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Indirect measurements of the composition of ultrafine particles in the Arctic late-winter
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Abstract

We present indirect measurements of size-resolved ultrafine particle composition conducted
during the Ocean—Atmosphere—Sea Ice—Snowpack (OASIS) Campaign in Utqgiagvik, Alaska, during
March 2009. This study focuses on measurements of size-resolved particle hygroscopicity and volatility
measured over two periods of the campaign. During a period that represents background conditions in this
location, particle hygroscopic growth factors (HGF) at 90% relative humidity ranged from 1.45-1.51,
which combined with volatility measurements suggest a mixture of ~30% ammoniated sulfates and ~70%
oxidized organics. Two separate regional ultrafine particle growth events were also observed during this
campaign. Event 1 coincided with elevated levels of H,SO4 and solar radiation. These particles were
highly hygroscopic (HGF=2.1 for 35 nm particles), but were almost fully volatilized at 160 °C. The air
masses associated with both events originated over the Arctic Ocean. Event 1 was influenced by the upper
marine boundary layer (200-350 m AGL), while Event 2 spent more time closer to the surface (50-150 m
AGL) and over open ocean leads, suggesting marine influence in growth processes. Event 2 particles
were slightly less hygroscopic (HGF=1.94 for 35nm and 1.67 for 15nm particles), and similarly volatile.
We hypothesize that particles formed during both events contained 60-70% hygroscopic salts by volume,
with the balance for Event 1 being sulfates and oxidized organics for Event 2. These observations suggest
that primary sea spray may be an important initiator of ultrafine particle formation events in the Arctic

late-winter, but a variety of processes may be responsible for condensational growth.



1 Introduction

Aerosol particles in the Arctic are known to exhibit seasonal variability in their chemical and
physical properties. In many high-latitude regions, winter and early spring are dominated by Arctic Haze,
a phenomenon characterized by long-range transport of anthropogenic pollutants and resulting in the
highest mass concentrations of particulate matter (Barrie, 1986; Rahn, 1981; Tunved et al., 2013).
Accumulation mode particles dominate during this period, largely from transport of anthropogenic
pollution originating from Eurasia and North America (Barrie, 1986; Frossard et al., 2011; Heintzenberg,
1982; Law & Stohl, 2007; Quinn et al., 2007; Rahn, 1981; Tunved et al., 2013). A persistent boundary
layer effectively traps pollution over the Arctic, coastal Eurasia, and much of Canada until late spring,
when it recedes to polar north (Barrie, 1986). Late spring and summer are less anthropogenically
influenced, and thus are characterized by lower particle mass concentrations (Browse et al., 2012; Croft et
al., 2016; Freud et al., 2017; Garrett et al., 2011; Strom et al., 2003; Tunved et al., 2013). During that
period, marine biogenic emissions and photochemistry are key drivers of atmospheric chemistry
(Dall’Osto, et al., 2018; Quinn et al., 2002; Tunved et al., 2013). The Arctic can be a cloud condensation
nuclei (CCN)-limited region (Mauritsen et al., 2011). Prior measurements of CCN concentrations have
shown variation depending on the region of air mass origin; generally higher concentrations of CCN are
associated with air masses from mid-latitudes (Hoppel et al., 1973; Jung et al., 2018; Moore et al., 2011;
G. E. Shaw, 1986), which is common in Arctic winter and spring. Lower CCN concentrations have been
measured in summertime (Martin et al., 2011), mainly from air masses originating over the Arctic Ocean
(Leaitch et al., 2016; Zabori et al., 2015). Increases in particle number concentrations, especially through
particle formation (Abbatt et al., 2019), can contribute significantly to CCN concentrations through
condensational growth, and thus impact radiative forcing (Allan et al., 2015; Kecorius et al., 2019;

Leaitch et al., 2016; Mauritsen et al., 2011).

Several recent studies have shown that the formation and growth of sub-100 nm diameter
ultrafine particles (UFP) occur readily in the Arctic atmosphere (Allan et al., 2015; Asmi et al., 2016;
Baccarini et al., 2020; Chang et al., 2011; Collins et al., 2017; Dall’Osto et al., 2017; Dall’Osto et al.,
2018; Giamarelou et al., 2016; Heintzenberg et al., 2015; Karl et al., 2013, 2012; Kecorius et al., 2019;
Kolesar et al., 2017; Kupiszewski et al., 2013; Nguyen et al., 2016; Tunved et al., 2013; Willis et al.,
2016; Ziemba et al., 2010). New particle formation has been shown to occur from anthropogenic
emissions during this time of year, such as those from oil fields (Creamean et al., 2018; Kolesar et al.,
2017). Creamean et al. (2018) used measurements of particle light scattering to identify refractory black
carbon, though neither work directly measured particle chemical composition. However, few studies to

date have focused on the composition of Arctic UFP and most observations have occurred during



summer. Prior spring and summer studies have attributed UFP formation events to photochemical sulfuric
acid (H2SOs) production (Covert & Heintzenberg, 1993), with sulfate considered an important particle
component (Nyeki et al., 2005; Wiedensohler et al., 1996). These employed filters and impactors for
offline chemical analysis, biasing these results to larger particles that may not represent the composition
of UFPs. Size-resolved nanoparticle composition of Arctic UFPs has been studied using mostly indirect
measurements, with a focus on formation and growth events during late spring and summer. In the
Canadian Arctic, UFP formation was observed to occur freely in the marine boundary layer, with
complementary gas-phase measurements suggesting marine biogenic sources of organic and sulfur-
containing gas-phase precursors (Burkart et al., 2017). Several observations of UFP formation and growth
from other Arctic locations associated these phenomena with oxidized products of dimethylsufide (DMS)
like methanesulfonic acid (MSA) and H,SO., suggesting a marine biogenic influence (Abbatt et al., 2019;
Chang et al., 2011; Dall’Osto et al., 2018; Ferek et al., 1995; Ghahremaninezhad et al., 2016; Leaitch et
al., 2013; Quinn et al., 2002). Indirect measurements of summertime particle composition in Ny-Alesund,
Svalbard, indicated that organic vapor condensation plays a large role in UFP formation (Kecorius et al.,
2019). Organic compounds were found to contribute to the growth of newly formed UFPs in the Canadian
Arctic, with a small contribution from sulfur-containing compounds (Tremblay et al., 2019). Willis et al.,
(2016) showed that growth of sub-20 nm particles to ~50 nm coincided with the presence of organics,
trimethylamine, and MSA in particles 80 nm and larger, suggesting the particles grew by condensation of
MSA and other lower-volatility organic species. Model results from Canadian Arctic observations using a
paired chemical transport-microphysics model indicate that ternary nucleation from H,SO4, ammonia
(NH3), and water, followed by condensation from marine biogenic species and biogenically derived sulfur
compounds, accounts for more than 90% of the simulated number concentration for particles larger than
20 nm (Croft et al., 2019). Other measurements performed in late-summer suggest that iodine (Allan et
al., 2015; Baccarini et al., 2020) and marine nanogels are responsible for some observed UFP formation
events (Dall’Osto et al., 2017; Karl et al., 2013; Leck et al., 2013; Leck & Bigg, 2010). Measurements
made during 11 particle formation events aboard the Swedish icebreaker Oden in August and September
of 2018 found that these events coincided with elevated levels of iodic acid (HIO3) and relatively low
levels of H,SO4 (Baccarini et al., 2020). Fragmentation of primary marine particles followed by the
condensation of low-volatility vapors have been proposed to explain numerous UFP formation events
observed in the high Arctic during late spring and summer (Karl et al., 2013; Lawler et al., 2021). Taken
together, these results suggest gas-phase ammonia, amines, organics, oxidized sulfur species, and
fragmentation of primary marine particles contribute to the formation and growth of UFPs in the late

spring and early summer in this region.



