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Abstract In situ aerosol particle measurements were conducted during 21 NASA DC-8 flights in the
Studies of Emissions and Atmospheric Composition, Clouds, and Climate Coupling by Regional Surveys field
campaign over the United States, Canada, Pacific Ocean, and Gulf of Mexico. For the first time, this study reports
rapid, size-resolved hygroscopic growth and real refractive index (RI at 532nm) data between the surface and
upper troposphere in a variety of air masses including wildfires, agricultural fires, biogenic, marine, and
urban outflow. The Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe (DASH-SP) quantified
size-resolved diameter growth factors (GF=Dp,wet/Dp,dry) that are used to infer the hygroscopicity parameter κ.
Thermokinetic simulations were conducted to estimate the impact of partial particle volatilization within the
DASH-SP across a range of sampling conditions. Analyses of GF and RI data as a function of air mass origin, dry
size, and altitude are reported, in addition to κ values for the inorganic and organic fractions of aerosol. Average
RI values are found to be fairly constant (1.52–1.54) for all air mass categories. An algorithm is used to compare
size-resolved DASH-SP GFwith bulk scattering f(RH=80%) data obtained from a pair of nephelometers, and the
results show that the two can only be reconciled if GF is assumed to decrease with increasing dry size above
400nm (i.e., beyond the upper bound of DASH-SPmeasurements). Individual case studies illustrate variations of
hygroscopicity as a function of dry size, environmental conditions, altitude, and composition.

1. Introduction

As aerosol particles are exposed to changing relative humidity (RH), some undergo a change in their size owing to
hygroscopic growth (via water uptake) or shrinkage (via evaporation) with the magnitude of this change depen-
dent on their chemical composition. The extent towhich aerosol particles change size affects the radiation budget
as larger particles scatter more light and increase the planetary albedo. Particles of higher hygroscopicity grow to
larger sizes (at fixed RH) and have greater cloud condensation nuclei (CCN) activity, influencing cloud microphy-
sical properties and the hydrologic cycle. Aerosol hygroscopicity also has significant effects on air quality, visibility,
and public health. Despite decades of research devoted to aerosol-water interactions, their treatment is either
lacking in models or characterized by uncertain parameterizations [e.g., Lohmann and Feichter, 2005; Levin and
Cotton, 2009; Betancourt and Nenes, 2014]. Consequently, these interactions are among the largest sources of
uncertainty in current estimates of the total anthropogenic radiative forcing budget [Intergovernmental Panel on
Climate Change, 2013]. This is due, in part, to limitations of current observational tools and the complexity of phy-
sicochemical processes, short lifetime, and spatial inhomogeneity of aerosol particles.
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Improved knowledge of aerosol hygroscopicity is needed for remote sensing applications, especially those
involving aerosol optical depth from satellite-borne sensors such as Aqua/Terra Moderate Resolution
Imaging Spectroradiometer and the Multiangle Imaging Spectroradiometer. The application of satellite
data to investigations of aerosol-cloud interactions, which often rely on a proxy for aerosol number concen-
tration [e.g., Kaufman et al., 2005; Myhre et al., 2007], involves a conversion from columnar measurements of
extinction to aerosol number. This calculation requires assumptions about the aerosol size distribution and
scattering cross section. Often, the assumed size distribution is based on in situ measurements of dried
aerosol while the remote measurements are necessarily made under ambient conditions. This can lead to
overestimations of aerosol number from satellite measurements, especially in the vicinity of clouds. To
further probe aerosol-cloud interactions and link surface measurements with satellite data, it would be
beneficial to increase our understanding of how to treat aerosol hygroscopicity with both size and vertically
resolved measurements.

The need to quantify the subsaturated hygroscopic properties of ambient aerosols has led to a number
of instrument designs over past decades, including recently the Differential Aerosol Sizing and
Hygroscopicity Probe (DASH-SP, Brechtel Mfg. Inc.) [Sorooshian et al., 2008a]. The DASH-SP was specifi-
cally designed to carry out rapid (approximately seconds) size-resolved (Dp,dry between 180 and
400 nm) measurements of subsaturated particle hygroscopicity on airborne platforms. The other com-
monly used instrument is the Humidifed Tandem Differential Mobility Analyzer (HTDMA) [Liu et al.,
1978; Rader and McMurry, 1986], which typically requires several minutes to measure the size distribution
of humidified particles using a DMA. Such low time resolution is not ideal for airborne measurements,
especially when encountering narrow plumes or conducting aircraft ascents and descents to examine
vertical variability. Both the HTDMA and DASH-SP quantify size-resolved hygroscopic growth factors
(GF =Dp,wet/Dp,dry), which is the ratio of the sphere-equivalent particle diameter at an elevated RH
(typically, a value between 70 and 95%) compared to that for dry conditions (typically <20% RH).
Another category of instruments, nephelometers, examine the ratio, termed f(RH), of total light scattered
between a humidified channel (typically ~80% RH) and a dried channel (typically ~20% RH). Relative to
the DASH-SP, nephelometers also have rapid time resolution but include a number of limitations
[Kreidenweis and Asa-Awuku, 2014]: (i) different dry size distributions with identical composition can yield
different f(RH) values due to the nonlinearity of light scattering as a function of particle size, as described
by Mie theory; (ii) RHs are typically kept below 85% to prevent internal condensation; and (iii) intercom-
parisons between different f(RH) measurements are difficult due to the variability in laser wavelength and
dry RH values used.

The overwhelming majority of measurement studies focused on subsaturated hygroscopicity have been
surface-based [e.g., Swietlicki et al., 2008, and references therein]. Of the few reported airborne measure-
ments of size-resolved GF, they have been greatly limited in temporal and spatial (horizontal and vertical)
resolution, with most restricted to the lowest few kilometers of the troposphere [e.g., Hegg et al., 2006;
Sorooshian et al., 2008b; Hersey et al., 2013; Rosati et al., 2015]. Measurements off the California coast sug-
gest that GF increases from an altitude 30m to 250m in the marine boundary layer possibly due to oxida-
tion of organic films [Hegg et al., 2006]. A different study in that region, in the same altitude range, showed
that GF decreased between below-cloud to above-cloud regions owing to a higher organic volume fraction
in the free troposphere above cloud [Hersey et al., 2009]. Rosati et al. [2015] used a white-light humidified
optical particle spectrometer to collect vertical GF profiles between 100 and 700m in Po Valley, Italy, and
showed that early morning values in GF are reduced later in the day when a less hygroscopic aerosol layer
aloft mixes with the lower layer. Previous studies with the DASH-SP have also focused on specific sources
such as a large cargo ship [Murphy et al., 2009], a large cattle feedlot [Sorooshian et al., 2008b], and
Los Angeles [Hersey et al., 2013] without much focus on vertical features but instead on horizontal varia-
tions within a fairly narrow spatial range.

As measurement studies such as those described above often examine hygroscopicity at different RHs, it is
convenient to report hygroscopicity results as a RH-independent value by using a single parameter that
can be used in models such as kappa (κ [Petters and Kreidenweis, 2007]) used in the κ-Köhler theory of
hygroscopic growth. GF data collected by the aforementioned instruments at any RH, in addition to CCN
measurements in the regime supersaturated with respect to liquid water saturation, can be related to a
value of κ. In the subsaturated regime, κ is directly related to GF using the approximation shown in
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equation (1) (where RH corresponds to the mole fraction-based water activity in a liquid particle phase in
equilibrium with the gas phase).

GF½ �3 ¼ 1þ κ
RH

100%

1� RH
100%

 !
(1)

f(RH) data are frequently used to estimate κ values by first inferring a GF value from the f(RH) measurement
using size distribution information and Mie theory [Zieger et al., 2010; Cappa et al., 2011]. As large inventories
of f(RH) data already exist [Kreidenweis and Asa-Awuku, 2014, and references therein] and continue to be
collected, it is of interest to examine how best to relate f(RH) to model parameterizations of hygroscopicity.
Having a data set with concurrent size-resolved GF and bulk f(RH) measurements allows for a direct compar-
ison between hygroscopicity measurements to determine if a single calculated GF value can be applied to
all particle sizes in a distribution to determine values for single parameter representations of hygroscopicity.

