007].

Particle coating and photochemical aging affects the ability, degree, and onset of particle restructuring. With
regard to coating types, restructuring has been observed with combustion particles coated with H2SO4

[Zhang et al., 2008; Pagels et al., 2009], glutaric acid [Xue et al., 2009], dioctyl sebacate and oleic acid [Ghazi
and Olfert, 2013], and secondary organic aerosol derived from aromatic precursors [Schnitzler et al., 2014].
Aging soot in the presence of isoprene results in increased mass with decreased particle mobility diameter
and increased effective density, as coating material fills in void spaces and causes partial restructuring of
fractal soot aggregates [Khalizov et al., 2013]. Photochemical processing of fresh wood smoke was found
to physically convert fractal smoke particles into a more spherical shape in addition to concurrent chemical
transformations [Giordano et al., 2013; Giordano and Asa-Awuku, 2014].

Particle morphological changes upon hydration, including shrinkage due to restructuring, alter particle
light absorption, and scattering characteristics. Shrinkage in the form of restructuring may not necessarily
be associated with reduced light scattering. Restructuring by neutralization surface reactions has been
suggested to explain reduction in light absorption cross section upon hydration of laboratory generated
mixtures of black carbon (BC) and brown carbon (BrC) particles at low RH; however, upon RH increase,
continued water uptake by inorganic coatings can lead to absorption enhancement [Chen et al., 2015].
In polluted, humid conditions, it has been observed that hygroscopic particles absorb water and grow
in size, enhancing light scattering, but the mass absorption cross section may increase (enhancement
between neighboring spherules) or decrease (possibly due to physical shielding effects impacting internal
globules of a collapsed agglomerate) [Khalizov et al., 2009; Lee et al., 2012]. Dennis-Smither et al. [2012]
observed that effective refractive indices of organic aerosol increased during and after evaporation of
volatile products and concluded that aging followed by slow restructuring in particle morphology was
responsible for this behavior.

The goal of this study is to build on the results of these previous laboratory-based studies by reporting ambi-
ent observations of hygroscopic growth (GF and f(RH))< 1, and consequently κe< 0, from three field projects:
Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) in 2011, Studies of Emissions, Atmospheric
Composition, Clouds and Climate Coupling by Regional Surveys (SEAC4RS) in 2013, and observations from
measurement intensive periods at the Tucson Aerosol Characterization Observatory (TACO) between 2014
and 2015. All three field studies included measurements of aerosol hygroscopicity as well as other chemical
and meteorological observations. Possible causes for GF and f(RH) below 1 will be discussed and strategies
are suggested for probing this phenomenon in greater detail for future studies. The overall objective of
the ensuing discussion is to motivate additional examination of archived and future ambient field data sets
of aerosol hygroscopic growth to unravel the nature of data points indicative of particle shrinkage after humi-
dification as this affects treatment of aerosol-water interactions in models and remote sensing retrievals of
aerosol parameters.

2. Experimental Methods
2.1. Field Observations and Instrumentation

This work uses observations from three field campaigns, with a summary of instrumentation and case study
dates provided in Table 1. A more detailed discussion of the experimental approach is provided below.
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2.1.1. E-PEACE Field Campaign
E-PEACE was a multiplatform field study conducted in the coastal zone of California during July–August
2011, investigating aerosol-cloud-precipitation-radiation interactions [Russell et al., 2013]. The project
involved the use of the Center for Interdisciplinary Remotely-Piloted Aircraft Studies Twin Otter, based
in Marina, CA, and the R/V Point Sur, which conducted a 12 day research cruise (12–23 July). Specifics of
the campaign and results are detailed elsewhere [Russell et al., 2013; Wonaschütz et al., 2013; Wang
et al., 2014; Jung et al., 2015; Modini et al., 2015; Sanchez et al., 2016]. This work utilizes data only from
the R/V Point Sur, on board of which smoke generators used gasoline and heated paraffin-type oil with
low vaporization temperature (150°C) to emit a plume of thick condensed smoke and organic vapor into
the marine boundary layer. The smoke was measured from R/V Point Sur itself with an extensive payload
of instruments [Russell et al., 2013].

