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ABSTRACT
Hygroscopic growth factor (GF) distributions of 13, 25, 50, 100, 200, and 400 nm particles measured with a
Hygroscopic Tandem Differential Mobility Analyzer (HTDMA) from 2009 to 2012 at the Southern Great Plains (SGP)
site in Oklahoma, U.S. were used to describe time of day- and annually-averaged hygroscopicity parameters (κ). A diel
pattern was often observed with an average daytime κ that was higher than that at other times, especially on days with new
particle formation (NPF) events. The average hygroscopicity of the smaller and larger particles at the tails of the measured
size range was higher than that in between, with the minimum for each of the 4 years at 50 nm. This pattern is thought to
result in part from addition of soluble inorganic and organic compounds formed through gas phase and aqueous phase
reactions for the smaller and larger particles, respectively. The size dependence is reflected in the averaged κ and in the
frequency with which GF distributions possessed modes categorized as nearly-hydrophobic, less hygroscopic, and
hygroscopic. A hygroscopicity-based mixing state parameter, MShyg, defined as the ratio of the standard deviation (SD) of
a measured GF distribution to the size specific threshold SD roughly separating internal and external mixtures, was used to
study the diel and seasonal variation in particle mixing state. Internal mixtures were found to be more common during the
daytime and during the summer, likely reflecting more rapid photochemical processing and growth at those times.
Keywords: Aerosol; Hygroscopicity; Growth factor; Mixing state.

INTRODUCTION
Atmospheric particles influence climate by scattering and
absorbing solar radiation and by acting as cloud condensation
nuclei (CCN). The extent of their influence depends on the
size of the particles, which can be significantly increased
for hygroscopic aerosols when exposed to high relative
humidity (RH). Among common atmospheric particle types,
those composed of soluble inorganic species are generally
the most hygroscopic, while those composed of organics
exhibit a range in hygroscopicity with some being slightly
hygroscopic (Svenningsson et al., 2006; Prenni et al., 2007;
Duplissy et al., 2008; Gunthe et al., 2009; Jurányi et al.,
2009; King et al., 2010; Yli-Juuti et al., 2011) and others
non-hygroscopic (Abbatt et al., 2005; Prenni et al., 2007).
Major inorganic species such as ammonium, sulfate, nitrate,
and chloride are typically the primary contributors to water
uptake and consequent hygroscopic growth of atmospheric
aerosols. The varied and complex composition of organic
aerosols results in varied hygroscopicity that remains an
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active area of study. Organics can also influence water uptake
by inorganic species in the same particle, with studies
showing decreased water uptake by inorganic salts above
their deliquescence RH (DRH) and increased uptake below
it relative to particles composed of the pure species (Dick
et al., 2000; Hersey et al., 2009; Meyer et al., 2009). Other
studies have shown that the influence of organics differs
among inorganics, with addition of commonly found organics
resulting in decreased water uptake by NaCl but increased
water uptake by (NH4)2SO4 (Cruz et al., 2000; Choi et al.,
2002). The effect of organics on the hygroscopicity of multicomponent aerosols varies by type and amount, but often can
be explained by the simple ZSR mixing rule at RH above the
DRH (Jing et al., 2016; Peng et al., 2016). This link with
composition supports the use of hygroscopicity as a rough
proxy for particle type (McMurry and Stolzenburg, 1989;
Zhang et al., 1993; Gysel et al., 2007), with higher growth
indicating a higher soluble inorganic content and lower
growth indicating a higher content of organics and/or
insoluble components such as soot and dust.
Hygroscopic growth of an aerosol is often measured
using a Hygroscopic Tandem Differential Mobility Analyzer
(HTDMA), which was first illustrated by Liu et al. (1978).
The measured distribution of particle hygroscopicity is
usually reported in terms of the hygroscopic growth factor
or simply Growth Factor (GF), which is the ratio of the
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diameter of a particle (D) at high relative humidity to its
dry size (Dhigh RH/Ddry). Gasparini et al. (2006) reported
increased hygroscopicity with increasing particle size
based on HTDMA measurements made in May 2003 at the
Department of Energy’s (DOE) Southern Great Plains
(SGP) Atmospheric Radiation Measurement (ARM) site in
an agricultural area of Oklahoma, U.S., which is also where
the data reported here were collected. This result is consistent
with the findings of Holmgren et al. (2014), Levin et al.
(2014), and others. An interpretation of this size dependent
hygroscopicity is a higher organic content in smaller
particles. Levin et al. (2014) reported results from an
elevation of 2300 m in Pike National Forest in the central
Rocky Mountains of Colorado, U.S. Their study support
this interpretation, with higher organic fraction in smaller
particles and increasing inorganic fraction in larger particles.
Aerosol hygroscopicity in continental locations often
exhibits a diel pattern, frequently being higher during the day
and lower at night, as observed in a boreal forest in Hyytiälä,
southern Finland (Ehn et al., 2007), and at a polluted site
of the North China Plain (Liu et al., 2011). The relatively
unpolluted boreal forest in Hyytiälä offers an assessment
of the characteristics of aerosols derived primarily from
biogenic precursor emissions. In contrast, the highly polluted
site at the North China Plain is surrounded by an area with
mixed agricultural, residential, and industrial land use, and
thus exhibits significant influence from anthropogenic
sources. The pattern at Hyytiälä has been attributed to higher
gas phase concentration of sulfuric acid during the day
(Fiedler et al., 2005), and abundant less hygroscopic organic
compounds at night (Sellegri et al., 2005). The diel pattern
observed at the North China Plain has been attributed to
accumulation of freshly emitted non-hygroscopic particles
near the surface at night and of aged particles during the day.
Holmgren et al. (2014), however, found more hygroscopic
aerosols at night than during the day at the high altitude
site, Puy de Dôme, France, where boundary layer dynamics
and long range transport play more important roles.
Holmgren et al. (2014) used hygroscopicity data to derive
growth factor probability density functions (GF-PDFs) and
used them to quantify aerosol mixing state. They described
aerosols for which GF-PDFs had standard deviations (SD)
less than 0.1 as internal mixtures and those with SD higher
than 0.15 as external mixtures. For external mixtures, at least
two modes were identified. The median GF and number
concentration of each mode were determined and the mode
was then categorized into one of three groups: morehygroscopic, hygroscopic, or less-hygroscopic. Their study
explored the influences of particle size and seasons on
mixing state. They found that accumulation mode particles
were more frequently in external mixtures during autumn
and winter.
Our study uses size and GF distributions to analyze the
overall hygroscopic properties of the aerosol population,
the variation of those properties seasonally, with time of day,
and with particle size, and the connection of those properties
and their time dependence with new particle formation
(NPF) events. Additionally, the mixing state of the aerosol
has been quantified using a particle size dependent threshold