Winter and early spring measurements of UFP formation events and the composition of these
particles are largely missing. This is due in part to the dominant accumulation mode that biases bulk and
sub-micron measurements towards larger particles. Some insights into the mechanisms of UFP formation
can nonetheless be gained through such measurements. Analysis of sub-micron aerosol particle
composition during particle formation events in Tiksi, Siberia, made by aerosol mass spectrometry
(AMS) found that while summertime events were driven by oxidation of biogenic low-volatility gases,
early spring events are likely due to oxidation of anthropogenic precursors of Arctic Haze (Asmi et al.,
2016). Filter samples have shown submicron particles are largely composed of sea salt, non-sea-salt
sulfates (nss sulfate), and organic species (Kirpes et al., 2018, 2019; Patterson et al., 1967; Quinn et al.,
2002; Tomasi et al., 2012). Long-term measurements taken at Utqiagvik (formerly Barrow), Alaska are
consistent with other measurements indicating nss sulfate is a major component of submicron wintertime
aerosol, but the concentration decreased by ~60% between 1976 and 2008. Elemental analysis indicated
that while source regions remained the same over this time period, emissions decreased (Quinn et al.,
2009). Soot particle AMS (SP-AMS) measurements made in Greenland have linked UFP formation in
February through May to MSA and molecular iodine, suggesting contributions from both biotic and
abiotic sources (Dall’Osto, Geels, et al., 2018; Dalll'Osto, Simo, et al., 2018). Since most winter-time
measurements to date have been performed on bulk aerosol, Arctic UFP composition is still not
understood in the winter and early spring. More measurements are needed in order to understand the

mechanisms by which new particles form in this important region.

We seek to address this measurement gap by reporting indirect measurements of UFP
composition made during the Ocean — Atmosphere — Sea Ice — Snowpack (OASIS) Campaign in
Utqiagvik, Alaska during March 2009. A period from 27 — 31 March was determined to have winds from
the Arctic Ocean, with particle properties measured during this time representing background conditions.
Two separate nanoparticle growth events (12 — 14 March) were observed during the campaign, where
particles grew from 5 nm to ~ 20 nm in diameter. Because particle formation is one of the primary
contributors to CCN budgets in this sensitive region (Abbatt et al., 2019; Croft et al., 2016; Kecorius et
al., 2019), we focus on the growth events to investigate the species involved in new particle formation and
condensational growth. The background period is included in this work to assess the differences in
properties between the two populations. Size-resolved hygroscopicity and volatility measured during
these events were analyzed to hypothesize the species involved the growth of these newly formed

particles.

2 Methods



Measurements were made during the National Science Foundation (NSF) OASIS field campaign
in Utqgiagvik, Alaska from 5 March through 15 April 2009 by several research groups (NCAR, 2012).
Complementary measurements from National Oceanic and Atmospheric Administration (NOAA),
including the solar radiation measurements and calculations of air mass backward trajectories, the
National Snow and Ice Data Center (NSIDC), University of Wisconsin Space and Science Engineering
Center, and National Aeronautics and Space Administration (NASA) Global Modeling and Assimilation
Office were also used. All times are reported in Alaska Daylight Time (AKDT; UTC — 8 hours) and are

referred to as “local time” in this work.
2.1 Site description

Particle measurements were collected in a Quonset hut at the U.S. Navel Arctic Research
Laboratory (NARL) and trace gas and surface meteorology measurements were performed approx. 1 km
away in buildings located near the Barrow Arctic Research Center (BARC). Numerous measurements of
key trace gases and particle properties, as well as of meteorology, were made over the course of the

campaign; those pertinent during the time periods of interest are outlined below.
2.2 Air mass origin and station meteorology

Air mass backward trajectories were calculated to determine source influences for each of the
ultrafine particle events observed using the NOAA Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) transport model (Rolph et al., 2017; Stein et al., 2015). Backward trajectories of
72-hour duration were determined for air masses arriving 50 meters above ground level (AGL) at the
measurement site at the beginning and halfway through the UFP events (Event 1: 3/12/09 04:07 — 19:02
ADT; Event 2: 3/13/09 20:37 — 3/14/09 3:47 ADT) using the Global Data Assimilation System (GDAS)
1° meteorology. Satellite images from NASA Moderate Resolution Imaging Spectroradiometer
(MODIS)/Aqua Sea Ice Extent from the NSIDC (MYD29 Version 6,
https://nsidc.org/data/MYD29/versions/6) and Aqua corrected reflectance (true color) (MYD02QKM
Version 6, https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/61/MYD02QKM/) with temporal

resolution of 5 minutes and spatial resolution of 1 kilometer were provided by the Earth Observation
System Data Gateway and used to visually identify leads and areas of open water in the sea ice (Hall &
Riggs, 2015). Images were analyzed for 9 — 14 March, corresponding to the timespan of the HYSPLIT
back trajectories calculated for each UFP growth event observed. Visually identified leads were
confirmed using the algorithm developed by Hoffman et al. (2019), in which Aqua (DOI:
10.5067/MODIS/MYDO021KM.061) and Terra (DOI: 10.5067/MODIS/MODO021KM.061) satellite

MODIS data of brightness temperature are analyzed for cloud masks to identify lead pixels, which are



then confirmed using image processing to analyze shape characteristics. Daily Arctic Sea ice leads
identified through this algorithm are publicly available from University of Wisconsin Space and Science

Engineering Center (https://www.ssec.wisc.edu/leads/).

Sonic anemometers (Applied Technologies, Sonic Anemometer/Thermometer model SATI/3K)
were used to measure three-dimensional wind velocities at 10 Hz. Wind speed and direction were
obtained from vector-averaging the horizontal wind velocities over 1-minute intervals and are accurate to
+0.03 m s and + 0.1°, respectively. Wind direction data are color-coded based on area of origin relative
to the measurement sites to identify periods with likely local influences at the sites (labelled “Utqiagvik”,
110 - 180°; “local building”, 180 — 300°; and “local NNW”, 300 — 10°) and periods with minimal local
influence (labelled “clean”, 10 — 110°). Time periods with “calm” winds were those with minimal wind

(wind speed < 1 m s™).

Measurement of solar radiation were conducted at the NOAA Earth System Research Laboratory
(ESRL) Global Monitoring Division (GMD) Barrow Atmospheric Baseline Observatory (BRW), located
approximately 3.5 km northeast of NARL. We report 1-minute measurements of downwelling global
solar radiation (W m), performed with an unshaded Precision Spectral Pyranometer (Eppley). Data are

publicly available through the NOAA/GMD database (https://gml.noaa.gov/dv/data/).