Of most relevance from the R/V Point Sur instrument payload was a HTDMA, which measured hygroscopic
growth using two DMAs, with one dry (RHdry< 8%) and one humidified at varying RH settings (40, 70, 85,
and 92%). The HTDMA uncertainty in GF is� 0.03 [Lopez-Yglesias et al., 2014]. Dry particle diameters (Dp,dry)
selected were 30, 75, 150, and 300 nm. To compare to high RH set points in similar studies, we focus on
set points of RH= 85 and 92% and dry diameters of 150 and 300 nm. Smoke emitted from the ship and then
resampled by the ship on 17 July 2011 constitutes a key case study. Plume tracking, meteorological condi-
tions, and results from other instruments on board R/V Point Sur related to the smoke sampling can be found
inWonaschütz et al. [2013]. As noted in the latter study, differences used to distinguish between smoke and
nonsmoke periods included particle number concentration (nonsmoke periods:<1000 cm�3; smoke periods:
>1000 cm�3) and aerosol composition (smoke periods: organic mass fraction ≥ 97% based on submicrom-
eter measurements of nonrefractory aerosol species and nonsmoke periods: organic mass fraction ~40–60%).
2.1.2. TACO Measurement Intensives
The Tucson Aerosol Characterization Observatory (TACO) is a rooftop laboratory on the University of Arizona
campus in central Tucson (30m above ground level, 720m above sea level; 32.2299°N, 110.9538°W), which
has a metropolitan population of approximately one million [U.S. Census Bureau, 2011]. The observatory has
been collecting long-term data relevant to aerosol particle properties and meteorology since 2009.
Observations at TACO from various instruments in addition to DASH-SP such as a Particle-Into-Liquid
Sampler (Brechtel Manufacturing Inc.), cloud condensation nuclei counter (CCNc, DMT Inc.), a semicontinu-
ous OC/EC analyzer (Sunset Laboratory Inc.), Micro-Orifice Uniform Deposit Impactors (MSP Corporation),
and single-stage filter samplers, are summarized elsewhere [Youn et al., 2013; Crosbie et al., 2015; Sorooshian
et al., 2015; Youn et al., 2015].

During TACO intensives, the DASH-SP measured size-resolved GFs at humidified RH values typically between
50 and 95% with dry channel measurements below 20% RH, and with Dp,dry between 180 and 300 nm. The
DASH-SP RH was controlled within 1.5% of the RH set point, and the GF uncertainty was less than 3%
[Shingler et al., 2016]. The instrument data from TACO relevant to the current study are from the DASH-SP dur-
ing summer intensive periods (27 May to 1 June 2014 and 12–20 August 2014) and a winter intensive period
(30 January to 12 February 2015). Scan times were held constant at 80 s during the winter intensive and 90 s
during the summer intensive to allow for a consistent sampling schedule between the DASH-SP and
other instruments.

Table 1. Summary of Field Campaigns, Case Study Dates, Instrumentation, and Measured Parameters for This Study

Campaign Platform Full Measurement Period Case Study Instrumentation Measured Parameter

E-PEACE RN Point Sur 12–23 July 2011 17 Jul 2011 HTDMA GF

TACO Ground-Based Winter: 30 Jan to 12 Feb 2015; Summer:
27 May to 1 June 2014 12–20 Aug 2014

1 Feb 2015 DASH-SP GF

SEAC4SR NASA DC-8 2 Aug to 13 Sept 2013 19 Aug 2013 DASH-SP GF
LARGE f(RH) f(RH)

AMS PM1-Speciated
PTRMS Acetonitrile
PALMS BB Fraction
HD-SP2 Black Carbon
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The DASH-SP instrument is composed of a DMA linked to a humidification and optical sizing system. The
DMA is used to separate dried particles into a monodisperse sample flow based on electrical mobility size.
The monodisperse flow is then separated into two flows, both sent to individual optical particle counters
(OPCs) measuring optical light scattering intensity in the form of electrical pulse heights. One OPC directly
measures scattering of the dried monodisperse particles in order to determine the real portion of the dry
effective refractive index, RIdry (λ= 532 nm), while the other measures scattering of particles that have passed
through a diffusion-based humidifier. The combination of the dry particle size, RIdry, and humidified scatter-
ing intensity allows the wet particle diameter to be determined. Instrument operating details, data proces-
sing procedures, and examples of its field deployment are presented elsewhere [Sorooshian et al., 2008a;
Sorooshian et al., 2008b; Hersey et al., 2009; Hersey et al., 2011; Hersey et al., 2013; Shingler et al., 2016].
2.1.3. SEAC4RS Field Campaign
Based out of Houston, TX, during August–September 2013, SEAC4RS incorporated three research aircraft to
investigate numerous topics including (i) redistribution of emissions throughout the troposphere from deep
convection, (ii) evolution of gases and aerosols in convective outflow and their implications for atmospheric
chemistry, and (iii) how anthropogenic pollution and biomass burning emissions are affected bymeteorology
and cloud processing. Another focus was to validate/calibrate instrumentation as a test bed for future appli-
cations. Details of the SEAC4RS project and specifics on measurements pertaining to this work can be found
elsewhere [Toon et al., 2016], and all data are publicly available from the NASA Langley Research Center’s
Atmospheric Science Data Center [Atmospheric Science Data Center, 2015].