SD (i.e., SD(D)) over the full measurement size range.
SITE DESCRIPTION
The submicron size distributions and size-resolved
hygroscopic growth distributions were measured at SGP
(36°36'19.6"N, 97°29’20.7”W, 315 m above sea level)
between 2009 and 2012. Although this site is primarily a
mixed land use area of cattle pastures and agricultural fields,
transported air masses from other regions bring diversity in
aerosol concentration and properties. The wind rose
diagram for nearby Ponca City (Fig. 1) shows that winds at
the site are most frequently from the south and southeast
and less frequently from the north. Parworth et al. (2015)
described the seasonal distribution of air mass transport in
2011–2012 based on the NOAA HYSPLIT model. During
the summer, winds were most often from the south and
southeast, while during the winter they were largely from
the north. Winds in the spring and fall were more variable.
Air from local and surrounding agricultural fields carries
secondary organic aerosol (SOA) and high concentrations
of gas phase bases. Air arriving from the south often has
elevated sulfur dioxide (SO2) originating from electricity
production, industrial facilities, and fuel combustion, and
nitrogen oxides (NOx = NO + NO2) from industrial facilities
and vehicle emissions. Air arriving from the north commonly
brings SOA precursors (Hodshire et al., 2016), and lower
(than with southerly winds) concentrations of NOx. The
county-wise emission densities of SO2 and NOx are shown
in Tables S1–S2, and Fig. S1 to elucidate their relative
contributions from different directions. The site is far
enough downwind of most major anthropogenic sources
that the aerosol is diluted during transport (Parworth et al.,
2015).
INSTRUMENT DETAILS
The SMPS/HTDMA system that produced the data used
in this analysis was fabricated at Texas A&M University
and housed in the Aerosol Observing System (AOS) trailer,
which is one of the many permanent trailers at SGP. The
instrument is maintained by DOE ARM and all data reported
here were taken directly from the open access data archive
at http://www.archive.arm.gov. Details of the instrument and
data processing are described in an instrument handbook
also available through the archive website (Collins, 2010)
and will only be briefly summarized here. The system
sequentially measures a size distribution while operating as
an SMPS and then a set of size-resolved hygroscopic
growth factor distributions at 90% RH while operating as
an HTDMA. The sampled aerosol enters the AOS trailer
through a ~10 m high inlet and is dried to below 20% RH
with a Nafion tube bundle. A Po-210 neutralizer is used to
bring the aerosol to a steady state charge distribution. The
sheath and sample flow rates are maintained at a ratio of
10:1 and are maximized for each size or hygroscopic growth
factor measurement with the constraints that the high
voltage not exceed the threshold for arcing and the sample
flow rate not exceed ~95% of the 3 L min–1 flow rate of the
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Fig. 1. Wind rose plot for Ponca City, OK, for 2009–2012. (Source: http://mesonet.agron.iastate.edu).
TSI 3762 CPC. A pair of high flow DMAs (Stolzenburg et
al., 1998) are used to maximize sample flow rate and, with it,
particle count rate and statistics. Size distributions spanning a
diameter range of 12 to 750 nm are measured with a scan
time of 150 s and hygroscopic growth factor distributions
are measured with a scan time of 90 s. Hygroscopic growth
measurements for a given dry particle diameter are repeated
and the particle counts arrays summed until a prescribed
minimum number of particles are counted. The HTDMA
went through an automated calibration each night shortly
after midnight. That, coupled with time taken for some
additional types of measurements not used here, results in
the reduced measurement frequency in the early morning
that is evident in Figs. 4, 5, and 13.
METHODOLOGY
Growth factor distributions recorded from 2009 to 2012
were used in the analysis. Histograms of mean GF at 90% RH
over the 4-year period for 13, 25, 50, 100, 200, and 400 nm
dry diameter particles are presented in Fig. S2. The measured
distributions were first used to calculate hygroscopicity
parameter (kappa or κ) distributions for all six particle sizes
using κ-Köhler theory (Petters and Kreidenweis, 2007).