Wind speeds over the open sea ice leads were estimated using reanalysis data obtained from
NASA’s Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2)
(Global Modeling and Assimilation Office (GMAO), 2015) for the time period 10 — 12 March. These data

have temporal resolution of 3 hours and spatial resolution of 0.5 ° x 0.625 °.
2.3 Particle physical, chemical, and radiative properties
2.3.1 Particle number size distributions

We note that ambient atmospheric temperatures during the measurement periods generally ranged
from -20 to -30 °C while the instruments described here maintained a temperature within the Quonset hut
of ~14 °C, likely leading to evaporation of some volatile particulate compounds. Particle number size
distributions for particles with electrical mobility diameter of 4 nm to 1 um were collected using a particle
size distribution system consisting of 3 instruments that measure with a 5-minute time resolution. A
nanometer scanning mobility particle sizer (nano-SMPS) comprised of a home-built bipolar neutralizer, a
TSI model 3085 Differential Mobility Analyzer (DMA), a home-built high voltage and flow control
system, and an Ultrafine Condensation Particle Counter (UCPC, TSI model 3025a), covered the particle
mobility range of 4 to 30 nm. A scanning mobility particle sizer (SMPS), identical to the nano-SMPS



except for the use of a TSI model 3081 DMA and a standard condensation particle counter (CPC, TSI
model 7620, modified to run at 1.2 Ipm aerosol flow rate), measured particles of diameter ~22 to ~225
nm. An optical particle counter (OPC, Lasair model 1003 PMS, Inc.) measured particle number-size
distributions over the diameter range of 0.1 to 1 um. Measured distributions were combined to create a
continuous size distribution. In most of the cases, we find good agreement (<10% difference) between the
nano-SMPS and SMPS in the overlapping diameters when the ambient size distribution was stable.
During less stable conditions, we observed larger differences in the overlap region that we attribute to the
2.5 min that separated the detection of the largest diameters of the nano-SMPS and the smallest diameters
of the SMPS. For this reason, we averaged the measured dN/dlogD,, in this overlap region. The OPC
measures optical diameter, which can vary significantly from the SMPS-measured mobility diameter due
to uncertainties in the refractive index. As discussed in Hand & Kreidenweis (2002), the optical diameter
for an OPC that is calibrated using polystyrene latex beads (refractive index of 1.59) is ~30% lower than
the physical diameter for 0.1 pm ammonium sulfate particles and decreases to 5% at 1 um. After
confirming that our OPC performed similarly to that used in the Hand and Kreidenweis study, we applied
the corrections they recommend to the optical diameter assuming that particles in this size range were
primarily ammonium sulfate, which has a refractive index (1.53) similar to that of NaCl (1.55). In most
cases this significantly improved overlap in this size range and resulted in reasonable agreement (<25%)
during periods when the ambient size distribution was stable. After this correction, we averaged the

measured dN/dlogD;, in the overlap region of the SMPS and OPC.

The average particle growth rate was calculated using these data following the method outlined in
Dal Maso et al. (2005), in which a linear regression was fitted to the log-normal number-weighted mode
particle diameter of the growth event versus time during the growth period. Gamma (I'; Section 3.3) was
calculated using this growth rate (Kuang et al., 2010). The particle size distribution data was also used to
estimate the condensation sink (CS) during particle growth events, using the method detailed in Kulmala
et al. (2001). Size distributions were corrected for the transmission efficiency of the inlet tubing using a
model predictions that assume laminar flow, the latter of which was confirmed by our inlet flow rate

measurements (Hinds, 1999).
2.3.2 Particle optical properties

Sub-2 um ambient particle absorption and scattering coefficients were measured simultaneously
at 781 nm using a photoacoustic soot spectrometer (PASS-1, Droplet Measurement Technologies using
the operational protocol described in Flowers et al. (2010). The PASS-1 measured aerosol particle
absorption coefficients (Babs) at 781 nm directly using the photoacoustic technique and scattering

coefficients (Bsca) With an integrating nephelometer. Noise was removed from collected data using a
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bandpass filter, with a band set between 0 and 12 M m! for scattering data, and 0 and 30 M m™! for the
absorption data. The instrument was zeroed every 40 minutes to eliminate systematic drifts and the
reported measurements were averaged in 150 second bins to enhance signal to noise. Particle single
scattering albedo (SSA) was calculated as follows:

ﬁsca

Bsca"’ Babs

SSA = (1)

Calculated values of SSA were used to determine the relative absorbing versus scattering properties of
larger aerosol particles (D, > 110 nm) during periods of interest, and to identify periods of local pollution
such as that provided by snow removal equipment that have low SSA due to absorbing soot emissions,

which would not have been identified from wind direction measurements.
2.3.3 Indirect measurements of particle chemical properties

A hygroscopicity tandem differential mobility analyzer (HTDMA) measured the hygroscopic
growth factor of size-selected particles at 90% relative humidity (RH). In this home-built instrument,
which is also described in detail elsewhere (Lance et al., 2013), particles were neutralized with a bipolar
neutralizer, dried to ~2% RH, and then size-selected by the first DMA (home-built, but identical in design
to TSI model 3081). Dry particle sizes studied had electrical mobility diameters (Dp(RHgr-y)) of 15, 35,
50, 75, and 110 nm. Size-selected particles then passed to the conditioning chamber, where they were
exposed to a controlled 90% RH generated by mixing humidified and dried air into the shell of multitube
Permapure Nafion humidifiers. The resulting size distribution was measured by a second, identical DMA
operated in stepping mode and a CPC (TSI model 3010). Sheath and excess flows in the DMAs were 5
Ipm with an aerosol flow of 0.6 Ipm. The instrument was maintained at a controlled temperature of 15 + 2
°C using a recirculating air bath, and RH was monitored throughout the instrument with humidity sensors,
which are accurate to £3 % in the ranges used in this work. The RH in the second DMA during the
periods of interest was relatively stable, averaging 89.7 = 0.9 % during the particle growth events and
93.6 + 2.1 % during the background period. Data was inverted using the TDMAinv algorithm developed
by Gysel et al., (2009), and corrected for variations in relative humidity in the second DMA using
methods outlined in Gysel et al. (2009) and Keith and Arons (1954). All corrected size distributions
during the periods discussed below consisted of a single mode, suggesting internally mixed aerosol
(Weingartner et al., 2001). These size distributions were fitted with a Gaussian curve and the peak of the
curve was used to represent the peak diameter of the humidified mode Dp(RHpymiq)- Hygroscopic
growth factor (HGF) was calculated using:

Dp(RHpumid)
HGF = ——= 2
Dp(RHgry) ( )



From measurements of HGF', we then estimate the volume fraction of representative particulate

compounds using the Zdanovskii-Stokes-Robinson (ZSR) relation:
HGEpeas = Xk EkHGFI?)l/g

where g is the volume fraction of pure component k in the particle and HGF is the growth factor of pure
component k (Malm & Kreidenweis, 1997; Stokes & Robinson, 1966). Volume fractions were
constrained by the composition inferred from the volatility measurements, similarly to Cravigan et al.,
(2020) and Modini et al., (2010), during both the background period and particle growth events, as well as
measurements of H>SO4 and resulting I calculations during both growth events, similar to the method

used by Giamarelou et al., (2016).