This work focuses on in situ measurements from the NASA DC-8, utilizing all research flights from SEAC4RS
with focus on three flights that targeted biomass burning sampling: 6 August, 19 August, and 27 August.
Sample air fed to the hygroscopicity instruments (DASH-SP and nephelometers) on the DC-8 is brought
into the aircraft through an isokinetically controlled inlet, tested in a previous flight experiment, and
shown to efficiently collect and transmit particles smaller than 4μm diameter [McNaughton et al., 2007].
Sample air is actively dried using a nafion dryer (Perma-Pure FC-125-240-10PP), which efficiently passes
accumulation-mode aerosol. The DASH-SP on board the DC-8 measured size-resolved hygroscopic GFs
of ambient aerosol particles at humidified RH values typically between 70 and 95% with dry channel mea-
surements below 15% RH, and Dp,dry between 175 and 350 nm [Shingler et al., 2016]. Polystyrene latex
spheres (PSLs) were used during flight to calibrate instrument uncertainty for the aerosol-sampling pack-
age aboard the DC-8, details of which for the DASH-SP can be found in Shingler et al. [2016]. Similar to
TACO conditions, the DASH-SP RH was controlled to within 1.5% of RH set point, and GF uncertainty
was less than 3% [Shingler et al., 2016]. DASH-SP scan sampling duration ranged from 1 s to 182 s with
an average of 15.5 s, sampling an average of 248� 302 and 221� 340 particles per scan in the dry and
humidified channels, respectively.

f(RH) data for bulk aerosol are obtained from the Langley Aerosol Research Group Experiment (LARGE)
instrument package, specifically the tandem humidified nephelometers (TSI Inc, St. Paul, MN, USA;
Model 3563) [Ziemba et al., 2013] at dry (RH 20%) and humidified (RH 80%) scattering channel settings,
and with a reported uncertainty in f(RH) of� 0.05. f(RH) is calculated as the ratio of humidified scattering
coefficient to dry scattering coefficient at 550 nm. Nephelometer data were recorded and archived every
second at three wavelengths (450, 550, and 700 nm). In terms of operation, part of the air sampled
through the isokinetically controlled inlet is fed to one nephelometer that receives no further sample
treatment, while the rest of the air is humidified in a second nephelometer in the following manner.
Dry sample air flow is split into a sheath flow (5 Lmin�1) and sample flow (22 Lmin�1). The sheath flow
is humidified using one nafion humidifier (Perma-Pure FC-125-240-5PP) with counterflowing heated water
(controlled to approximately 45°C for SEAC4RS). This saturated flow is subsequently routed through the
sheath of a second sample humidifier, thus increasing the RH in the 22 Lmin�1 sample flow. The sample
RH is controlled by cycling the sample sheath air between saturated and dry air to achieve a set point (e.g.,
80%� 4%). This is accomplished using a PID (proportional-integral-derivative) process controller (Edwards,
model 501C) and electrically actuated three-way valve. The RH measured at the nephelometer inlet (con-
trol-RH) is measured with an insulated, external sensor (Vaisala, model HMP60). An additional sensor inside
the instrument is used for the f(RH) calculation. Differences between the instrument-RH and the control-RH
were less than 5% (an average deviation of 3.3%) during SEAC4RS. Because of its active feedback, this
system automatically adjusts for variable RH of input air (which varied typically between 10 and 30%),
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ambient pressure, and cabin tem-
perature to maintain a constant RH
in the nephelometer. Nephelometer
data are manually synchronized to
compensate for additional lag
time incurred in the humidified sam-
ple line. Transport efficiency was
determined for the sample humidi-
fier in the laboratory prior to
SEAC4RS deployment showing 100%
transmission up to 0.6μm diameter
that is reduced to 78% transmission
at 1μm, indicative of efficient sam-
pling of the various aerosol types
encountered such as biomass burn-
ing aerosol.

Identical angular truncation error
corrections detailed in Anderson
and Ogren [1998] were applied to
each nephelometer. Both nephel-
ometers were calibrated with filtered
air and pure CO2 before, during, and
after SEAC4RS. In-flight calibration

using PSLs of different sizes (i.e., 102, 200, 269, 600, and 1000 nm) confirmed consistent instrument
response on a flight-by-flight basis (i.e., f(RH) = 1). Independent verification of the LARGE
extinction/hygroscopicity measurement has been demonstrated for urban aerosol by comparison with col-
located airborne High Spectral Resolution Lidar [Ziemba et al., 2013].

Other DC-8 data used in this work include the following: (i) acetonitrile from the Proton-Transfer-Reaction
Mass Spectrometer (PTRMS) [de Gouw and Warneke, 2007]; (ii) black carbon (BC) from the Humidified-Dual
Single-Particle Soot Photometer, with diameter range ~90–550 nm assuming 1.8 g cm�3 density, which is
typically ~90% of accumulation-mode mass (HD-SP2) [Schwarz et al., 2015]; (iii) submicrometer aerosol
(PM1) chemical composition from the High Resolution Aerosol Mass Spectrometer (HR-AMS) [DeCarlo et al.,
2006; Canagaratna et al., 2007]; (iv) biomass burning (BB) number fraction from the Particle Analysis by
Laser Mass Spectrometry, with size rage 200–3000 nm (PALMS) [Lee et al., 2002]; and (v) size distribution data
from the Laser Aerosol Spectrometer (LAS; Dp between 0.1 and 6.3μm) and Ultra-High Sensitivity Aerosol
Spectrometer (UHSAS; Dp between 63 and 891 nm), which are both a part of LARGE. Data from three of these
instruments with similar size ranges were used to quantify effective particle density under the assumption of
spherical particles. Density is calculated as the mass concentration sum of HR-AMS species (organic, sulfate,
nitrate, ammonium, and chloride) and HD-SP2 BC, divided by integrated volume from the UHSAS. For the var-
ious instruments described from SEAC4RS, data contamination during cloud penetrations (i.e., affected by
droplet shattering on the inlet tip) was identified visually and removed.