Aside from the GF measurement, the DASH-SP instrument can measure the real component of the refrac-
tive index (RI) for dry particles at a wavelength of 532 nm. RI values as a function of wavelength are used to
constrain the radiative forcing of ambient particles, as well as to aid in the use and interpretation of remote
sensing data [e.g., Toon et al., 1976; Dubovik and King, 2000; Dubovik et al., 2000; Redemann et al., 2000;
Dubovik et al., 2002] and atmospheric models [e.g., Kaufman et al., 1997; Chin et al., 2002]. The real part
of RI is associated with light scattering, whereas the imaginary part is linked to absorption. A wide range
of RI values (real part) have been reported in the literature (usually between 1.4 and 1.6) with the differ-
ences reported to be due to factors such as wavelength examined, dry particle size, air mass types, and
composition [e.g., Westphal and Toon, 1991; Ferrare et al., 1998; Yamasoe et al., 1998; Sokolik and Toon,
1999; Hand and Kreidenweis, 2002; Guyon et al., 2003; Raut and Chazette, 2008; Sorooshian et al., 2008b;
Wex et al., 2009; Kim and Paulson, 2013; Ferrero et al., 2014; Rosati et al., 2015]. Many models obtain optical
property data from look-up tables in the Global Aerosol Data Set, which lists species categories having
refractive indices with a real component between ~1.50 and 1.53 at 532 nm, with the exception of soot
and sulfuric acid droplets [Koepke et al., 1997]. Building a larger data inventory of vertically resolved RI in
diverse air masses will benefit calculations of aerosol radiative forcing, as well as validation and use of
remote sensing data of aerosol optical properties.

The goal of this study is to report on airborne subsaturated particle hygroscopicity and dry particle RI mea-
surements collected during the Studies of Emissions and Atmospheric Composition, Clouds, and Climate
Coupling by Regional Surveys (SEAC4RS) campaign between August and September of 2013 over the conti-
nental United States, Canada, the Pacific Ocean, and the Gulf of Mexico. The deployment of the DASH-SP on
the NASA DC-8 aircraft represents the first time rapid subsaturated size-resolved GF and dry particle RI mea-
surements have been conducted from the surface to the upper troposphere. Furthermore, the DC-8 aircraft
consisted of a payload with a rich set of complementary data that are crucial to the interpretation of
DASH-SP results, including f(RH), aerosol particle composition, and gas-phase composition. This study reports
on the following: (i) updated techniques in the use of DASH-SP data includingmodeling of potential sampling
bias due to evaporation of semivolatile species in the instrument; (ii) a statistical summary of subsaturated,
size-resolved GF and RI (at 532 nm) data and compositing of the data as a function of instrument sampling
RH, particle dry size (Dp,dry), and air mass type; (iii) intercomparison of the DASH-SP data with the more com-
monly used nephelometer f(RH) measurement of bulk aerosol hygroscopicity; and (iv) selected case study
analyses and vertically resolved data findings.

2. Instruments and Methods
2.1. SEAC4RS Campaign

The DASH-SP was deployed on the NASA DC-8 during the SEAC4RS field campaign, which included three aircraft
and was based in Houston, Texas. DASH-SP data were reported from all 21 research flights (map in Figure 1)
including two transit flights between Palmdale, California, and Houston, Texas. The DC-8 flew over a range of alti-
tudes from near the surface up to over 12 km above sea level (asl). Aerosol measurements with the DASH-SP and
other instruments discussed in this study were conducted concurrently using the same dry aerosol inlet from the
University of Hawaii shrouded solid diffuser inlet [McNaughton et al., 2007], which operated isokinetically.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024498

SHINGLER ET AL. DASH-SP MEASUREMENTS IN SEAC4RS 4190



2.2. Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe

The DASH-SP, illustrated in Figure 2, couples a single classification DMA system with two parallel channels con-
sisting of controlled humidification and sizing modules. The modules that comprise the instrument are, in the
order in which the aerosol experiences them: (1) an aerosol dryer, (2) an aerosol charge neutralizer, (3) a classifi-
cation DMA that selects the dry mobility size range for which growth factor measurements are made, (4) a
diffusion-based aerosol conditioning module in which particles are brought to equilibrium at a controlled RH,
and detectors at the outlet end that either determine (5a) the optical scattering distribution of dry, monodisperse
particles selected by the DMA (used to determine the real component of RI at 532nm), or (5b) the optical scatter-
ing distribution of the particles after the RH conditioningmodule. The optical particle counters (OPCs) measuring
the light scattering rely on diode lasers at a wavelength of 532nm (World Star Technologies, Model TECGL-30),
with details about the light collection provided elsewhere [Sorooshian et al., 2008a]. The sample residence time
between the instrument inlet and the entrance to the humidifier is approximately 3 s, whereas the sample resi-
dence time through the humidifier and optical particle counters (OPCs) is approximately 4 s. Previous work by
Sjogren et al. [2007] has indicated that a residence time of 4 s may not be sufficient to reach full equilibrium dur-
ing hydration of some solid organic particles, potentially underestimating growth by up to 7%. Hydration equili-
bration times inside the DASH-SP are explored further in section 3. During the SEAC4RS campaign, the DASH-SP
instrument sampled particles with dry diameters between 180 and 400nm, with the humidified channel RH vary-
ing between 40 and 95% but with most data collected at RHs between 70 and 95%.

The DASH-SP deployed in SEAC4RS is a modified form of the prototype DASH-SP, which has been extensively
characterized with laboratory tests by Sorooshian et al. [2008a] and deployed successfully in previous aircraft
[Sorooshian et al., 2008b; Hersey et al., 2009, 2013] and surface-based campaigns [Hersey et al., 2011]. The key
differences include a new and faster humidification system in place of a nafion-based system, which made it
possible to replace three humidified channels with one, thereby reducing size, weight, and power demands.
A key advantage of the custom-built diffusion humidifier is that no physical barrier exists between the humi-
difying airflow and the sample flow to be humidified. Therefore, the technique does not suffer from the large

Figure 1. Map of all 23 (21 research, 2 test) flight tracks during SEAC4RS. PM1 composition (mass fractions) and average
total aerosol mass are shown for each air mass classification as determined by HR-AMS and HD-SP2. The urban area air
mass classification is designated as measurements retrieved within the planetary boundary layer (PBL) of the two urban
areas highlighted in red. Locations of the wildfires (squares) and agricultural fires (triangles) sampled are indicated at the
point of peak CO concentration during a particular plume transect.
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hysteresis effects seen in nafion-based systems and exhibits a much faster time response, significantly redu-
cing the time required to equilibrate between RH changes.

As compared to previous DASH-SP studies, an updated approach has been developed to process the raw
data to improve peak detection in lower signal-to-noise ratio scans and to allow multiple means to be
retained for each distribution. Briefly, the optical scattering populations are registered by the instrument as
electrical pulse height distributions and are analyzed using a penalized least squares approach (Tikhonov reg-
ularization) to simplify the complex distribution of particle optical sizes identified by the DASH-SP to just two
average values representative of the entire population. This allows multiple means to be retained for each
distribution. The process is set to iterate the fit until only two means remain, as typically there is either (i)
one dominant primary signal plus a much smaller doubly charged population, or, less frequently, (ii) a signif-
icant bimodal distribution in one or both channels. The data processing code identifies these two means and
selects the dominant of the two to then be used in the iterative data processing algorithm that has been used
in previous DASH-SP studies and described by Sorooshian et al. [2008a]. That original algorithm is used to
quantify dry particle refractive index (RIdry) and GF. The RIdry is calculated from a calibration surface using
the dry OPC response and the known dry particle diameter, selected by the DMA. TheDp,dry and RIdry are used
as initial conditions in an iterative data processing algorithm with another calibration surface to determine
the volume-weighted RIwet and Dp,wet. The two calibration surfaces are created using salts with a range of
known refractive indices (i.e., LiF, Na2SO4, K2SO4, (NH4)2SO4, NaCl, and polystyrene latex spheres) at 36 dry
mobility size settings between 150 and 500 nm. Calibrations were conducted before, during, and after
SEAC4RS. The algorithm assumes that particles are spherical. However, during calibrations, the cubic nature
of NaCl is accounted for by using a dynamic shape factor of 1.08 [Hameri et al., 2001; Zelenyuk et al., 2006].