A volatility TDMA (VTDMA) measured the volatility of size-selected particles at different
temperatures. Ambient particles were neutralized and size-selected by the first DMA (TSI model 3081) at
mobility diameters of 15, 35, 75, and 110 nm. Particles then passed through a fast stepping/scanning
thermodenuder built by Aerodyne Research, Inc., and modeled after the system described by Huffman et
al. (2008). The thermodenuder was stepped at temperatures of Tp = 30, 40, 80, and 160 °C, and time was
allowed during each step for the temperature to stabilize before measurement. The sample flow
downstream of the thermodenuder was rapidly returned to room temperature using copper tubing and a
fan-based heat exchanger. Our choice of a heat exchanger in place of an activated carbon (AC) denuder is
based on prior studies that have shown that AC denuders are unnecessary for ambient conditions and may
in fact cause some particles to continue to evaporate (Park et al., 2013; Saleh et al., 2011). The final
particle number-size distribution was measured with the second DMA (TSI model 3081) and CPC (TSI
model 3010). Since particles were not re-neutralized before the second DMA, it’s possible that larger
particles with two or more charges could bias the results of the volatility distributions presented here
(Oxford et al., 2020). This effect is insignificant for 15 and 35 nm mobility-selected particles, since the
concentration of doubly charged particles is ~0% and <1% that of singly charged positive particles
(Wiedensohler, 1988). For 75 and 110 nm mobility-selected particles, this ratio is 9% and 17%,
respectively. Thus this effect, if it were to bias the data, may potentially apply to these samples at levels
that are suggested by the estimated charge fractions. The sample flow rate through the denuder was set to
0.6 LPM, which was determined to be optimal for this design by Wehner et al. (2002). Like the HTDMA,
sheath flows in the DMAs were 5 lpm with a particle flow of 0.6 [pm. Number-size distribution data was
inverted using the TDMAinv algorithm (Gysel et al., 2009). Data are reported at each temperature as the

volume fraction remaining, VFR, which is defined as:



Vr
V3o°c

VFR = 3)

where Vy is the integrated total particulate volume (assuming spherical particles) at temperature, 7. Since,
as mentioned previously, the temperature inside the Quonset hut was significantly lower than ambient air,
and because the Quonset hut temperature was poorly controlled, we chose to divide V5 by the integrated
volume of particles exposed to our lowest controlled temperature, 30 °C (V3qec), in our calculations of
VFR. Estimations of particle volume fraction made using the ZSR relation were constrained by VFR
calculations. Prior to analysis, some instrument noise was easily identified in data as repetitive modes

present throughout the sampling and calibration periods and was consequently removed.

Both the HTDMA and VTDMA were calibrated at the site, before and after the observation
period, using known particle standard aerosol that was aerosolized using a commercial acrosol generator
(TSI model 3076). The HTDMA system was calibrated with ammonium sulfate, where measured HGF
was found to be in good agreement with literature values (Biskos et al., 2006; Himeri et al., 2000; Sakurai
et al., 2005). Temperature in the thermodenuder was stable at each setpoint; all measurements reported
were collected at temperatures within 2.5 % of the setpoint temperature. The VIDMA performance was
assessed with sodium chloride and ammonium sulfate, and the data was consistent with prior volatility
studies (Burtscher et al., 2001; Jennings & O’Dowd, 1990). These experiments confirmed that both
instruments were operating properly and that no further adjustments to the data, other than those

described above, were needed.
2.4 Trace Gas Analysis

Gas-phase concentration measurements of H,SO4, OH, and MSA were obtained using a selected
ion chemical ionization mass spectrometer (SICIMS). Measurements were made using an inlet ~ 1.5 m
above the snow surface in a building located ~ 500 m east of the particle measurement location. Details of
this instrument have been previously reported in Tanner et al., (1997) and Mauldin et al., (1998). Data
were calibrated following procedures outlined in Eisele & Tanner, (1991, 1993. Briefly, OH is generated
from photolysis of a known amount of ozone using a well-characterized laser in a known mixture of water
and nitrogen, and then titrated with a known concentration of sulfur dioxide to generate H,SOs; the ratio
of bisulfate to nitrate ions is measured to calibrate the instrument signal. Data are presented as 30-second

averages.
3 Results and Discussion

3.1 Campaign overview

10



The foci of the OASIS campaign were on gas-phase exchanges between the ocean, atmosphere,
sea ice, and snowpack, the impact of these processes on oxidation capacity in the remote Arctic
atmosphere, and how they may change with a changing climate (NCAR, 2012). The measurement period
during late winter and early spring is chemically interesting because of the appearance of light at the end
of polar winter (Barrie, 1986). With increasing solar radiation during the course of this campaign,
photochemistry became progressively more important during the observation period (Fig. 1). Several
major findings from OASIS have thus far related to gas-phase photochemical halogen chemistry, with a
particular focus on bromine, including its efficacy in ozone (O3) depletion compared to chlorine
(Thompson et al., 2015) and its recycling process (Frie$3 et al., 2011; Liao et al., 2012). This work
presents the first analysis of the complementary particle-phase measurements made during this period.

Throughout the course of the campaign, there are two prominent features in the particle size
distribution measurements: sub-20 nm particles appear at the site at an initial diameter of 5 nm in bursts,
with no in situ nucleation observed at the site as evidenced by the lack of sub-5 nm diameter particles
(campaign average with 95 % confidence interval 1.4 + 0.2 cm™ in this size range); and a continuous

mode centered at 200 nm (Figure 1). Average particle number concentrations, reported with a 95 %
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Figure 1. Meteorological data and bulk particle properties during the entire OASIS observation period. Plotted
above are wind direction (color-coded to show relative direction of origin) and downwelling solar radiation. The
lower plot is the particle number size distribution (diameters 4 to 1000 nm) and single scattering albedo measured at
781 nm (light blue). The focus of this work is a background period (27 — 31 March) and two distinct ultrafine
particle growth events (12 — 14 March), which are boxed in blue.
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confidence interval, were generally lower when the wind direction was “clean” (1040 £ 90 cm™®)
compared to “local building” (2270 £ 360 cm™), “local NNW” (2900 £ 830 cm™), “Utqiagvik” (2700 £
358 cm), and “calm” (2950 + 600 cm™). Large variability in these average concentrations was observed
between all wind directions. Note that the campaign-averaged value of SSA for all wind directions is
~0.8, with decreases to values of ~0.5 during periods with “local building” and “local NNW” influence
(Figure 1). Shantz et al., (2014) reported values from 0.88 — 0.97 for SSA at 700 nm during flights made
in April 2008 above Fairbanks and Utqiagvik, Alaska using a similar instrument and particle size range,
which is consistent with prior Arctic measurements of SSA (Clarke et al., 1984; Delene & Ogren, 2002).
This indicates that local particle emissions are more highly absorbing than ambient Arctic particles in this
region, which has been observed in numerous Arctic sites during this time of year (Bodhaine et al., 1981;

Clarke et al., 1984; Patterson et al., 1967; Polissar et al., 2001; Tomasi et al., 2012).
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Figure 2. Particle properties measured during the background period, showing (a) H.SO4 concentration (red),
downwelling solar radiation (black); (b) particle size distribution for particle sizes between 4 and 1000 nm in
diameter, and single scattering albedo (light blue); and (c) measured particle growth factors for 35 nm (black,
dashed), 75 nm (gold), and 110 nm (green, dashed) particles. Also plotted are reference growth factors for sea
salt (light blue; Zieger et al., 2017), seawater proxy with organic material (gray hashed; Fuentes et al., 2011),
ammonium sulfate (red, 35 — 110 nm size selected; Hameri et al., 2000), and black carbon (black,
Weingartner et al., 1995).