3. Results
3.1. Hygroscopic Growth Factor and f(RH) Observations

Ship-based HTDMAmeasurements of GF at RHs of 85% and 92% during E-PEACE are summarized in Figure 1.
GFs are clearly suppressed in smoke-influenced samples as compared to background aerosol sampled
outside of the ship-generated smoke plume. GFs below 1.25 are only observed in smoke-influenced samples.
Additionally, numerous observations of GF< 1 are reported during smoke sampling, regardless of Dp,dry (150
and 300 nm particles are shown for simplicity). For smoke data at RH= 85%, ~7% (2 of 28) and ~10% (3 of 29)
of points exhibited GF< 1 at 300 nm and 150 nm, respectively, while at RH= 92%, ~19% (6 of 32) and 31% (10
of 32) of points exhibited GF< 1 at 300 nm and 150 nm, respectively. Minimum values of GF during smoke
sampling included 0.89 and 0.77 at RHs of 85 and 92%, respectively.

Figure 1. Growth factor as a function of HTDMA RH (85% and 92%) during
E-PEACE for Dp,dry values of 150 nm and 300 nm for smoke sampling from
17 July 2011. Data are shown for all nonsmoke sampling days with 150
and 300 nm Dp,dry grouped together as those two sizes showed no
significant difference.
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Ground-based measurements of GF
for Dp,dry of 190–300 nm during
TACO intensives (Figure 2) indicate
that higher values are observed dur-
ing summer periods (above 1.15 at
RH> 80%) with a greater number
of days showing suppressed GFs,
including values below 1, during win-
ter periods. Data from only those
4 days during the winter intensive
with GF values below 1 are shown,
with 76% of the GF< 1 observations
being between the hours of 04:00
and 08:00 (local time). During those
4 days, 3% (53 of 1777) of the data
points exhibited GF< 1, with a mini-
mum value of 0.88. The frequency of
occurrence of GF< 1 was greater for
RH> 90% (5.5%; 36 of 658 points) as
compared to RH< 90% (1.5%; 17 of
1119 points). Winter in the Tucson
metropolitan area is characterized
by enhanced residential burning for
heat leading to increased PM2.5 levels
nearing exceedance of National
Ambient Air Quality Standards
[Kramer et al., 2015]. As the area is

surrounded bymountains with strong boundary layer inversions during cold nights, residential burning emis-
sions are trapped in a shallow layer and often are not ventilated in periods of prolonged cooler temperatures
[Crosbie et al., 2015], leading to the highest year-round PM2.5 mass concentrations of species linked to
biomass burning, which include elemental carbon, organic carbon, and water-soluble organic carbon
[Youn et al., 2013]. While it cannot be proven unambiguously that GFs less than 1 in Tucson are due to bio-
mass burning, certainly, the overlap in time of burning during periods with these data points supports the
case for a potential link.

Hygroscopicity data from SEAC4RS for Dp,dry of 180–400 nm indicate that 1% (31 of 2429) of data points
during the three flights with GF< 1 values exhibited such values, with a minimum value of 0.95 (Figure 3).
Similar to E-PEACE and TACO, a difference in trends between biomass burning and nonsmoke samples is
observed, with GF< 1 points observed only during the former periods. Shingler et al. [2016] showed that wild-
fire emissions during SEAC4RS coincide with suppressed GF, including data values below 1. They classified air
masses as being impacted by wildfire biomass burning when acetonitrile exceeded 250 pptv. During all wild-
fire biomass burning sampling, ~2% of biomass burning sampling resulted in GFs< 1, while ~75% of f(RH)
values were less than 1. A number of the GF< 1 points in Figure 3 are outside of the measurement uncer-
tainty (<3%) and correspond to f(RH)< 1 values. For flights on 6 and 19 August, ~95% of f(RH)< 1 points
are in biomass burning air masses, and on 27 August only ~50% of f(RH)< 1 samples are associated with bio-
mass burning, with the remainder of f(RH)< 1 observations in mixed air masses in the boundary layer or in
the free troposphere.

From the three presented field studies, biomass burning (SEAC4RS), wintertime aerosol with effects from
likely residential wood burning (TACO), and paraffin smoke emissions (E-PEACE) coincide with suppressed
GF observations and hygroscopicity (i.e., GF and/or f(RH)) less than 1 compared to periods with less influence
from smoke and carbonaceous-rich particles. It is important to stress that GF and f(RH) values above 1 in these
data sets do not preclude the possibility that subsequently discussed mechanisms are still at work that are
thought to lead to sub-1 values (e.g., restructuring), but it becomes much more challenging to untangle such
effects from concurrent water uptake for such data points.