Strict quality control filters were applied to omit data when critical instrument parameters (temperature, pres-
sure, RH, and flow rates) exceeded a tolerable threshold level of variability. RH is typically controlled to within
1.5%, and overall uncertainty in GF calculations is less than 3%. Wet salt tests were frequently conducted on
the ground to check that the humidified RH values reported by the instrument agreed with documented deli-
quescence RH values for salts such as (NH4)2SO4, Na2SO4, and NaCl. It is noted that particles with an appreciable
imaginary component of the complex refractive index, as is the case with black and brown carbon, have the

Figure 2. Schematic of the DASH-SP instrument, summarizing the transport path of sampled aerosol particles. Flow stages
for semivolatile species losses, described in section 3, are indicated by the dashed boxes. (DMA= differential mobility
analyzer, OPC = optical particle counter, V = vacuum pump).
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ability to impact the OPC scattering signal [Sorooshian et al., 2008a; Forrister et al., 2015]. However, the black car-
bon component is a very small fraction of the overall particle composition of particles sampled during SEAC4RS
(as explained later in section 4.1) and absorption would likely have a very small impact on the OPC measure-
ments. This is further supported by single scattering albedo (SSA) results reported in section 4.1.

Due to additional complexities of operating on an airborne platform, additional quality control steps are
implemented to retain a high level of data accuracy. Scans without a sufficient number of particles counted
in the OPCs within a minute (<100 particles per distribution) were discarded. The majority of scans have par-
ticle counts that are conserved between the channels. Scans with significantly different counts between the
channels are typically situations where (i) the sample flow rates are slightly off from the set point, in which
count discrepancies between channels can be corrected for using flow rate data, or (ii) the sampled particles
have grown out of the detection window when sampling at the upper limit of dry sizes. In the latter situation,
these scans were omitted. When sampling aerosol particles in clouds, larger water droplets can impact the
aerosol inlet and shatter into small particles leading to sampling artifacts in aerosol instruments. To avoid this
issue, all analyses were limited to data collected outside of clouds.

2.3. Other Instrumentation

The analysis of DASH-SP data is greatly enhanced by the inclusion of numerous other data sets on the DC-8
relevant to aerosol physicochemical properties, gas-phase composition, andmeteorological data, which were
all time-synchronized. Data used from the Langley Aerosol Research Group (LARGE) instrument package
include f(RH) derived from tandem humidified nephelometers (TSI Inc, St. Paul, MN, USA; Model 3563)
[Ziemba et al., 2013] and number size distributions from the Laser Aerosol Spectrometer (LAS; Dp between
0.1 and 6.3μm), derived using a RIdry value of 1.60. In this analysis, modal Dp values were determined as
the size bin from the number size distribution with the maximum number of counts. The f(RH) measurement
was conducted at a humidified and dry RH of 80% and 20%, respectively.

Gas-phase data for selected species (e.g., acetonitrile, isoprene, monoterpenes, methyl-vinyl-ketone, and metha-
crolein) used in classifying different air mass sources were obtained from a Proton-Transfer-Reaction Mass
Spectrometer (PTR-MS) [de Gouw and Warneke, 2007]. Submicron, nonrefractory aerosol composition was mea-
sured by the Aerodyne High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-AMS) [DeCarlo et al., 2006;
Canagaratna et al., 2007]. Elemental ratios reported for the organic fraction use the recently improved calibration
described in Canagaratna et al. [2015]. Black carbon (BC) mass concentrations were obtained using the
Humidified-Dual Single-Particle Soot Photometer (HD-SP2) [Schwarz et al., 2015]. Submicron species mass frac-
tions were calculated using the sum of species from the HR-AMS (total organic, sulfate, nitrate, ammonium,
and chloride) and HD-SP2 (BC). Water vapor data are used from the Diode Laser Hygrometer [Diskin et al.,
2002]. Carbon monoxide data are used from the folded-path, differential absorption mid-IR diode laser spectro-
meter [Sachse et al., 1987]. A High Spectral Resolution Lidar (HSRL) [Hair et al., 2008] retrieved vertical profiles of
aerosol backscattering and extinction at 532nm. All data are publicly available from the NASA Langley Research
Center Atmospheric Science Data Center [Atmospheric Science Data Center, 2015].

2.4. Air Mass Classifications

To determine the dominant emission source contributing to the composition of a sampled air mass, a classi-
fication system was used to distinguish between the following seven sources: (i) biomass burning from wild-
fires (BB-Wildfires), (ii) biomass burning from agricultural fires (BB-Agricultural), (iii) biogenic, (iv) marine, (v)
urban, (vi) background, and (vii) free troposphere (FT). For categories that are intended to include only data
in the mixing layer (i.e., marine, urban, and background), it was necessary to define the top of the planetary
boundary layer (PBL), which is considered here as the altitude above the surface with the highest rate of
change in water vapor concentration during vertical profiles.

The gas-phase species acetonitrile has been used to identify air masses influenced by biomass burning pro-
ducts [de Gouw et al., 2004]. For this study, air masses have been classified as biomass burning by periods
when acetonitrile exceeded 250 parts per trillion by volume (pptv) (significantly greater than background
levels) or carbon monoxide (used when acetonitrile data were unavailable) exceeded 250 ppbv. Biomass
burning data were further differentiated between wildfires and agricultural prescribed crop burns based
on size, origin, and visual observation during flights. Locations of individual fires sampled during SEAC4RS
are designated in Figure 1. To reduce the number of false positive biomass burning signals, the carbon mon-
oxide flag was removed over urban areas highlighted in Figure 1.
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Biogenic sources have previously been identified by elevated levels of the dominant biogenic volatile organic
compound (BVOC) species [e.g., Weber et al., 2007] such as isoprene, monoterpenes, methyl-vinyl ketone, and
methacrolein. In this study, an air mass is classified as having a biogenic chemical signature if the concentration
sum of the four aforementioned BVOC species exceeded 2ppbv, with acetonitrile concentrations less than
250pptv. A second biogenic classification (monoterpenes greater than 200pptv, acetonitrile less than 250pptv)
was used to identify purely coniferous forest emissions. However, the results for both biogenic criteria were extre-
mely similar, and thus, only the total sum classification was chosen for simplicity, whichmay slightly bias the clas-
sification toward more isoprene-rich sources.

Marine air mass sources were limited to PBL measurements conducted over the Gulf of Mexico or Pacific
Ocean, greater than ~40 km from the coast. The urban air mass type was identified as being within the
PBL and geographically located above either of the two major urban centers sampled during SEAC4RS,
including Houston, Texas (bounded by 30.50°N, �94.60°W to 29.00°N, �96.10°W) and Los Angeles,
California (bounded by 34.17°N, �117.00°W to 33.44°N , �119.75°W). For data not falling into any of the first
five categories, they were classified as either background or FT depending on whether they were in or above
the PBL, respectively. Data that qualified as fitting into more than one of the first five categories are termed
here as “mixed” and are not a major focus of this study.

3. Modeling of Semivolatile Species Losses

Proper accounting of semivolatile organic compounds (SVOCs) in aerosol physicochemical measurements is
important as they may have a measureable impact on water-uptake properties. It is expected that as aerosol
are drawn in from ambient conditions outside the aircraft, the change in temperature (due to ram heating upon
entering the inlet and heat transfer to both the inlet and instrument within the cabin, as well as deliberate
heating/cooling in the instrument) and mixing with filtered sheath flow air (lacking SVOCs in the vapor phase),
leads to evaporation of SVOCs and semivolatile inorganic compounds from the particle phase. This evaporation
ultimately impacts the chemical composition and hygroscopic growth characteristics of the aerosol particles.