We begin by reporting measurements made during a period (27 — 31 March) that we identified as
“clean”, based on wind direction, in order to explore regional Arctic UFP physicochemical properties and
address the lack of winter and spring observations. Figure 2 shows a summary of the data that include, to

the best of our knowledge, the first indirect chemical composition measurements of size-selected, sub-500
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nm atmospheric particles in the Utqiagvik area. While prior studies in this location have used light
extinction to draw conclusions about acrosol sources (Quinn et al., 2002; P. M. Shaw et al., 2010), the
measurements we present here provide a more detailed estimate of the fractional contribution of all
particle constituents. Bulk particle SSA was, on average, 0.861 + 0.055, indicating substantially more
light scattering than absorbing and thus internally mixed black carbon (BC) in this region (Chen et al.,
2014; Flowers et al., 2010; Liu et al., 2015), and showed relatively low variability, suggesting that local
emissions did not substantially bias our measurements during this period. Like the rest of the campaign,
sub-20 nm particle concentrations were very low, averaging 60 cm™, while the total number concentration
during the period averaged 380 cm™. In comparison to other Arctic measurements made in March, this is
lower than the concentration measured in Siberia (Asmi et al., 2016), but about twice as high as that
observed in Svalbard (Tunved et al., 2013) and Greenland (Nguyen et al., 2016). These differences in
particle concentration exemplify the variability in particle properties throughout different Arctic locations.

Figure 2¢ shows HGF measured at 90% RH

1.0 I A 35nm (42 meas.)
e 75 nm (55 meas.)

for 35, 75, and 110 nm size-selected ambient G
< 110 nm (58 meas.)

particles. Data for 15 nm particles are missing for

both HTDMA and VTDMA instruments due to the 4.8

extremely low concentrations of these particles. The

figure also includes published HGF data for x 067

laboratory-generated sea salt particles (D, = 50 nm) > Y

(Zieger et al., 2017), ammonium sulfate (Asmi et al., 047 {

2010; Hémeri et al., 2000; Sjogren et al., 2007), | L4iY

black carbon (Weingartner et al., 1995), and a il I

seawater proxy containing varying amounts of - o

organic material on the order of those measured in O 4'0 ' 6'0 ' 8'0 ' 150 1'20 1zlto 1250

surface waters in the Atlantic and Pacific Oceans Temperature (°C)

during algal blooms (D, = 40 nm) (Fuentes et al., Figure 3. Average volume fraction remaining at
40, 80, and 160 °C for 35, 75 and 110 nm size-

2011), the latter a phenomenon recently observed selected particles during the background period (27

— 31 March) with sigmoidal fits to data. The error

bars represent standard deviation and the number
Hancke et al., 2018; Randelhoff et al., 2020). For the of measurements at each size is shown in the

legend. Initial volume (VFR =1) is assumed to be
the volume at 30 °C.

during Arctic winter and spring (Assmy et al., 2017;

duration of the background period, ambient particles
were less hygroscopic than sea salt and seawater

proxy references, with average HGFs of 1.42 + 0.13 (D, =35 nm), 1.52 £0.11 (D, = 75 nm), and 1.49 +
0.12 (D, = 110 nm) measured. There is no evidence of size-dependence on HGF during this period since

the values and their respective standard deviations all lie within the same range.
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Figure 3 shows the VFR for ambient 35, 75 and 110 nm size-selected particles. Negligible particle
volume is lost at all sizes upon heating to 40 °C (3.52 + 0.011 %, 3.53 £ 0.20 % and 2.54 + 0.78 %,
respectively), which corresponds to the loss of higher-volatility compounds such as semivolatile organics
(Burtscher et al., 2001; Hakkinen et al., 2012; Kreidenweis et al., 1998). Volume loss at 80 °C, indicative
of evaporation of lower-volatility organic species (Burtscher et al., 2001; Hakkinen et al., 2012;
Kreidenweis et al., 1998) and certain higher volatility inorganic salts (Bergin et al., 1997), accounts for
80.8 £ 0.2% of the volume for sampled 35 nm particles, 84.3 = 0.2 % of the volume for sampled 75 nm
particles and 65.7 = 0.9 % of the volume for 110 nm sampled particles. Nearly all particle volume was
lost upon heating to 160 °C; at this temperature, 3.0 = 0.1 % of the total volume of 35 nm size-selected
particles, 2.9 £ 0.2 % of the total volume of 75 nm size-selected particles and 4.7 + 2.3 % of the total
volume of 110 nm size-selected particles remained. This likely is BC and may explain the average SSA
values measured during this time period, which indicate that BC is internally mixed in bulk aerosol.

Combining the results of the HGF and VFR analyses provides insights into the composition of
background UFPs. The high-volume loss of particles at 80 °C makes it unlikely that a significant fraction
of UFP volume consists of low-volatility inorganic salts. This is supported by the HGF analysis that
shows significantly lower hygroscopicity compared to sea salt and seawater proxy reference particles
(Figure 2c). The observed evaporation behavior is consistent with sulfate that is partially or fully
neutralized by a base such as ammonia, which is expected to fully evaporate at temperatures below
160 °C as confirmed by our calibrations as well as those performed by Huffman et al., (2008) using a
similar instrument. The measured HGF is slightly below than that of ammonium sulfate (Figure 2¢) with
the exception of a period of elevated gas phase H>SO4 on 29 March during which HGF increased slightly,
supporting a contribution of sulfate to UFP composition with the addition of a less hygroscopic material.
This leads us to hypothesize that UFPs also contain some fraction of lower hygroscopicity organics.
Organic compounds are routinely detected in marine aerosol (Cochran et al., 2017; O’Dowd et al., 2004;
Prather et al., 2013). A mixture of organics and sulfate is also consistent with the measured VFR data, as
loss of particulate volume over the size range of 40 — 160 °C is consistent not only with ammonium
sulfate but with oxidized organics (Huffman et al., 2009). Our measurements suggest that, while it may be
possible that primary organics contribute to background UFP composition, the observation that VFR is
nearly zero at 160 °C suggests minimal contribution from low-volatility primary marine organic species
(Frossard et al., 2014), and a small contribution from black carbon (Jennings et al., 1994). The measured
HGFs may be consistent with that measured for marine nanogels (Hawkins & Russell, 2010; Ovadnevaite
et al., 2011), the latter of which ranged from 1.2 to 1.3 at 90% RH. The behavior of aerosolized marine
nanogels has not been well-characterized, though several prior studies have suggested that volume