Figure 2. Growth factor as a function of DASH-SP RH for Dp,dry values of
190–300 nm. Data are shown separately for the 4 days when GF< 1 values
were observed during the TACO winter intensive period, with box and
whiskers for the entire summer intensive measurement period. Whiskers
represent 10–90% of data, boxes represent 25–75% of data, and median is a
horizontal bar inside boxes.
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3.2. Case Study: Aged Smoke
Sampling

For a more in-depth investigation
of GF and f(RH) values below 1, a
case study is highlighted from the
SEAC4RS flight on 19 August 2013. A
flight from this campaign is chosen
for a case study as it had a more
complete suite of instruments than
the other campaigns and the mea-
surements cover biomass burning
plumes across a wider plume age
range. Note that while this flight’s
observations indicate f(RH)< 1 was
always measured when GF< 1, GF is
not always below 1 when f(RH)< 1;
hence, these measurements are
not always harmonious, and the
lack of consistency between κe
(or GF(RH= 80%)) and f(RH= 80%)
values is believed to be due to
size-dependent composition, as was
also suggested by Shingler et al.
[2016]. During this flight, the DC-8

Figure 3. Growth factor as a function of DASH-SP relative humidity for all
SEAC4RS flights, for Dp,dry values of 180–400 nm. Data are shown sepa-
rately for all nonbiomass burning flights (black box and whisker points)
and three biomass burning-focused flights (colored dots) coinciding with all
of the GF< 1 data.

Figure 4. Time series of chemical composition, ambient relative humidity, hygroscopicity measurements (κe derived from
DASH-SP GF values for Dp,dry values of 180–400 nm, and f(RH)), aircraft altitude, and biomass burning tracers for the
SEAC4RS 19 August 2013 flight. This flight targeted aged wildfire smoke, with 21:00–22:00 highlighted (dashed gray box)
since this period is referred to in Figure 10.
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probed an aged fire plume over
Nebraska and Wyoming, originating
from Idaho and Wyoming fires as
determined from the emission inver-
sion method [Saide et al., 2015].

Figure 4 presents a time series of che-
mical composition, biomass burning
markers, aircraft altitude, ambient
RH, and hygroscopicity measure-
ments. The biomass burning markers
utilized in this study are as follows:
(i) gas-phase acetonitrile, indicative
of biomass burning emissions at
elevated concentrations (>250 pptv)
[Shingler et al., 2016]; (ii) AMS f60,
which is the fraction of organic
aerosol at m/z 60 (dominated by
the contribution of C2H4O2

+, a
levoglucosan-like fragment) [Cubison
et al., 2011] to total organic aerosol;
(iii) BC; and (iv) PALMS biomass burn-
ing (BB) fraction (i.e., number fraction
in PM2.5 containing biomass burning
material) [Froyd et al., 2010].

The periods of lowest f(RH) between
21:00 and 21:30 correspond to
enhanced levels of all four of the
aforementioned biomass burning
tracers. Although the mass fraction
of BC relative to total PM1 (MFBC)
remains steady in and out of biomass
burning plumes (~1–2%), organic
mass fraction was enhanced in
biomass burning plumes, which
explains the reduction in f(RH) during
this period. Values of κe derived from
DASH-SP data are also lowest during
this period; however, only a few
points exhibited values of κe< 0. A
plausible explanation for this discre-

pancy is that f(RH) is a bulk measurement unlike the DASH-SP. Shingler et al. [2016] have shown with the
SEAC4RS data set that the only way the DASH-SP GF (and thus κe) and LARGE f(RH) data can be reconciled
is if GF exhibits variability as a function of dry size.

The relationship between hygroscopic growth and biomass burning indicators is further explored in Figure 5
where it is shown that acetonitrile and f(RH) have an inverse relationship asymptotically approaching f(RH)
~ 0.9 at the highest acetonitrile concentrations (550–650 pptv). f(RH) values were always below 1 when
acetonitrile levels exceeded 380 pptv. The relationship between GF and acetonitrile is much less clear, most
likely due to the size-resolved nature of DASH-SP measurements.

In contrast to observed sub-1 values for f(RH) andGF, theHD-SP2data showno reduction in scattering fromBC-
containing particles upon humidification in biomass burning plumes during SEAC4RS [Perring et al., 2016]. This
indicates that any widespread particle restructuring is not happening for the subpopulation of BC-containing
aerosol particles as has been observed in laboratory studies of fresh smoke [e.g., Onischuk et al., 2003;

Figure 5. LARGE f(RH) and DASH-SP GF as a function of acetonitrile, a bio-
mass burning marker, for the SEAC4RS 19 August 2013 flight. The GF data
are for a Dp,dry range of 160–360 nm and RHs between 75 and 95%.
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Khalizov et al., 2013]. One plausible
reason is that in atmospheric mea-
surements of biomass burning aero-
sol there is virtually no access to
truly “fresh” emissions, as dilution,
transport, and chemical processing
occur after emission. HD-SP2 mea-
surements indicate that the BC-
containing particles in the plumes
were thickly coated unlike the highly
aggregated fractals observed in
laboratory experiments, so it is pos-
sible that the BC in these particles
had already “collapsed” prior to our
measurements, due to condensation
of coatings.