Thermo-kinetic modeling of evaporative losses of semivolatile species in the DASH-SP sampling lines was con-
ducted using selected organic and inorganic species representing classes of atmospherically relevant compo-
nents of different volatilities and chemical structures. The predicted evaporation behavior presented here is
specific for the conditions of the DASH-SP instrument and could be applicable to other such instruments posses-
sing the range of conditions (residence time, dilution with particle-free air, and temperature changes) simulated.
Some instruments, such as the HR-AMS, have an order-of-magnitude lower sampling residence time and do not
dilute the sampling line, and thus, evaporation in their inlets will play a much smaller role than estimated here.
The Aerosol Inorganic-Organic Mixtures Functional groups Activity Coefficients [Zuend et al., 2008, 2011] thermo-
dynamic model was used to determine species activity coefficients and the number of condensed phases of
mixed organic-inorganic aerosol particles at gas-particle and liquid-liquid equilibrium conditions for a given sys-
tem both at initial ambient conditions and at instrument temperature using established computational methods
[Zuend et al., 2010; Zuend and Seinfeld, 2013]. The kinetic multilayer model for gas-particle interactions in aerosols
and clouds [Shiraiwa et al., 2012, 2013] was used tomodel the transient re-equilibration processes experienced by
aerosol particles as they change temperature and vapor-phase concentrations inside the instrument during sam-
pling. The sampling line was split into two stages illustrated in Figure 2: drying (“Stage 1”) and humidifying
(“Stage 2”). The drying portion of the instrument includes the dryer (assumed to reach 10% RH), DMA, andmono-
disperse sampling lines up to the humidifier, having a combined residence time of 3 s. The humidifying stage
starts at the inlet to the diffusion-based humidifier and ends at the OPC exit, having a residence time of 4 s. All
modeling parameters are listed in Table 1. We note that the AMS inlet residence time was ~0.3 s, and thus, eva-
porated fractions should be significantly smaller for the composition measurements.

Ammonium nitrate, a common aerosol-phase semivolatile compound (present as NH3 and HNO3 in the gas
phase), and two subsets of SVOC species were selected (Table 2), representative of SVOCs found in biogenic
(four α-pinene oxidation products) and biomass burning (four polyaromatic hydrocarbons and biomass burn-
ing primary organic aerosol compounds) air mass types. The species in both SVOC subsets cover a range of
pure species liquid saturation vapor pressures (po,L; estimated using the Estimation of Vapour Pressure of
Organics, Accounting for Temperature, Intramolecular, and Nonadditivity effects model by Compernolle et al.
[2011]); at 298.15K the SVOC po,L values range from 10�11 to 10�2 Pa. Two organic compounds, docosanoic acid
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and “C15H18O7” (Table 2; a syringol
derivative formed in aqueous sec-
ondary organic aerosol [Yu et al.,
2014]) comprised the low-volatility
organic compound (LVOC) parti-
cle fraction. Ammonium sulfate
was used as a representative
particle-phase inorganic species
(considered nonvolatile).

Initial equilibrium concentrations
were calculated at a reference tem-
perature of 250 K and 60% RH, by
assuming 5μgm�3 of particulate
matter withmonodisperse spherical
diameters of 250 nm, with an initi-
ally fixed composition (mass-%) of
5% ammonium nitrate, 25% ammo-
nium sulfate, 50% low-volatility
organic compounds (4:1 mixture of
docosanoic acid and C15H18O7),
and 20% semivolatile organic com-
pounds (with the organic fraction
composed of the subset species,

evenly distributed by mass). For the semivolatile components, the corresponding gas-phase concentrations
were then computed for the condition of gas-particle equilibrium. The goal of this initial procedure is to deter-
mine the total (gas +particle) molar amounts of all the organic and inorganic system components per unit
volume of air. All calculations at different temperatures and various RH levels were then performed using the
same total molar concentrations (per cubic meter of air) after equilibration at the varied modeling conditions
(i.e., particle phase organic composition was not held fixed at original reference conditions). It is recognized that
the initial species composition chosen for the model is not specifically representative of the composition of all
air masses measured during the SEAC4RS campaign and that the simulation results should represent an upper
limit of potential semivolatile losses within the DASH-SP instrument.

Particle mass losses are reported
as normalized species mass (i.e.,
percentage of initial species mass
remaining) in Figure 3. Evaporation
behavior was investigated as a func-
tion of ambient temperature (250 K,
295K, and 310K; representative of a
range of tropospheric altitudes),
sampling RH (75%, 85%, and
93%), and physical state of aerosol
particle phase (liquid and semiso-
lid). The volatility of SVOCs is more
sensitive to a change in tempera-
ture difference (i.e., instrument-
ambient) than a change in sampling
RH. For instance, ammonium nitrate
is shown to lose 65.7%, 61.2%, and
56.5% of its original mass due
to volatilization at sampling RH
values of 75%, 85%, and 93%,
respectively, at a fixed ambient

Table 2. Selected SVOC, LVOC, and Inorganic Compound Properties Used
for the Thermo-Kinetic Model Simulations

Name MW(gmol�1) po,L (298.15 K)(Pa) Composition

Inorganic
Ammonium sulfate 132.14 (NH4)2SO4
Ammonium nitrate 80.04 NH4NO3

Semivolatile (Biogenic)
C8H14O6 206.19 3.2262E-07 C8H14O6
Pinonic acid 184.23 1.5341E-02 C10H16O3
Pinic acid 186.21 4.7359E-05 C9H14O4
Ester dimera 368.42 2.6253E-11 C19H28O7

Semivolatile (Biomass Burning)
C8H12O6 204.18 6.2457E-06 C8H12O6
Chrysene 228.29 5.2142E-03 C18H12
C22H12 276.33 2.3903E-05 C22H12
Abietic acid 302.45 5.3520E-06 C20H30O2

Low-Volatility Organic Compounds
Docosanoic acid 340.58 9.1507E-08 C22H44O2
C15H18O7 310.30 1.2362E-10 C15H18O7

aEster dimer formation from hydroxypinonic acid and pinic acid.

Table 1. Initialization Data Used for the Thermo-Kinetic Model Simulations

Parameter Value

Ambient Conditions
Temperaturea 250, 295, 310 K
Relative humidity 60%

Aerosol Particles
Initial Composition (by mass)
NH4NO3 30%
(NH4)2SO4 20%
Mixed SVOCs 50%

Aerosol concentration 5 μgm�3

Particle diameter 250 nm
Bulk Diffusivity (water)
Liquid 10�5 cm2 s�1

Semi-solid 10�10 cm2 s�1

Bulk diffusivity (organic)
Liquid 10�7 cm2 s�1

Semisolid 10�15 cm2 s�1

Instrument Conditions
Drying RH 10%
Sampling RHa 75, 85, 93%
Internal temperature 300 K
Drying residence time 3 s
Wetting residence time 4 s

aMultiple values indicate all values used across separate modeling runs.
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sampling temperature of 295 K. When constraining the sampling RH value to 85%, and running the model at
ambient temperatures of 250 K, 295K, and 310K, evaporative losses of ammonium nitrate were 63.8%,
61.2%, and 59.3%, respectively. The percentage of original mass lost for organics ranged between ~0 (e.g., doc-
osanoic acid) and ~100% (e.g., chrysene) depending mainly on the species pure component volatility at the
experimental conditions.

For 250 nm diameter particles with a liquid (low-viscosity) particle phase, mass transport within the con-
densed phase is very rapid. When the particle phase is semisolid, the bulk diffusivity of water and organics
[Shiraiwa et al., 2011, 2013] is reduced by 2 to 5 orders of magnitude. This increases the time scales of the
transient evaporation and condensation processes of both water and organics required to reach a new equi-
librium state. Based on the modeling parameters chosen to best represent liquid and semisolid phase condi-
tions, the water evaporation and condensation processes reach equilibrium during the residence time for
each stage and both phase conditions. However, when aerosol particles take on a semisolid particle phase,
losses of SVOCs and ammonium nitrate are reduced in both stages of the DASH-SP by a factor of 5 or more.
For example, at 295 K and a sampling RH of 85%, the loss of ammonium nitrate is reduced from 61.2% (liquid
particle phase) to 0.1% (semisolid particle phase).

The impact to the overall GF is determined by the change in particle diameter due to both volatility losses
and condensation of water and SVOCs. For the composition used in this simulation, the GF at 85% RH is
reduced from 1.15 (no SVOC losses) to 1.11 (with SVOC losses) at 250 K and from 1.17 to 1.15 at both 295 K
and 310 K. These values provide a sense of the upper limits of how much the GFs reported here could be
underestimated relative to a semivolatile ambient aerosol.

4. Results and Discussion
4.1. Statistical Summary of Results

To place the upcoming hygroscopicity results in perspective, Figure 4 shows both the average LAS number
size distributions for each air mass and the normalized Mie scattering intensity for a representative category
(BB-Wildfires). The latter is to show that the DASH-SP size range effectively captures the diameter range
where scattering is most intense for the BB-Wildfires category (also applies to other categories, although
not shown in Figure 4) with the modal diameter of most efficient scattering ranging from 275 to 375 nm.
The strongest plumes sampled, in terms of number concentration, were from the BB-Agricultural category,
which exhibited the highest number concentration (>14,000 cm�3) with a modal diameter of ~130 nm.