 4 M w  s / a   
 exp 
 
 RT  w D   1
  (GF 3  1) 

RH



(1)

where Mw is the molecular weight of water, σs/a the surface
tension at the solution and air interface, R the universal gas
constant, T the temperature, ρw the density of water, and D
the aqueous particle diameter at a given RH. Averages of κ
were calculated for three different time spans of the day:
morning (midnight–10:30 am), day (10:30 am–7:00 pm), and
night (7:00 pm–midnight). Further, separate morning, day,
and night averages of κ were calculated for days with and for
days without NPF events for which the particle mode grew
past 13 nm (referred to simply as NPF event days later).
The analysis here largely focuses on the dominant GF
mode/modes at the six particle sizes for which GF
distributions are routinely measured. Each mode was fitted
and then categorized into one of three hygroscopicity groups:
hygroscopic (GF > 1.3), less-hygroscopic (1.3 ≥ GF > 1.15),
and nearly-hydrophobic (GF ≤ 1.15). Different particle
types within an external mixture generally have different
hygroscopicity, resulting in GF distributions with a single
broad mode or multiple narrow modes, and correspondingly
high SD. In contrast, all particles in internal aerosol
mixtures have the same composition and, therefore, the
same hygroscopicity, leading to unimodal and narrow GF
distributions with low SD. Here, the SD of the GF
distributions is used to quantify the aerosol (hygroscopicity)
mixing state, similar to the approach of Holmgren et al.
(2014). Specifically, we use the ratio of the GF distribution
SD calculated for each measurement, SDmeasurement, to a
reference value, SDint/ext, that is selected to roughly represent
the separation between a more internal and a more external