As wetting of chain-like or aggre-
gated particles can lead to a more
compact particle with higher density
[Weingartner et al., 1995; Jimenez
et al., 2003; Onischuk et al., 2003;
Lewis et al., 2009], differences in
effective particle density are used
here as a qualitative marker for par-

ticle restructuring potential. Effective particle density is calculated from UHSAS size distributions
(RIdry = 1.52) and chemical composition data from the HR-AMS and HD-SP2. Figure 6 illustrates the relation-
ship between optically derived effective particle density and f(RH), which both are representative of
bulk aerosol unlike the size-resolved GF measurements from the DASH-SP. f(RH) increases as a function
of effective particle density. A linear orthogonal distance regression trend line is fit to the f(RH)-density
scatterplot, resulting in slope of 0.84 cm3 g�1, and R2 of 0.5 (n= 747). While this analysis cannot provide
direct proof, especially since particle density also depends on composition, the effective density correla-
tion with f(RH) is at least supportive of the possibility that there is greater particle restructuring potential
in periods with f(RH)< 1.

4. Discussion

Sections 4.1 and 4.2 focus on reasons as to why hygroscopic growth below 1 may be observed in the various
data sets presented in this work. One mechanism is already discussed in section 1, that the current data set
cannot provide direct evidence for, but is a potential explanation for at least a subset of the data, is particle
restructuring. It is possible that restructuring can occur concurrently with any combination of the other
reasons discussed below. Section 4.3 demonstrates how a revised DASH-SP data processing strategy can han-
dle cases of externally mixed aerosol in order to identify more cases of GF< 1 than the previously used data
processing method allowed. While we cannot unambiguously prove which combination of factors is respon-
sible for specific data points with GF and f(RH)< 1, the discussion below is intended to motivate future work
to improve understanding of why such data points exist.

4.1. Refractive Index Sensitivity

Since the DASH-SP data processing algorithm relies on the measurement of the real part of dry particle effec-
tive RIdry, it is possible that a change in effective RIdry, due to either physicochemical modification in the
DASH-SP after dry sizing or incorrect identification of effective RIdry, could result in an apparent change in
wet size. To probe this possibility, we analyzed GF sensitivity to effective RIdry perturbations. Results for a
representative humidified channel RH (85%) and OPC electrical pulse height (PHwet: 30,000 in Figures 7a
and 7b) are presented here, although a large range of possible conditions were examined. Note that electrical
pulse heights and counts in each pulse height bin are related to diameter and number concentration,

Figure 6. LARGE f(RH) as a function of optically derived effective particle
density for the SEAC4RS 19 August 2013 flight.
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respectively. For a given Dp,dry, RH, and fixed PHwet, the impact of effective RIdry perturbations on GF and
“resultant” wet diameter was calculated assuming that humidified physical size does not change (i.e., the
effect of effective RIdry on GF is isolated). For a fixed Dp,dry and wet physical size (Dp,wet), a shift in effective
RIdry produces a profound effect. A 275 nm dry particle could have a GF ranging from 0.9 to 1.1 over an effec-
tive RIdry range of 1.4–1.56 (Figure 7a). This translates to a resultant wet diameter range from 248 to 302 nm
(Figure 7b).

It is also important to consider that particles that have an imaginary component of the refractive index will
be vulnerable to effects on the OPC scattering signal, and thus values of the derived effective RIdry, in the
DASH-SP [Shingler et al., 2016]. As the BC content of the ambient particles, especially during biomass burning
periods in SEAC4RS, was usually quite small (submicrometer aerosol mass fraction< 2%), it is presumed that
the impact of absorbing components on the DASH-SP effective RIdry measurements was insignificant.
However, future work will aim to address this issue with targeted laboratory experiments.

4.2. Evaporation and Phase Change

If a particle experiences evaporative losses in the DASH-SP after selection of a dry size up to the point of the
humidified OPCmeasurement, GF< 1 could result in particles that originally were hydrophobic with GFs near
and just above unity. As there is insignificant dilution or temperature change in the f(RH) measurement tech-
nique, evaporative losses are less of an issue for f(RH) measurements as compared to DASH-SPmeasurements
of GF. Since f(RH) data points represent the majority of hygroscopicity observations less than 1 during
SEAC4RS (Figures 4 and 5), it is unlikely that evaporative losses are the dominant contributing mechanism
in at least that field campaign. However, an examination of the magnitude of such losses is more relevant
to the TACO and E-PEACE measurements with the DASH-SP and HTDMA, respectively. Here we report on
thermokinetic modeling results of evaporative losses in the DASH-SP instrument, as introduced by Shingler
et al. [2016] with model simulation details from that study repeated in Text S1 (supporting information)
[Shingler et al., 2016; Shiraiwa et al., 2012; Zuend et al., 2008, 2011]. In contrast to the latter study, we examine
losses only after dry particle sizing rather than from the instrument inlet.