Figure 3. Thermo-kinetic modeling results of selected semivolatile species losses in the range of sampling conditions
encountered during SEAC4RS. (a) Simulation results for ambient temperatures of 250, 295, and 310 K, all at a constant
instrument temperature of 300 K and RH of 85%. (b) Simulation results at a fixed ambient temperature of 295 K, and with
instrument RH values of 75, 85, and 93% that were commonly used during SEAC4RS. Data shown are modeled assuming
liquid particle phase properties as described in section 3.
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The category with the next highest number concentration was BB-Wildfires, which also exhibited the largest
modal diameter in its number size distribution among all air types studied (~225 nm). The other air types
exhibited modal diameters between 100 and 200 nm and with lower particle number concentrations.

Overall statistics for hygroscopicity and RIdry parameters are reported in Figure 5 as a function of air mass type.
GF values are averaged at sampling RH values of 75, 80, 85, 90, and 95% (all ±2.5%), while κGF values (derived
from DASH-SP GF measurements using equation (1)) incorporate data from all sampling RH values. DASH-SP
data in Figure 5 are for measurements with Dp,dry between 188 and 312nm. To facilitate a hygroscopicity com-
parison between the DASH-SP and the f(RH) measurement, results displayed in this section are limited to con-
current sampling times between both instruments. Detailed numerical statistics for Figure 5 data (average,
standard deviation, minimum, and maximum) can be found in Table S1 in the supporting information.

κGF is highest formarine aerosol (0.38±0.13) as compared to the other continentally derived air masses including
urban (0.28±0.12), BB-Wildfires (0.11±0.05), BB-Agricultural (0.12±0.05), biogenic (0.21±0.08), background
(0.24±0.11), and FT (0.23±0.11). Other work has also shown that hygroscopicity of marine aerosol is enhanced
relative to urban and continental air masses, the latter including mineral dust and biomass burning [e.g., Carrico
et al., 1998, 2000, 2003; Kotchenruther and Hobbs, 1998;McInnes et al., 1998;Gasso et al., 2000; Sheridan et al., 2001;
Kim et al., 2006; Zieger et al., 2011, 2012]. The lowest κGF standard deviation values were for the biomass burning
categories (±0.05) due presumably to the short-lived nature of the plumes sampled near their source, which pre-
vented additional aging and changes in physicochemical properties. Negative values of κGF are associated with
observed sub-1.0 GFs that are outside the uncertainty of the measurement and may potentially be explained by
particle collapse upon hydration resulting in shrinkage of the apparent optical diameter [Weingartner et al., 1997;
Jimenez et al., 2003]. These lowGF values are primarily observed during sampling of biomass burning smoke, thus
potentially contributing to the lowest κGF observations. A future study focused on sub-1.0 GF observations,
including data from this study and other field sampling, is forthcoming.

To further address the issue previously noted about absorption affecting the DASH-SP OPC response, single
scattering albedo (SSA), as derived from the LARGE package, of biomass burning plumes from wildfires was
quantified and compared to values in the literature. The average SSA was 0.96 ± 0.01, which exceeds that of
other studies of wildfire plumes and is consistent with values in the range of 0.91–0.99 that coincide with
more aged particles [Corr et al., 2012, and references therein]. Therefore, we interpret the SSA values as being
supportive of absorption not having significantly impacted OPC behavior.

The lowest variability in average GF values was noted for BB-Wildfires, with a range of standard deviations
between ±0.05 and ±0.06 across all sampled RH settings, while the greatest variability was observed for
the background (±0.10 to ±0.12) and FT (±0.09 to ±0.14) categories. GF values increase monotonically as a

Figure 4. Average LAS size distributions for individual air mass types (* = trace scaled by one third for clarity). The dashed
line represents the normalized Mie scattering (for RIdry = 1.54) intensity associated with a dry particle size distribution
equivalent to the average BB-Wildfire distribution (solid black line). The SEAC4RS dry size sampling range of the DASH-SP
instrument is indicated in the gray rectangle.
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function of sampling RH between 75 and 95% for all air mass classifications except BB-Agricultural (GF80%<

GF75%) and urban (GF95%<GF90%). The explanation for these two situations is most likely due to the limited
opportunities to sample in these categories, and thus, specific agricultural fires or urban areas could have
been sampled more or less at a certain sampling RH condition. A case study for the urban category is pre-
sented later (section 4.5) for a flight probing Los Angeles aerosol on 23 September 2013.

Bulk aerosol f(RH = 80%) values are in agreement with κGF values in terms of relative differences between var-
ious air mass classifications (e.g., higher for marine and lowest for BB categories). The BB categories exhibited
the narrowest range and variability in f(RH), while marine exhibits the highest variability (±0.36), similar to κGF.
It is possible that this variability was introduced by potentially misclassified measurements above the marine
boundary layer.

Chemical composition data are consistent with the hygroscopicity trends in Figure 5. Submicron aerosol spe-
cies mass fractions (MFs) and mass concentrations were averaged across the different air mass types and are
shown in Figure 1. Both BB air types were dominated by organics (OA) with low sulfate and high BC
(MFOA= 89%, MFsulf = 2%, and MFBC = 2%), which is consistent with reduced hygroscopicity as compared to
other air mass types. Compared to other air mass types, the much higher mass concentrations for BB-
Agricultural are consistent with Figure 4 that showed these plumes were very fresh with high particle number
concentrations in the DASH-SP sampling range. Marine air masses exhibited the highest inorganic (IOA) mass
fractions, dominated mainly by sulfate with lower organic and BC content (MFOA = 21%, MFsulf = 65%, and
MFBC = 1%), which can explain the enhanced hygroscopicity for this category. The urban, biogenic, back-
ground, and free troposphere air mass categories exhibited chemical signatures similar to each other with
intermediate organic mass fractions and low BC fractions (MFOA = 56–64%, MFsulf = 25–34%, and
MFBC ≤ 1%), coinciding with intermediate hygroscopic properties relative to BB and marine air types.

An interesting finding from SEAC4RS was that average RIdry values for all air mass classifications were quite
similar with a narrow range of 1.52–1.54, similar to pure inorganic species RI values of ammonium sulfate
(1.521 [Weast, 1987]) and sodium chloride (1.544 [Li, 1976]), as well as in line with values currently used in
many models [Koepke et al., 1997]. Work by Rickards et al. [2013] has also shown similar RI values for a variety
of pure organic species; including galactose (1.55), sorbitol (1.53), and xylose (1.52). The greatest standard
deviations in RIdry values were observed for the background and FT classifications (±0.03), while the BB cate-
gories exhibited the lowest standard deviations (±0.01). Minimum andmaximum RIdry values for all measure-
ments were 1.42 and 1.60.

Figure 5. Summary of DASH-SP GF, RIdry (at 532 nm), and κGF values as a function of air mass type and sampling RH for Dp,
dry values between 188 and 312 nm. Bulk aerosol f(RH = 80%) results for the same air mass classifications are also shown. GF
error bars and plus-minus sign values in the three rows of data represent 1 standard deviation. Data are limited to con-
current, valid sampling periods between both the DASH-SP and LARGE f(RH) measurements.
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4.2. Vertical Profiles of Hygroscopicity and Refractive Index

To analyze vertical profiles of aerosol hygroscopicity, data points were separated by air mass type and binned
in 500m altitude increments. The vertical profiles were constructed from average values using cumulative
SEAC4RS data during ascents, descents, and level legs. Coincident measurements (~20% of total valid
DASH-SP scans) of GF (only at RH= 80%), f(RH = 80%), and MFOA were compared to one another, while κGF
and RIdry (at 532 nm) were analyzed for all RHs examined by the DASH-SP (Figure 6). Valid DASH-SP scans
were reported as high as 6.5 km above surface level, and the primary limiting factor above this height was
insufficient particle concentrations to pass the quality control threshold.