changes may occur in the temperature ranges studied here (Verdugo, 2012; Verdugo & Santschi, 2010).
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An estimate of the volume fractions of sulfate salt and organic species, using the HGF's of
ammonium sulfate (1.7) (Hameri et al., 2000) and atmospheric organic matter (1.2) (Gysel et al., 2004),
was performed using the average ambient HGF measured for each particle size reported above. Using the
ZSR method with these assumptions, we estimate that, on average, volume fractions of ammonium sulfate
(eas) and organic species (gorg) were 0.48 and 0.52 for 35 nm particles, 0.44 and 0.56 for 75 nm particles,
and 0.50 and 0.50 for 110 nm particles, respectively. Estimations of volume fraction using H,SO4 as a
third component (HGF = 1.9, €sa) were more consistent with the VFR measured for the larger particle
sizes; for 35 nm, eas = 0.10, €54 = 0.20, gorg = 0.70; for 75 nm, €as = 0.10, €54 = 0.23, gorc = 0.67; and
for 110 nm, gas = 0.10, gsa = 0.27, gorg = 0.63. These estimates support the hypothesis that partially
neutralized sulfate and organic species contribute mainly to the observed UFP volume under background

conditions.

3.3 Ultrafine particle growth events
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Figure 4. Photochemical and particle size distribution properties during ultrafine particle growth (a) Event 1
and (b) Event 2. Plotted are the gas-phase concentrations of H2SO4 (red, molecules cm™) and downwelling solar
radiation (black dashes, W m). Particle number size distributions for each growth event are shown with the
mode diameter during the growth period and its linear regression fit to determine growth rates are shown in
black.

In mid-March there were two distinct UFP growth events observed at the site occurring on
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consecutive days (Figure 4). Both occurred during a “clean” period and there was no evidence in SSA data (Event 1:
0.85 £ 0.08; Event 2: 0.86 + 0.03) to suggest any site-specific pollution impacting the particle properties measured.
Bulk particle SSA measured during both periods were very similar to both each other and the background period
average. Event 1 was first observed at the site at just after 4:00 local time on 12 March, with particles appearing at a
modal diameter of 11 nm. The modal diameter increased linearly over a 12-hour period to 21 nm, corresponding to a
growth rate 0.9 = 0.1 nm h™!. The CS for particles larger than those in the growing mode (D, > 30 nm) increased
from 4.8 x 1073 57 t0 5.6 x 1073 s”! over the duration of the growth, with an average of 5.1 x 10~ 5!, This event
coincided with solar radiation at the site and an average measured H,SO4 concentration of 3.7 x 10° molecules cm.
Event 2 was first observed at the site on 13 March at 20:40, with a measured modal diameter of 7 nm. Growth lasted
for ~4 hours and ended at 15 nm, with a measured modal growth rate of 2.1 + 0.1 nm h-!. This mode persisted after
midnight, but no longer displayed growth (growth rate reached zero), though a separate, larger growing mode
appeared. Growth was determined to end when the mode diameter remained constant for 1 hour, though we note that
the bursts of particles in both events persist for longer than the growth period. The CS during the growth period for
particles larger than 25 nm in diameter increased from 3.9 x 103 s to 7.5 x 1073, with an average 6.5 x 103 s!. The
event occurred at nighttime, thus solar radiation was minimal and the average concentration of H,SO4 was 3.0 x 10°
molecules cm™, which is close to the SICIMS lower limit of detection. CS measured during Event 1 is consistent
with previous measurements made just before particle growth events observed in March in Utqgiagvik (Kolesar et al.,
2017), while that for Event 2 is consistent with the larger values of CS measured during the summer in Ny-Alesund,
Svalbard (Giamarelou et al., 2016). We hypothesize that the observed growth in both events ended because of the
increases in CS for larger particles, meaning there was less condensable vapors to contribute to the growth of these
new particles (Kulmala et al., 2001), as well as likely air mass changes, as indicated by the changes in wind
direction corresponding to the end of the burst of particles (Fig. 1) (Kivekis et al., 2016). During both growth
events, the average ultrafine particle number concentrations were much larger (Event 1: 1200 cm™; Event 2: 2600
cm) than those measured during the other “clean” periods in the campaign (250 cm™), suggesting that these
growing particles are significant contributors to the ultrafine particle population during “clean” periods, which
accounted for ~35 % of the measurement period. A prior analysis of ultrafine particle growth rates observed at
the NOAA Research Station at Utqiagvik characterized these two growth events as “marine influenced”
along with possible influence from Prudhoe Bay (Kolesar et al., 2017). To provide additional insights into
the origins of these air masses, 72-hour HYSPLIT back trajectories were calculated for the period of each
event before their arrival at the measurement site and are overlaid over MODIS satellite images of the
region in Figure 5. There were no significant changes in the sea ice in this region over the time periods of
the back trajectories, so the satellite image shown, while from 11 March, is representative of the entire
modeling period (9 — 14 March). Two traces are shown for each event, with the starting point of the back
trajectory corresponding to the beginning and halfway time points of the events. The black boxes on

Figure 5 indicate areas of direct ocean-atmosphere interfaces in the sea ice, both in the form of open

leads, which are small regions of water between ice sheets that serve as direct interfaces between the
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ocean and atmosphere, and open ocean. Sea ice leads have been shown to contribute to sea spray and
seawater-like particles in the atmosphere (May et al., 2016; Nilsson et al., 2001). The back trajectories for
the air masses associated with both events originate in the same region of the Arctic Ocean, however there
are differences in their geographic paths and altitudes. The air masses associated with Event 1 did not
pass over the leads offshore of Prince Patrick Island (Northwest Territories, Canada) and spent more time
aloft, at ~350 m above ground level (AGL) which is near the top of the estimated boundary layer during
this time (Boylan et al., 2014), reaching surface level 24 hours before the start of the observed event. The
air masses impacting Event 2 passed over open leads off Prince Patrick Island and are much closer to the
surface (not exceeding 150 m AGL over the 72 hours), opening up the possibility that the source of the
species responsible for nucleation and/or growth came from these leads. Given the chemical complexity
of the marine upper boundary layer compared to near the surface (Zheng et al., 2021), the species
involved in particle growth are likely to be different for these two events. A prior study in the remote
marine atmosphere observed higher sulfuric acid in the free troposphere compared to the boundary layer
(Clarke et al., 1998). That study attributed higher sulfuric acid aloft to cloud-pumping of precursor
compounds, lower scavenging aloft due to low particle concentrations, and cloud-induced enhancements

of actinic flux and associated OH production.