mixture at that size. That reference value is based on the
lowest SD values observed over the 4-year period, which
are assumed to represent the values for an internal mixture.
Fig. 2 presents the calculated SD for every GF distribution
measured from 2009 to 2012.
The rightward extension and the increased breadth of the
histograms in Fig. 2 for the smaller and the larger particles is
due partially to the increased frequency of broad and/or
multi-modal GF distributions and to greater compositional
variability over time, respectively. But size-dependent
characteristics of the HTDMA response also contribute.
The breadth of the GF distributions for the smaller particles
(e.g., 13 nm) is increased due to diffusional broadening
(Stolzenburg, 1988). For measurements of the larger particles
(e.g., 400 nm) the instrument flow rates are automatically
reduced, which broadens the instrument response due to an
increased impact of mixing (or smearing) in the tubing
connecting the condensation particle counter (CPC) to the
downstream DMA outlet (Russell et al., 1995; Collins et
al., 2002). The GF distributions for the small and large
particle size tails of the size range also tend to be noisier
due to low particle counts, and are therefore more sensitive
to false counts. Thus, because the SD of a true internally
mixed aerosol would vary with particle size, the reference
value used for the mixing state quantification is also assumed
to be size-dependent. Somewhat arbitrarily, the reference
SD for each dry size is defined based on that corresponding to
the 10% cumulative frequency, SD10%, for all observations,
which is shown in Fig. 3 as the intersection of each of the
cumulative frequency curves with the dashed horizontal
line. Based on visual inspection of the results for different
GF distributions, SDint/ext was defined as 1.4 × SD10%, with
the results for all sizes also shown in Fig. 3. For each
measurement, a hygroscopicity-based mixing state value
was calculated as MShyg = SDmeasurement/SDint/ext. A GF
distribution with an MShyg higher (lower) than 1 indicates a
more external (internal) mixture for that particle size.
RESULTS AND DISCUSSION
Diel Variation in Kappa (κ)
The hygroscopicity parameter, κ, was determined for each
mode in all GF distributions measured over the 4-year period.

Frequency
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Fig. 2. SD histograms for all GF data from 2009 to 2012.
Among the commonly observed aerosol hygroscopicity
characteristics at the site is the diel pattern evident in the
example 4-day time series shown in Fig. 4. For all particle
sizes, κ is generally higher during the day than at night. A
similar result is obtained when hourly κ is averaged over
the full 4-year period (Fig. 5), which is consistent with
observations reported by Ehn et al. (2007) and Liu et al.
(2011). For all sizes the maximum κ is observed around 3
pm. Generally, particles smaller than 100 nm are least
hygroscopic in the morning around 5–6 am, while larger
particles are so around midnight. The daytime enhancement
in hygroscopicity likely accompanies production of soluble
secondary inorganic and organic species through reactions
with hydroxyl radical, OH·, and ozone, O3, both of which
are most concentrated during the day. Nocturnal atmospheric
inversions and enhanced partitioning of some less
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Size Dependence of κ
Fig. 6 presents the variation of κ with size and time of

NPF Event vs. Non-Event Day κ
The monthly frequency of NPF events during 2009 is
presented in Fig. 8. The frequency increased around the
beginning of spring and remained high through the summer.
This likely reflects heightened photochemical activity and
increased biogenic emissions over this time. Particle
formation was rarely observed in the winter during that
year. All NPF events were identified visually following the
criteria described by Dal Maso et al. (2005): i) Within the
size distribution a distinct new mode should appear, ii) the
mode should be within the nucleation size range (< 25 nm),
iii) the mode should be present for several hours (3 h in
our study), and iv) the mode should grow. The timing of

20
0

Seasonal Variation in Kappa (κ)
Seasonal variation in the daily-averaged κ for the 4-year
period is shown in Fig. 7. The seasonal peaks/depressions
in aerosol hygroscopicity are categorized as winter peaks
(observed in 200 nm and 400 nm data), spring peaks (13–
100 nm), summer peaks (13–100 nm and 400 nm), autumn
peaks (13–100 nm), and autumn depressions (200 and 400
nm). The spring, summer and autumn peaks are seen for
the 13–100 nm data. Spring and summer peaks correspond
to increased biogenic emissions, photochemical activity, and
periodic fertilizer application for crops such as corn, canola
and soybean. Also, the southerly winds that are dominant
during this period often carry hygroscopic anthropogenic
species such as sulfate. The lower amplitude peaks in autumn
for particles smaller than 100 nm may result from fertilizer
application before planting of winter wheat. Increased
concentrations of dust and organic soil particles from crop
harvesting contribute to the depression in hygroscopicity
of larger particles in autumn, while planting of several types
of crops and typically higher wind speeds in the spring
contribute to the observed depression in 400 nm particle
hygroscopicity. The increased hygroscopicity of 200 nm
and 400 nm particles in the winter is probably associated
with increased nitrate formation at low temperature.