When considering a range of conditions associated with ambient temperatures (250, 295, and 310 K) for
particles with plausible relative amounts of inorganics and organics (5% ammonium nitrate, 25% ammonium
sulfate, 50% low volatility organic compounds (LVOCs), and 20% semivolatile organic compounds (SVOCs)),
evaporative losses relative to the initial sampled dry particle mass concentrations were appreciable for
liquid-phase particles. More specifically, losses associated with ammonium nitrate ranged between 13.1
and 14.3% at the three ambient temperatures examined (ambient and DASH-SP sampling RH fixed at 60%
and 85%, respectively). Losses of organics range from near zero for low volatility compounds such as doco-
sanoic acid (~0.01%), to 5.6–11.2% for more volatile species such as chrysene. Losses of SVOCs and

Figure 7. Visualization of the sensitivity of DASH-SP GFs to perturbations in effective RIdry that could arise during humidi-
fication for PHwet of 30,000 and RH of 85%. RIdry is shown as a function of both GF and resultant wet diameter for
different Dp,dry values. A GF value of 1 is marked for reference (black dotted line).
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ammonium nitrate are negligible
(≤0.01%) when considering semisolid
particles. These reported evaporative
losses for liquid-phase particles in the
instrument would reduce a GF of
1.15, 1.17, and 1.17 (without losses)
to 1.11, 1.15, and 1.15 (with losses)
for ambient temperatures of 250,
295, and 310 K, respectively. As the
modeled semivolatile composition
within the particle phase is represen-
tative of most ambient samples, it
can be qualitatively assumed that a
reported GF just below unity could
be higher without evaporative losses
within the sampling inlet and DASH-
SP system. Paraffin smoke sampled
during E-PEACE (yielding GF< 1)
was 99% organic on a mass basis
and likely much more volatile than
typical ambient particles; therefore,
evaporative losses leading to GF< 1
could be possible in the HTDMA
as also suggested by Mochida and
Kawamura [2004].

4.3. External Mixtures

Atmospheric aerosol particles are
often assumed to be internally mixed
due to atmospheric processing. An
external mixture is a heterogeneous
mixture of aerosol particle popula-
tions, where each particle may
have unique composition, whereas
an internal mixture is a chemically

homogeneous mixture of aerosol particles. Focused laboratory experiments were conducted, and improve-
ments to the DASH-SP data processing algorithm were made to demonstrate how identification of external
mixtures can yield more instances of GF< 1.

To test the DASH-SP’s capability to identify the presence of externally mixed aerosol, calibration standard
solutions of Na2SO4, PSLs, and a mixture of the two were atomized and fed to the instrument, which sampled
at a Dp,dry of 240 nm with RH=80% (Figure 8). These two species were chosen for their discretely different
RIdry and GF properties. The RIdry values, measured in the dry OPC channel, of the two number concentration
modes correctly match the values of the individual standards, where RIdry is 1.47 for Na2SO4 and 1.60 for PSLs.
While individual standards produce one clear number concentration mode, and thus one GF, according to
the properties of each specific standard (Figure 8a), a mixture of the two species results in more ambiguity
(Figure 8b). As this was a controlled laboratory experiment, it is known with certainty how the two modes
in each distribution of Figure 8b match up. However, if this were a field measurement, the unknown compo-
sition of particles resulting in two distinct effective RIdry values makes it challenging to assign the two humi-
dified peaks to the two effective RIdry values. This results in four potential GFs from the mixture sample scan
(Figure 8b). In the following discussion (Figures 9 and 10), we define an external mixture as being when two
distinct effective RIdry values are observed at a single Dp,dry.

DASH-SP scans were selected that represent cases of externally mixed aerosol from SEAC4RS (Figure 9a) and
TACO (Figure 9b). The scans selected are representative of smoke sampling periods, with the caveat that

Figure 8. DASH-SP laboratory characterization results (Dp,dry = 240 nm, 80%
RH) when sampling (a) separate calibration standards (Na2SO4 and PSLs) and
(b) the mixture of the two standards. Figure 8b shows that if the composition
of the aerosol was unknown that four different GF values would be possible.
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TACO data do not reflect a fresh
smoke plume but rather a wintertime
urban plume with likely smoke influ-
ence during a night with low ambient
temperatures (~7°C). The modes in
the humidified size distributions are
less defined for these two cases, and
there is uncertainty about how to
match each effective RIdry with an
associated humidified channel mode.
Depending on which of the effective
RIdry values is associated with the
weighted mean of the humidified
OPC distribution, two GFs are possi-
ble, and in these cases, the higher
effective RIdry results in a GF value
below 1. This analysis suggests that
instances of GF< 1 could generally
be underreported with current
postprocessing algorithms (as used
with DASH-SP measurements up to
this point) that can only result in
one GF value per scan. However, if
this approach is applied widely, it
could also lead to false reports of GF
values less than 1 since peaks could
be “hiding” in the humidified distri-
bution, which may lead to mis-
matched peaks between dry and
humidified scans. The GF values
below 1 shown in Figure 9a (0.93)
and 8b (0.92) are not in campaign-
wide summary plots (Figures 2
and 3). The reported GFs for DASH-

SP scans in Figures 9a and 9b are instead 1.26 and 1.16, respectively, using the weighted mean approach
of Shingler et al. [2016], which only permits one reported GF per scan.