Relative differences in hygroscopicity between air types in individual altitude bins follow trends from Figure 5
(i.e., highest for marine and lowest for BB). Except for the marine and FT categories, relatively minor variations
in bin-mean hygroscopicity parameters were observed as a function of altitude. For example, bin-mean values
of κGF are between 0.04 and 0.10 from near the surface to their highest-altitude bin points for all air mass cate-
gories. For the marine category, κGF increased by 0.16 (from 0.36 to 0.52) between 0.2 and 1.5 km, which is con-
sistent with the reduction of MFOA with altitude by approximately a factor of 2. This result supports those of
Hegg et al. [2006], who also showed that hygroscopicity increased with altitude in marine air, with the caveat
that the SEAC4RS data reach higher altitudes than their study. FT κGF values decreased from 0.30 to 0.16 from
1.1 km to 6.4 km, which coincides with an increase in MFOA from 0.36 to 0.83 (not shown). Other than the FT
category, only the BB-Wildfires category exhibited data above 5 km owing to high-altitude transport of such
plumes. κGF for this category was highest above 4 km, which could be explained due to aging effects where
hygroscopic secondary species can form in aging smoke plumes [e.g., Reid et al., 2005; Maudlin et al., 2015].
Although not shown in the figure, this is supported by an increase in the average ratio of atomic oxygen to car-
bon (O:C) from 0.61±0.09 (below 4km) to 0.76± 0.09 (from 4 to 6.5 km).

While the bin-mean values of hygroscopicity do not vary significantly with altitude, the standard deviation in
each altitude bin is considerable. The maximum κGF standard deviation among altitude bins for each air mass
type ranges from as low as 0.06 (BB-Agricultural) to as high as urban (0.20).

With the exception of the marine category, altitude-dependent hygroscopicity trends largely are consistent
between DASH-SP GF(RH=80%) and f(RH=80%). Between 0.2 and 1.5 km for the marine category, the average
f(RH=80%) value decreases from 2.08±0.18 to 1.43± 0.45, while GF(RH=80%) increases from 1.39±0.07 to
1.46± 0.05. Although f(RH) data with substantial supermicron aerosol have been removed to allow for a fair
comparison with AMS and DASH-SP data, the difference in the trends between GF and f(RH) may still be related
to the bulk nature of the f(RH) measurement. The reduction in MFOA from 0.38 to 0.15 between 0.15 and 1.5 km,
respectively, supports the GF(RH=80%) trend with altitude since an inverse relationship is expected between

Figure 6. Vertical profiles of aerosol particle properties for individual air mass categories. GF(RH = 80%) from DASH-SP, f
(RH = 80%) from LARGE, and MFOA from HR-AMS are all limited to only concurrent measurements. κGF and RIdry (at
532 nm) are shown for all DASH-SP sampling RH values. Error bars indicate 1 standard deviation.
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organic fraction and GF. Previous
airborne measurements in marine
air have shown that GF is highest at
an intermediate diameter between
300 and 700nmwith reductions out-
side both ends of this range owing
to effects such as organic-rich aero-
sol and oxidation of organic films
[Hegg et al., 2006; Hersey et al.,
2011; Coggon et al., 2014]. Thus, it is
possible that f(RH) may have been
influenced by aerosol with reduced
hygroscopicity outside the size
range of the DASH-SP.

RIdry values also exhibitedminor var-
iations with altitude for most air
categories with the greatest ranges
being for the biogenic (1.50–1.54)
and marine categories (1.50–1.53),
supporting the model values from
the GADS look-up tables [Koepke
et al., 1997], with decreases as a
function of altitude for both. The

urban and background air categories were the only two to exhibit increases in RIdry with altitude, with the former
exhibiting the highest overall value (1.55) in Figure 6 at its peak altitude of 2.4 km. The standard deviation max-
imum ranges from a minimum of 0.01 (BB-Agricultural) to a maximum of 0.04 (BB-Wildfire and background).

4.3. GF and f(RH) Intercomparison

As noted above, the simultaneous f(RH) and GF airborne data allow for an evaluation of whether a relation-
ship can be developed between the two data sets to help link f(RH) more directly to model parameterizations
of hygroscopic growth (e.g., κ). A comparison was performed using data when both instruments were simul-
taneously operating at 80% RH. Figure 4 has already emphasized that the f(RH) measurement is weighted
toward sizes larger than the mode of the number size distribution. For this analysis, data were limited only
to those with negligible contribution from coarse particle sizes (i.e., particle concentrations were zero above
1μm). The GF-f(RH) comparison was performed by determining a calculated f(RH) value (f(RH)calc) from the
measured dry aerosol size distribution, Mie scattering theory, and an assumed (size-independent) GF value
(GFcalc) [Cappa et al., 2011; Zhang et al., 2014]. The GFcalc value was iterated until the f(RH)calc value was
equivalent to the measured f(RH= 80%) measurement (±< 1%). This approach allowed for the determined
GFcalc value to be compared directly to the GF value measured by the DASH-SP instrument (GFmeas).

Comparison of GFcalc and GFmeas indicates that the growth of particles measured by the DASH-SP is underesti-
mated by the predicted value derived from the bulk f(RH)measurement for all air mass types (Figure 7). Deriving
a κ value from f(RH), via a fixed GFcalc, is a convenient way to relate the growth of a dry aerosol size distribution
to bulk aerosol light scattering; however, if hygroscopicity is not homogeneous across the size distribution, it
may not accurately represent the physical growth characteristics of particles at discrete sizes.

One explanation for the discrepancy between the two measurements is that particles outside the DASH-SP
size range were less hygroscopic, as has already been suggested in section 4.2. To form an agreement
between the two measurements, the κ values of larger sized particles would need to range in value from
approximately the value determined by the DASH-SP to as low as zero (or lower if particle shrinkage is
detected by the f(RH) measurement). This would apply to particles with Dp,dry> 250 nm as most (94.4%) of
the DASH-SP scans were for Dp,dry ≤ 250 nm. To investigate the dependence of hygroscopicity on size, coin-
cident measurements between the DASH-SP, LARGE, and HR-AMS were compared to themodal Dp of the LAS
number size distribution (Figure 8). GF(RH = 80%) and f(RH = 80%) decrease (1.31–1.16 and 1.33–1.02, respec-
tively) with increasing modal Dp (from 100 to 251 nm). While the modal Dp values do not extend beyond the

Figure 7. Comparison of GFcalc versus GFmeas as a function of air mass clas-
sification (represented by color-coding). Data shown are limited to concur-
rent sampling between the DASH-SP (only measurements at RH = 80%) and f
(RH = 80%). To reduce the bias of supermicron particles on total scattering,
only data are used where no counts above 1 μm diameter were detected by
the LAS instrument.
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size range of the DASH-SP, the decreasing trend in hygroscopicity with modal Dp in Figure 8 suggests that the
proposed explanation above is at least plausible. It is noted that by using modal Dp, the analysis in Figure 8
disregards variability in a given size distribution, but the trend of hygroscopicity with modal Dp is consistent
with an independent analysis discussed next in Figure 9.

A case flight on 19 August 2013 further examines the dependence of hygroscopic growth on particle size as it
included a wide range of Dp,dry values (180–305 nm) sampled across the entire flight (Figure 9). A clear result
emerges that larger particles (in the range of the DASH-SP) exhibit decreased hygroscopicity, including within
specific air mass categories. Thus, the heterogeneity of hygroscopic properties over an aerosol size distribu-
tion should be taken into account when converting total scattering measurements to hygroscopicity para-
meters such as κ.

4.4. Relationship Between
Composition and Hygroscopicity

Particle water-uptake properties are
highly sensitive to the amount of
organic material present in the
aerosol phase. Higher OA mass
fractions have been shown to lead
to suppressed water uptake at
RHs above the deliquescence RH
(DRH) of salts, while simultaneously
enhancing hygroscopic growth at
RHs below the DRH [e.g., Dick et al.,
2000; Hersey et al., 2009; Meyer
et al., 2009]. Furthermore, aging of
organic aerosol to convert organic
compounds from less to more oxi-
dized forms can enhance GFs [e.g.,
Jimenez et al., 2009; Massoli et al.,
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Figure 8. Size-dependent average values (shaded areas signify 1 standard deviation) of (a) DASH-SP GF, (b) LARGE f(RH), (c)
DASH-SP RIdry (532 nm), (d) HR-AMS MFOA, (e) HR-AMS O:C ratio, and (f) HR-AMS total submicron non-refractory mass con-
centration. Modal Dp values were obtained from the LAS instrument. Although not shown, the trends as a function of LAS
modalDpmatch those with the ratio of the number concentration above 200 nm relative to total number concentration. Data
are limited to concurrent, valid sampling periods between both the DASH-SP and LARGE f(RH) measurements at 80% RH.