Reanalysis data was used to estimate wind speeds at the open leads to assess the potential role of
primary sea spray in forming the initial seeds for condensational growth (Global Modeling and
Assimilation Office (GMAO), 2015). When wind speeds exceed 4 m s™! over open water, breaking waves
tend to produce sea spray aerosol (May et al., 2016; Nilsson et al., 2001). This phenomenon has been
previously observed at Utqiagvik in the winter in sub-500 nm particles (Kirpes et al., 2018, 2019). While
the air masses for Event 2 were passing over the open leads, wind speeds ranged from 4.0 — 5.5 m s™! over
the open leads, averaging a speed of 4.8 m s™!. Such speeds would be sufficient to produce sea spray

aerosol, supporting the hypothesis that they were initial seeds for condensational growth during Event 2.
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Figure 5. Air mass back trajectory analysis for each growth event. (a) HYSPLIT 72-hour back trajectories for
each event plotted with corrected-reflectance MODIS satellite images from March 11, with one trajectory at the
beginning of each event and one halfway through growth. Triangles mark 12-hour time points. The blue region
in the upper-left corner is an imaging artefact and does not represent open ocean. Black boxes highlight regions

with sea ice leads. (b) Average altitudes above ground level (AGL) of the two trajectories calculated for each
event.

Using the SICIMS measurements, we estimated the contribution to the measured growth rate at
the measurement site from condensation of H,SO4 using the equation provided in Kuang et al. (2010) for

I', the fraction of growth that can be attributed to H>SO4 condensation:

— ZGRmeas (4)
v1[H250,4]¢1
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where GR s is the measured growth rate (nm h™'), [H.SO4] is the average number concentration of
H>SO4 measured onsite during the event (molecules cm™), v; is the volume of a hydrated H.SO4 molecule
(1.7 x 102 ¢m?), and ¢; is the mean thermal speed of the condensing H»SO4 monomer (nm hr!). From the
I calculations, the results of which are summarized in Table 1, we estimate that H,SO4 condensation
accounted for 22% of volumetric growth during Event 1 (I' = 4.5 + 1.5) and did not contribute
substantially to Event 2 (I' = 139.2 + 4.2). The I analysis assumes that the concentration of H2SO4
measured during each event represents that which sustained growth during the entire period of growth. It
thus assumes that the air mass is exposed to a constant supply of condensing H>»SO,4 and overlooks the role
of inhomogeneities during growth (Kivekés et al., 2016). Nonetheless, the distinct differences in growth
rates and apparent influence from H.SO4 on observed particle growth are evidence of fundamental
differences in the species and circumstances responsible for the observed events. The SSA measured for
bulk aerosol during these events were very similar, suggesting the differences in these events were not

impacting larger particle radiative properties.

Table 1. Ultrafine particle growth rates and H,SO4 contribution to growth (I')

Event T (°C) GRpeas (nm h?) r [H2SO4] (cm™)
1 (12 March) -26.4 0.9+0.1 45+15 3.7x10°
2 (13 — 14 March)  -27.6 2.1+0.1 139.2+42 3.0x10°

To further investigate the composition of the particles in each growth event, we next consider the
indirect measurements of UFP composition. Figure 6 shows 15 and 35 nm diameter HGF data for the two
events. An instrument malfunction resulted in missing 15 nm data during Event 1; that issue was resolved
midway through Event 2 but as a result we were only able to obtain one reliable measurement of 15 nm
HGF during that event. Based on the size distribution measurements shown in Figure 4, we postulate that
35 nm particle composition represents both background particles as well as those associated with the
growth events. While the condensing species are likely similar for both particle populations, prior studies
suggest a higher salt content in larger particles compared to smaller ones if these events began as primary
marine aerosol (Prather et al., 2013). Figure 6a shows both the average HGF’ distributions measured
during the growth events and the Gaussian fit to each distribution. The sampled particles in both growth
events were highly hygroscopic. The HGF for 35 nm diameter particles measured during Event 1 was
2.10 £0.12. HGFs of 15 nm and 35 nm diameter particles during Event 2 were 1.65 and 1.94 + 0.08,
respectively. Measured HGF's of 35 nm particles are significantly higher than those measured during the
background period (Figure 2¢), even compared to the period during 29 March when [H,SO4] was

similarly high. This difference is evidence of a compositional difference between the particles generated
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Figure 6. (a) Measured HGF's at 90% RH for 15 and 35 nm size-selected particles during each event (15 nm
data missing for Event 1). Markers are the averaged size distributions measured during each event. The error
bars represent standard deviation and the number of measurements at each size is shown in the legend. Solid
lines are Gaussian fits of the data. Distributions were normalized prior to plotting to facilitate comparison. (b)
Time evolution of Event 1 HGF. The Event 2 HGF distribution did not change during the growth period.

in these two formation events and the background ultrafine particles at the site, and we hypothesize that

the former was highly influenced by primary marine particle production whereas the latter is more
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Figure 7. Volume fraction remaining at 40, 80, and 160 °C for 15 and 35 nm size-selected particles during (a)
Event 1 and (b) Event 2. The error bars represent standard deviation and the number of measurements at each
size is shown in the legend. Initial volume was assumed to be the volume at 30 °C.

representative of aged sulfate and organics as discussed above. The 35 nm HGFs measured for both
events are smaller than those previously reported for 50 nm mobility-selected sea salt particles (HGF =
2.2) (Zieger et al., 2017) but fall in the range of nebulized 40 nm sea water proxy with concentrations of
organic material representative of biological activity (HGF = 1.9 — 2.3, see Figure 2¢) (Fuentes et al.,
2011) and are larger than that of 35 nm ammonium sulfate (HGF = 1.65) (Hémeri et al., 2000). Figure 6b
shows that, during Event 1, 35 nm particle HGF slowly decreased from 2.20 to 1.95. Within
measurement uncertainty, the HGF at the end of Event 1 corresponds to the average HGF measured
during Event 2 (1.94 £ 0.08), the latter of which remained relatively constant throughout its shorter 4-
hour period of growth. The HGF’ distribution of 15 nm particles sampled during Event 2 is narrower than
those of 35 nm particles, which indicates that 15 nm particles were compositionally more homogeneous
compared to 35 nm particles. The peak HGF for 15 nm particles, 1.65, is lower than that measured for 35
nm particles, in part due to the Kelvin effect but also likely because of the relatively smaller contribution

of primary marine particle seeds to overall particle composition.

Figure 7 shows volatility measurements of 15 and 35 nm mobility-selected particles collected
during the events. We note first that the VFR data are very similar for both particle sizes measured in
Event 1, whereas Event 2 shows more substantial differences between the two sizes. One possible
explanation for this can be seen in Figure 4, in which the size distribution of Event 1 (Figure 4a) appears
to have a single mode and relatively low concentration of particles larger than 30 nm. In contrast, Event 2

(Figure 4b) occurs with overall higher concentrations of particles larger than 30 nm in diameter.
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Considering the exceptionally high measured HGF measured during both events, it is likely that the
differences in VFR during Event 2 arise from differences in the relative contributions of primary marine
aerosol. In Event 1, 15 nm UFP volume is almost completely lost at 160 °C whereas, in Event 2, 15 nm
particles appear to be somewhat less volatile. While generally it is true that background particles show
similar volatility at 160 °C (see Figure 3), there is a notable difference in size-dependence of the VFR data
from these events compared to that of the background period. For the latter, heating to 80 °C resulted in
19.2 £ 0.2 % VFR for 35 nm particles, whereas during Event 1, VFRs of 71 + 4 % were measured for 15
nm and 72.57 = 0.01 % 35 nm diameter particles. Event 2 showed a similar behavior, with VFR of 61 +3
% for 15 nm particles and 82 + 1 % for 35 nm particles. Thus, compared to background particles, those
associated with these UFP formation events were significantly less volatile at 80 °C. We attribute this
difference in VFR at 80 °C to the relative contributions of organics and a low-volatility salt, which in the
case of the former is reported as ~40 % for laboratory-generated a-pinene SOA (Huffman et al., 2009)
and for the latter as ~100 % for ammonium sulfate and sodium chloride (Huffman et al., 2008; Villani et
al., 2007).