To further investigate external mixtures during the case study flight on 19 August 2013 during SEAC4RS,
Figure 10 shows a time series of dry and humidified OPC scans from 21:00 to 22:00 with κe and f(RH).
Changes in selected Dp,dry are reflected in location of dry OPC distributions. During the period in Figure 10,
the DC-8 spent time in and out of biomass burning plumes. This distinctive signature of being either in or
out of the plume is evident with f(RH) values below 1 in the plume. Evidence of prolonged periods of the
DASH-SP sampling external mixtures, as seen by bimodal profiles of electrical pulse heights, is correlated with
periods of f(RH)< 1. The effect of two populations of aerosol at one Dp,dry supports the claim that the DC-8
sampled an externally mixed aerosol population during biomass burning plumes on 19 August 2013.

It is worth noting that roughly 50% of pulse height observations in DASH-SP raw data during periods of
externally mixed aerosol are at the higher effective RIdry value, which has a similar effective RIdry to BC or
PSLs (RI≥ 1.6). Typical organic aerosol has an effective RI of 1.55, and elemental carbon has an RI of 1.8
[Malm et al., 2005]. It has been suggested that amorphous carbon spheres or “tar balls” with higher RI than
individual organic molecules could be responsible for the second higher effective RI peak, particularly in
the Dp,dry size range of interest in this work (175–350 nm) [Hand et al., 2005]. A more recent study of tar balls
found them to have an average RI of 1.84–0.21i at 550 nm [Hoffer et al., 2016]. These tar balls are thought to
consist of organic polymer material and are mostly insoluble in water [Posfai et al., 2004], unchanged bymod-
erate RH or cloud processing. However, Hand et al. [2005] suggested that at RH> 80%, scanning electron

Figure 9. Examples of the DASH-SP detecting externally mixed aerosol, and
thus multiple GFs, during (a) the SEAC4RS campaign and (b) wintertime
intensive measurement period at TACO.
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microscope analysis indicates the start of “melting” of tar ball particle edges, with effective degradation of tar
balls and wetting above a RH of 92%, resulting in irreversible morphological changes.

5. Conclusions

Combining hygroscopicity measurements from three different instruments (DASH-SP, nephelometer, and
HTDMA) across multiple field projects and observational platforms, this work presents observations of GF
and f(RH)< 1 in the ambient environment. Ship-based HTDMA measurements reveal GFs< 1 exclusively
when sampling smoke-like particles in the marine boundary layer off the California coast. Ground-based
DASH-SP data in Tucson, Arizona, exhibit GFs< 1 exclusively during winter, coincident with widespread resi-
dential wood burning. Aircraft-based data for DASH-SP GF and LARGE f(RH) exhibit hygroscopicity values less
than 1 exclusively during wildfire biomass burning sampling. Detailed examination of a biomass burning
focused flight during SEAC4RS shows that f(RH) is less than 1 in smoke plumes where acetonitrile exceeds

Figure 10. Time series of DASH-SP normalized pulse height distributions for dry and humidified OPCs during the SEAC4RS
19 August 2013 flight from 21:00 to 22:00, Dp,dry (black line), and hygroscopic growth parameters (κe derived from GF
values for Dp,dry values of 180–400 nm, and f(RH)). The drawn gray line in the middle panel is intended to distinguish
doubly charged particles from the rest of the data underneath.
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380 pptv, with f(RH) leveling off at 0.9. Reduced effective particle density is coincident with the lowest f(RH)
values, and the majority of observations below 1 occur when particle density is less than 1.2 g cm�3. This
is suggestive of greater particle restructuring potential in periods with f(RH)< 1. Potential explanations
for GF and f(RH) values below 1 were discussed including particle restructuring, effective RIdry modifications,
and evaporation of semivolatile species. A new method for identifying more cases of GF< 1 in the DASH-SP,
as compared to the previously used data processing algorithm, is introduced involving identification of
externally mixed aerosol.

Future work is warranted to continue unraveling the explanation for GF and f(RH) values below 1. To more
robustly study at least the restructuring mechanism in future field projects, a prehumidification channel prior
to instrument sizing modules is recommended, which can be switched on and off to hydrate and collapse
those particles that have the potential to do so. When sampling aerosol types vulnerable to restructuring
such as biomass burning smoke, a reasonable hypothesis would be that switching between prehumidified
and nonprehumidified channels should result in GF or f(RH) values below 1 only without prehumidification,
as seen in laboratory studies byMartin et al. [2013]. Lastly, it is noted that while the focus of this study was on
values of GF or f(RH) below 1 being a sufficient condition for knowing when mechanisms such as restructur-
ing are important, it is not a necessary condition. GF and f(RH) values above 1 can still undergo restructuring,
for example, but it becomes challenging to untangle themechanisms discussed in this study from concurrent
water uptake.
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