Figure 9. κGF as a function of Dp,dry based on all DASH-SP data on 19 August
2013. Markers are colored with air mass classification. A linear orthogonal
distance regression (ODR) fit is shown in blue.
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2010; Duplissy et al., 2011;Wonaschütz et al., 2013], where the level of organic oxidation is typically represented
by the O:C ratio. Measurements have indicated that more hygroscopic aerosols (at fixed RH and Dp,dry) enhance
aqueous-phase chemistry to generate secondary aerosol mass [Sorooshian et al., 2010; Youn et al., 2013], and
thus, a two-way relationship exists between hygroscopicity and chemistry.

Figure 10 confirms that both κGF and f(RH = 80%) are inversely related to MFOA. Fitting a linear function to κGF
and taking the value at MFOA = 1 results in a κGF,org value, which is an indication of the hygroscopic nature of
the organic aerosol fraction. The κOA value is frequently used in models like the Zdanovskii-Stokes-Robinson
(ZSR) [Stokes and Robinson, 1966] model to predict hygroscopicity based on chemical composition data [e.g.,
Wu et al., 2013]. Previously derived κOA values range between 0.0 and 0.4 [Petters and Kreidenweis, 2007; Suda
et al., 2012; Rickards et al., 2013; Brock et al., 2015] and have been shown to be positively correlated to the O:C
ratio [Jimenez et al., 2009]. An overall κGF,OA value for the SEAC4RS campaign was found to be 0.07 and very
similar to κext,OA values determined for the southeastern United States by Brock et al. [2015], using a separate

Figure 10. (a) DASH-SP κGF and (b) LARGE f(RH = 80%) plotted against MFOA measured by the HR-AMS. Linear fits in each
panel show how κGF,OA and f(RH = 80%)OA values were derived, which are used as proxies for hygroscopicity at the limit of
total organic composition (i.e., MFOA = 1). Conversely, values for the inorganic counterparts are determined at the limit of
total inorganic composition (i.e., MFOA = 0).

Figure 11. Dependence of κGF,OA and LASmodalDp values on the HR-AMS O:C ratio. Data were binned by O:C ratio using 0.1
bin widths. Average O:C values within the bins are plotted with 1 standard deviation represented by horizontal error bars.
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approach. (Note, that their κext,OA parameter is derived from considerations of κ-Köhler theory and f(RH) mea-
surements.) The κGF,IOA value (i.e., when MFOA= 0) was found to be 0.50. It is cautioned that although the
overall nitrate signal from the HR-AMS is generally a small fraction of the total aerosol, a portion of the nitrate
signal is from organic nitrate. Values for f(RH= 80%)OA and f(RH = 80%)IOA were 0.92 and 2.19, respectively.
Note that an f(RH) value of 0.92 suggests that wetted particles scatter less light than dried particles as seen
in the highly organic biomass burning classification. While restructuring of soot spherules may physically
account for this phenomenon, further work is needed to elucidate both measurements uncertainties as well
as chemical mechanisms that would result in f(RH)< 1.

At a specific MFOA value in Figure 10, it is evident that there is a range of hygroscopicity for a given air
mass, which may be related to the nature of the organic fraction. To probe deeper, Figure 11 shows
how κGF,OA is related to the O:C ratio, using bin widths of 0.1 for the latter. There is an increase in κGF,OA
(from 0.06 ± 0.04 to 0.13 ± 0.08) as a function of the O:C ratio between 0.4 and 1.0, coincident with a
decrease in the modal Dp of the LAS number size distribution. This indicates that aerosol with smaller
modal Dp values exhibited a more oxidized and hygroscopic organic fraction based on DASH-SP measure-
ments. The air mass types with the highest O:C ratios were marine (0.93 ± 0.30) and FT (0.90 ± 0.30) with
the others being 0.65 ± 0.22 (urban), 0.65 ± 0.16 (background), 0.63 ± 0.10 (BB-Wildfires), 0.57 ± 0.06 (bio-
genic), and 0.48 ± 0.10 (BB-Agricultural).

Figure 12. (a) Flight track from El Centro to Los Angeles, California, on 23 September 2013 between approximately 15:55 and 16:40 local time. The flight track is color-
coded with κGF at a fixed Dp,dry of 195 ± 2 nm, with the DASH-SP instrument RH cycling between 77 and 95%. Key landmarks along the flight path are indicated on
the map and represented in the inset plots as gray boxes (e.g., El Centro = “EC” and Riverside = “R”). Aerosol species mass fractions are shown in pie charts along with
total mass concentration (below pies) corresponding to data averaged over periods shown in the gray boxes. Inset (b) contains MFOA and O:C ratio from the HR-AMS
instrument, ambient temperature (color is only a function of the y-axis value for emphasis), and wind direction (blue is from the east, red is from the west). A small
map with wider field of view (c) is shown to provide a sense of where the flight track was relative to neighboring areas.
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The results from Figures 9 and 10 can help explain trends in Figures 8c–8f, where MFOA increases with modal
Dp, coincident with enhancements in RIdry and total submicron aerosol mass concentration, and reduced O:C
ratios, as would be expected from the BB and biogenic categories.

4.5. Case Study: Urban Boundary Layer Comparison: Los Angeles, CA, and Houston, TX

Near the end of the flight on Monday, 23 September 2013, a low-level (<500m) transect was performed
between 15:55 and 16:40 local time from the city of El Centro, CA, over the Salton Sea, through Banning
Pass, over Riverside, and ending near Pasadena (Figure 12). The DASH-SP sampled 195 nm diameter particles
during this stretch at RH values cycling between 77 and 95%, with a resulting average RH of 90 ± 5%. This bias
toward sampling at a higher RH accounts for the dip in GF(RH= 95%) seen in Figure 5 for the urban air mass
category (92% of data collected in the 95% RH bin were from the Los Angeles region).

East of the Los Angeles Basin, hygroscopicity was enhanced (κGF between 0.15 and 0.35) coincident with ele-
vated MFsulf (20 and 30%) and low total submicron mass concentration (1.2 and 2.3μgm�3), with a peak
chloride concentration of 0.6μgm�3 over the Salton Sea. When flying into the Los Angeles Basin from the
east, the wind direction changed from easterly to westerly and the total aerosol mass concentration ramped
up to 8.3μgm�3. MFOA increased to greater than 0.75 and κGF decreased to an average of 0.07 ± 0.02. The O:C
ratio of the aerosol mass dropped from greater than 1.0 to approximately 0.6.

DASH-SP measurements were collected in nearly the same areas in 2010 during CalNex by Hersey et al. [2013].
They reported opposite trends in organic mass fractions and hygroscopic growth. In their flights, traveling west
to east from the Los Angeles Basin, through Banning Pass, and out into the Imperial Valley, MFOA increased
(from approximately 0.42 to 0.65) and hygroscopicity dropped (κGF fell from 0.4 to 0.2). These changes were
attributed to volatilization of ammonium nitrate to the east of Banning Pass in the desert areas [e.g., Duong
et al., 2011; Metcalf et al., 2012]. During the SEAC4RS case study, the average temperature in the Los Angeles
Basin (~301K) and east of Banning Pass (~304 K) exceeded those experienced during CalNex (~289 K and

Figure 13. (a) Flight track over Houston, Texas, on 18 September 2013 between approximately 16:00 and 16:45 local time, color-coded with DASH-SP κGF. Aerosol
species mass fractions and average total mass concentrations are shown in pie charts. Average wind speed (ū) and direction are indicated with the gray arrow. A
small map with wider field of view (b) is shown to highlight where the flight track was relative to neighboring areas.
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~297K, respectively), and thus, volatilization still likely was at play. However, the CalNex flights were conducted
earlier in the day (10:00–15:00 local time) whenmore ammonium nitrate would be expected in the Los Angeles
Basin (i.e., sum ofMFnitrate andMFammonium was nearly 0.50); without the ammonium nitrate in the Basin aerosol
during the SEAC4RS case study (i.e., the sum of MFnitrate and MFammonium was only 0.07), there was no potential
for it to volatilize and result in reduced hygroscopicity in the warmer outflow region to the east.