day. It is evident from the figure that κ has a strong size
dependence. Averaged over the year, very small particles
are more hygroscopic, perhaps due to a higher content of
more hygroscopic species such as sulfate and organic salts
that have sufficiently low volatility to condense despite the
large particle curvature. Hygroscopicity then tends to
gradually decrease with increasing size. Though no direct
evidence of the cause of this pattern is available, it can be
explained by growth in this size range that results from
condensation of less-hygroscopic organic species. This
trend reverses for particles larger than 50 nm, which are
likely cloud active and may have grown through aqueous
phase formation of sulfate and oxygenated organics. Wang
et al. (2007) showed that aqueous phase production had a
discernable impact on the aerosol measured from an
aircraft in the vicinity of SGP. Within the measured size
range, 50 nm particles have the lowest average κ. The
small particle (left side) tail of the coarse dust mode often
impacts the 600 nm GF distributions, which results in a
time dependent variation that is not closely connected with
that of the smaller particles. Thus, only the results for the
13 to 400 nm sizes are presented here.

10
0

hygroscopic organics into the aerosol phase (Sellegri et al.,
2005) can lower the nighttime hygroscopicity as well. Annual
averages of morning, day, and nighttime κ as a function of
particle size are presented in Fig. 6, which displays a diel
pattern similar to that shown in Figs. 4 and 5. Because the
relative change in mass due to condensation is greatest for
small particles, the diel variations are also more pronounced
with them.

25

1494

Dry particle size (nm)

Fig. 6. Annually averaged κ for morning, day, and night for each of the four years. Time is in CST.
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the initial detection of the nucleation mode as it reached
the lower limit of the measurement size range (i.e., 12 nm)
is shown in Fig. 9 for the same time period. Although it varies
widely due to its dependence on meteorological parameters,
new particles were most frequently detected between noon
and 2 pm. The difference in hygroscopicity between days
with and days without NPF events is presented in Fig. 10

as the ratio of respective κ of the 6 particle sizes.
The κ of smaller particles was usually higher on NPF
event days than on non-event days, especially during the
daytime. This in part reflects production of more
hygroscopic condensable species on days on which there is
active photochemistry and, consequently, an increased
likelihood of NPF. This hygroscopicity enhancement on
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Fig. 10. Average NPF event day κ to non-event day κ ratio for all measurements from 2009–2012. Markers above (below)
the red line indicate higher (lower) κ on NPF event days than on non-event days.
NPF event days is not evident for the 200 and 400 nm
particles. This is not unexpected as the NPF mode does not
grow into that size range in a day and so any connection
between κ of those large particles and the events comes
from the common influence of the meteorological and
chemical conditions that favor NPF. The average morning
time κ of smaller particles (13–50 nm) on NPF event days
is lower than that on non-event days. According to Ehn et
al. (2007), NPF event days at Hyytiälä are similarly often
preceded by a significant concentration of less hygroscopic
aerosols, which lowers the morning-time average κ. A
plausible explanation for this relationship is that lower
morning time hygroscopicity results in lower hydrated
aerosol surface area concentration and condensation sink,
thereby reducing competition for low volatility species that
contribute to nucleation and small particle growth. However,
that connection was not found to be significant in these data.
Thus, the responsible mechanism or reason for association
is not evident from the analyzed data. The relative changes
in κ at different times of day (i.e., morning, day, night) and
types of day (i.e., NPF event, non-event) are summarized
in Fig. 11. The result that all points lie above the red line
indicates that the hygroscopicity is highest during daytime
for all sizes. Usually the increase in κ from morning to
daytime is higher than the decrease in κ from daytime to
nighttime for particles smaller than 100 nm. This change is
greatest for 25 nm particles during NPF event days. The