A similar style flight pattern was performed in the Houston, Texas, urban area on Wednesday, 18 September
2013 between 16:00 and 16:45 local time (Figure 13). The flight path included two passes perpendicular to
the wind direction (127 ± 8° at 6.3 ± 1.9m s�1) downwind of the city, before passing over the Houston Ship
Channel, and finally returning to the airfield. Two distinctly different regions were identified and denoted
here as “Downtown” and “Ship Channel.” Aerosol particles sampled downwind of the Downtown region
exhibited higher MFOA (50–55%) as compared to the Ship Channel (25–30%) and lower hygroscopic growth
(κGF of 0.21 ± 0.05 versus 0.37 ± 0.11, respectively). Comparisons between the Los Angeles and Houston urban
areas, at the same time of day (local time), indicate a more organic-rich PBL in the Los Angeles Basin resulting
in lower absolute κGF values as compared to Houston.

4.6. Case Study: Characterization of Transported Smoke Aloft

The flight fromMonday, 19 August 2013, alreadymentioned in Figure 9, is revisited here. Fresh wildfire emissions
were sampled over northeastern Wyoming, as well as advected, aged, smoke in southern Kansas, originating

Figure 14. (a) Flight track over rural parts of southern Kansas and the Oklahoma panhandle on 19 August 2013 between
approximately 15:10 and 16:45 local time, color-coded with DASH-SP κGF. Aerosol species mass fractions and average
total mass shown in pie charts. Three in-line flight legs along a 50°/230° headingwere used to create a wall pattern between
approximately 1.1 km asl (in PBL) and 5.5 km asl (in transported smoke in FT). (b) Vertical curtain from the HSRL instrument
showing aerosol backscatter at 532 nm. The transported smoke layer can be seen by the high scattering intensity at
~5.5 km asl. The height of the mixed layer, defined by the HSRL instrument, is indicated with the purple line in Figure 14b.
Individual points along the flight path are denoted L1–L5 and correspond to the altitude profile in Figure 14b, inset. (c) A
small map with wider field of view is shown to highlight where the flight track was relative to neighboring areas.
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fromWyoming (Figure 14). The aged smoke was in a plume approximately 1 km thick, at an elevation of approxi-
mately 5.5 km asl, as identified by the sharp increase in aerosol backscatter (at 532nm) from the HSRL instrument
(Figure 14b). The aircraft descended from the FT into the PBL through the plume and subsequently started the
first leg of a so-called “wall pattern.” This pattern consisted of three legs within the same vertical plane, along a
50°/230° heading, with a length of approximately 170 km, extending from southern Kansas into the Oklahoma
Panhandle. The first leg of the wall pattern was at a constant altitude of approximately 1 km asl. The second
leg returned along the reverse heading, climbing from 1km to approximately 5.5 km asl, entering the smoke
plume. The third and final leg returned along the original heading of the first leg at a level altitude of approxi-
mately 5.5 km asl, until completing the length of the wall before changing heading to return to the airfield.

PBLmeasurements along the first leg revealed relatively homogeneous composition across the length of the leg
(MF: ~0.25 sulfate, ~0.15 ammonium, and ~0.60 organic) with high hygroscopic growth, having an average κGF
value of 0.36 (sampled at Dp,dry~195nm, ~80% RH). Peak submicron aerosol mass concentrations (48.3μgm�3)
were measured upon entering the smoke plume at the end of the second leg (labeled “L4” in Figure 14), corre-
sponding with an increase in MFOA to greater than 0.90, and κGF values less than 0.10 (sampled atDp,dry~300nm,
~90% RH). Upon completing the final leg and starting to exit the plume, mass concentrations decreased and
nitrate mass fractions significantly increased up to a maximum of 0.13, coinciding with a κGF value of ~0.2.

Vertical profiles of hygroscopicity, MFOA, and LAS modal Dp are displayed in Figure 15. Hygroscopicity
decreases with increasing altitude, based on both κGF and f(RH = 80%) values. Interestingly, κGF accounts
for a wider range of values at all altitudes versus f(RH = 80%), especially in the background air mass type at
low altitudes. This is most likely due to the DASH-SP scanning Dp,dry values between 180 and 305 nm, as
already highlighted in Figure 9. κGF, and to a larger extent f(RH = 80%), expectedly exhibit opposite trends
with MFOA as a function of altitude. ThemodalDp increases as a function of altitude as sampling extends from
the boundary layer up into the smoke layer aloft, which is consistent with earlier results of higher modal Dp

values coincident with higher MFOA and reduced κGF during SEAC4RS owing to these conditions being asso-
ciated with biomass burning.

5. Conclusions

This study reports on an unprecedented set of airborne RIdry and subsaturated aerosol hygroscopicity data
from the surface up to over 6 km in altitude during the 2013 summertime SEAC4RS campaign. The focus of
this work is on data obtained from the DASH-SP. The main results are as follows:

1. Thermokinetic simulations were conducted to estimate the upper limit impact of volatilization within the
DASH-SP during SEAC4RS, with the results being applicable to other aerosol instruments with similar

Figure 15. Vertical profiles of DASH-SP κGF, LARGE f(RH = 80%), MFOA, andmodal Dp. Data shown are from 19 August 2013
between approximately 15:10 and 16:45 local time. Markers are colored with air mass classification.
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residence time and dilution conditions. The volatility of SVOCs is more sensitive to a change in tempera-
ture difference (i.e., instrument-ambient) than a change in sampling RH. Furthermore, losses are greatly
reduced with a semisolid particle phase state rather than with a liquid phase owing to the reduction in
the bulk diffusivity of water and organics in the former case.

2. The SEAC4RS data set covering numerous air types shows that an assumption of a RIdry (at 532 nm) within
the narrow range of 1.52–1.54 is suitable based on DASH-SP measurements. When examining the hygro-
scopicity data, it is clear that marine and BB air mass types should be treated differently in terms of model
parameterization values as compared to the blend of other air mass types encountered (biogenic, urban,
background in PBL, and FT) that have intermediate properties.

3. Vertical profile data reveal that κGF exhibits minor variations with altitude (0.04–0.10 from surface to
~6.5 km) except for marine (increase) and FT (decrease) categories, which is explained by reductions
(enhancements) in MFOA with altitude, respectively. RIdry values also exhibited minor variations with alti-
tude for most air categories with the greatest ranges being for the biogenic (1.50–1.54) and marine cate-
gories (1.50–1.53), with decrease as a function of altitude for both.

4. The growth of particles measured by the DASH-SP is underestimated by the predicted value derived from
the bulk f(RH) measurement for all air mass types due most likely to particles outside the DASH-SP size
range being less hygroscopic.

5. κGF and f(RH=80%) are inversely related toMFOA. κGF,OA and κGF,IOA valueswere derived from all SEAC4RS data
and shown to be 0.07 and 0.50, respectively. Analogous values for f(RH=80%)OA and f(RH=80%)IOA were 0.92
and 2.19, respectively. κGF,OA increases (0.06 to 0.13) as a function of the O:C ratio between 0.4 and 1.0.

6. Comparisons between the two urban centers studied, Los Angeles and Houston, show how the higher
MFOA values in the former resulted in lower overall aerosol hygroscopicity. During the Los Angeles case
study, enhanced κGF values were observed east of the Los Angeles Basin in the warmer outflow region
(0.15–0.35) as compared to inside the Basin (~0.07), which exhibited higher MFOA and lower O:C ratios.
Aerosol downwind of the Houston Downtown region exhibited higher MFOA as compared to the Ship
Channel, resulting in lower hygroscopic growth (κGF~0.21 versus ~0.37, respectively).

7. A case study in the Kansas-Oklahoma area shows how hygroscopicity can change drastically with altitude
due to biomass burning plumes. In this particular flight where BB plumes were intercepted aloft, there was
suppressed aerosol hygroscopicity, size distributions shifted to larger sizes, and the composition shifted to
higher MFOA and reduced O:C ratio values.

These results build a useful archive of size-resolved subsaturated hygroscopicity and RIdry across North
America up to unprecedented altitudes with a fast time response instrument. Subsequent work with this data
set aims to focus on the following: (i) the degree of agreement in water-uptake properties across a range of
RHs extending into the super saturated regime, which is useful to determine how valid single parameters
such as κ are for use in models; (ii) the ability of simple mixing rules to predict measured RIdry and hygro-
scopic GFs; and (iii) investigating the source of sub-1.0 GFs and multimodal RIdry distributions (dry
mixing state).
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