reverse trend is evident in particles larger than 100 nm. For
example, the average NPF event daytime κ of 25 nm particles
was 1.5 times higher than that in the morning and 1.2 times
higher than that at night, whereas for 400 nm particles the
average κ during the daytime was similar to that in the
morning and 1.13 times higher than that at night. Thus, the
hygroscopicity of smaller particles is higher at night than
in the morning, while for larger particles it is slightly
higher in the morning than at night.
Mode Resolved Hygroscopicity
As described in the methodology section, modes of GF
distributions were classified into three groups. The relative
occurrence frequencies at each size and for each year are
shown in Fig. 12. A majority of the modes in the GF
distributions for particles within the 25–100 nm size range
were classified as either less-hygroscopic or nearlyhydrophobic. But at larger sizes (> 100 nm) there were
higher concentrations of hygroscopic and nearly-hydrophobic
particles. At least averaged over each year, nearlyhydrophobic particles, which includes fresh carbonaceous
aerosols and dust (at larger sizes), are present across the
entire size range. Water soluble organic species likely make
up a significant fraction of the < 100 nm particles in the lesshygroscopic category. Increasing sulfate content in cloud
active particles and increasing nitrate content in those
particles onto which volatile ammonium nitrate efficiently
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Fig. 12. Occurrence frequency of GF modes in three hygroscopicity groups for each of the four years.
condenses contributes to the increased frequency of
hygroscopic modes for the larger particles. Similar variations
with particle size were observed by Gasparini et al. (2006),
Levin et al. (2014), and Swietlicki et al. (2008).
Quantifying Mixing State: Diel Variation
The SD ratio at each particle size was used to quantify
aerosol mixing state as described in the methodology section.
An example time series for 14–18 June, 2009 is shown in
Fig. 13. As is true for this 5-day period, a diel pattern is
typically observed. The greater frequency of MShyg below
the ‘MShyg = 1’ line during the daytime in Fig. 13 indicates
more frequent internal mixtures, which is likely the result
of condensational growth.

Quantifying Mixing State: Seasonal Variation
The daily average MShyg is plotted in Fig. 14 for all
measurements made between 2009 and 2012 to illustrate
seasonal variation. The relatively lower MShyg during summer
months across all sizes is suggestive of more internally mixed
aerosols at that time of the year. This pattern may partially
reflect seasonality in air mass origin as southerly winds are
more common during the warmer months and precursor
emissions are generally higher south of SGP. Higher biogenic
emissions, temperature, and UV intensity during the warmer
months also promotes condensational growth that contributes
to formation of internally mixed aerosols. In contrast, in
the winter enhanced emission of fresh carbonaceous aerosol
Parworth et al. (2015), lower temperatures, and shorter
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daylight period result in an increased frequency of external
mixtures. Holmgren et al. (2014) observed a similar seasonal
trend in aerosol mixing state at Puy de Dôme, France.

Hygroscopic growth factor distributions measured
between 2009 and 2012 at the DOE Southern Great Plains
(SGP) site were used to calculate size- and time-dependent
hygroscopicity parameters (κ), which were then averaged
over different time periods. The average κ was highest during
the day regardless of particle size, likely due to increased
photochemical production of soluble secondary inorganic
and organic species. This trend was more apparent in smaller
particles as their relative change in mass from condensation is
greater. For each of the 4 years, 50 nm particles were least
hygroscopic on average, with hygroscopicity monotonically
increasing with increasing size for larger particles and with
decreasing size for smaller particles. Averaged daytime κ
on days with NPF events were higher than on days without
events for measurements at dry diameter less than 200 nm
that are more directly influenced by the growing mode of
nucleated particles.
Modes present in the GF distributions were categorized
into three hygroscopicity groups (hygroscopic, lesshygroscopic, and nearly-hydrophobic). At all sizes, modes
categorized as nearly-hydrophobic were frequently
observed, reflecting the presence of primary carbonaceous
particles and/or dust. Consistent with the size-dependent
variation in average κ, modes classified as hygroscopic
were more frequently observed at the small and large
particle tails of the size range. A diel pattern was observed
in the hygroscopicity-based mixing state, MShyg, which is
defined as the ratio of the calculated SD for a measured GF
distribution and a size specific threshold SD roughly
separating internal and external mixing states. Values were
lower during the day than at night and during the summer
than during the winter, reflecting more internal mixing during
periods of enhanced photochemistry that likely results from
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uniform condensational growth and photochemical aging.
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