To summarize the observations of the two UFP growth events, both events display qualities of
regional new particle formation events, specifically sustained and continuous growth that persisted for
several hours. This suggests that particles formed over a large region and then were advected over the
measurement site, with the first particles detected corresponding to the least aged and the last ones the
most aged. Both events are characterized by higher HGF's than can be achieved by sulfate salts, and from
this we conclude that particles contained significant amounts of highly hygroscopic salts. These salts
typically have lower volatility than ammoniated sulfate. The high HGF measured are consistent with sea
salt consisting of NaCl and other trace elements, which is expected to be non-volatile at 160 °C (Mendes
et al., 2016; Villani et al., 2007). The non-volatile nature of NaCl was confirmed for 15 nm particles in
laboratory tests with our thermodenuder. Our measurements of 15 and 35 nm VFR at 80 °C are consistent
with published values for 25 nm VFR of marine nanoparticles sampled in Antarctica (Asmi et al., 2010)
and observations of 50 nm diameter particle volatility the Arctic and Pacific Oceans (Kim et al., 2015).
They are also consistent with reported 30-40 nm particle volatility performed in the North Atlantic (Quinn
et al., 2019) and coastal California (Bates et al., 2012), although those observations were performed at
higher temperatures (230 °C). Our observations of the importance of a component more hygroscopic than
ammonium sulfate in nanoparticle composition is inconsistent with the main conclusions of a study of
nanoparticle volatility performed at Svalbard by Giamarelou, et al. (2016), who concluded that
ammoniated sulfates dominated 12 nm particle compositon. That study, which did not have supporting
hygroscopicity measurements nor direct measurements of sulfuric acid, based its conclusion on the

observation that ambient particles completely volatilized at 230 °C. The results for Event 2 are consistent
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with a comprehensive study by Clarke et al., (2006), which concluded that marine UFPs contained a non-
volatile core with as much as 90 % by volume of a component that completely volatilized at 300 °C. We
hypothesize that the newly formed UFPs observed in this study are comprised of a mixture of volatile
organic species and a salt with hygroscopicity similar to sea salt or NaCl, but that largely volatilizes by
160 °C. We are not aware of any aerosol component that has this property but hope that future
observations can shed light on this intriguing property of newly formed particles in this region.

Our estimates of volume fraction based on the measured HGFs during these events are separated
into the composition of 15 nm particles during Event 2, which minimizes potential biases from
background particles and is therefore more representative of the species responsible for this event, and
that of 35 nm particles during both events, which we hypothesize as being influenced by larger seed
particles and higher levels of background particles. For the analysis of 35 nm particle composition, we
consider a mixture of sea salt (HGF = 2.2), sulfuric acid (HGF = 1.9), and oxidized organic (HGF = 1.2).
We acknowledge that our volatility observations may rule out sea salt but this is the only component that
we are aware of that could be responsible for the high HGFs observed in this study and so we apply it to
this analysis with the caveat that this component has this HGF but cannot be pure NaCl. Our I analysis
(see Table 1) suggests that sulfuric acid may contribute to 22% of particulate volume during Event 1, and
we use this information to constrain the contribution by sulfuric acid to composition during that event.
For the analysis of 15 nm particle composition during Event 2, we use the following HGF's from prior
studies: sea salt (HGF = 2.0) (Zieger et al., 2017) and oxidized organic (HGF = 1.1) (Virkkula et al.,
1999). Table 2 summarizes the results of the analysis of these HGF measurements by the ZSR method.
During both Events 1 and 2, 35 nm diameter particles contained significant amounts of the very
hygroscopic “sea salt", with an estimated volume fraction (ess) of 0.74. The balance of composition is
predominantly sulfuric acid for Event 1 (esa = 0.22), and oxidized organic for Event 2 (gorg = 0.26).
Oxidized organics contributed a small amount to 35 nm particle composition in Event 1 (eorg = 0.04).
Even though these results are based on measured HGF, they are qualitatively in agreement with the
measurements of volatility if it were true that the oxidized organics were of low volatility. This possibility
is also suggested in the study of Arctic aerosol volatility by Giamarelou et al. (2016). Finally, the
significant contribution of “sea salt” to 35 nm particle composition in both events agrees qualitatively
with the analyses of the size distribution, back trajectories and wind data, all of which point to the
likelihood that marine emissions were responsible for the initiation of these events. As for the 15 nm
diameter particles most associated with the UFP growth event, our analysis suggests that this event may
have also begun with the formation of primary hygroscopic sea salt-like particles, and then subsequently
grew from the condensation of organic compounds. As mentioned previously, Event 2 was first observed

at the site with a measured modal diameter of 7 nm, so while this qualitatively agrees with the HGF'
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measurements that suggest a sea salt-like core, the HGF measurements suggest a much higher volume
fraction. The high values of HGF measured during both events indicates their potential to act as CCN
(Petters & Kreidenweis, 2007), thus contributing to the radiative budget in this region. Previous work has
attributed CCN in the Arctic spring to haze (Jung et al., 2018), though these results highlight the need for
further study of newly-formed ultrafine particles in the Arctic during this time of year to further

investigate the properties contributing to CCN formation and the resulting radiative forcing effects.

Table 2. Estimates of the volume fraction of representative compound classes during UFP formation
events, based on analysis of HGF data using the ZSR mixing rule. €ss: volume fraction of hygroscopic sea

salt, esa: volume fraction of sulfuric acid, eorg: volume fraction of organic compounds.

Dp
Event €ss €sA €0RG
(nm)
1 (12 March) 35 0.74 0.22 0.04
15 0.63 0 0.37
2 (13 — 14 March)
35 0.74 0 0.26

4 Conclusion

In this manuscript, we report indirect composition measurements of ultrafine particles in
Utqiagvik, Alaska, observed during late winter and early spring (5 March — 14 April 2009). Our estimates
of size-resolved particle composition combine measurements of particle hygroscopicity and volatility
with those of gas-phase sulfuric acid. During “background” periods with minimal local anthropogenic
influence, ultrafine particles in this region were characterized by low concentrations, averaging 380 cm™,
especially sub-20 nm diameter particles, which had an average number concentration of 60 cm™. Under
these conditions, particles exhibited moderate hygroscopic growth that suggests a mixed organic-
inorganic composition. Volatility measurements support this observation, with less than 20% VFR
measured for sub-100 nm particles. We estimated the volume fractions of representative compounds using
the ZSR method and found that ammoniated sulfate (~30% by volume) and low-hygroscopicity oxidized
organics (~70% by volume) could account for the measured hygroscopicity of 35 nm particles. Gas-phase
H,SO4 generally trends with solar radiation but did not follow a regular diurnal pattern in this campaign.
We also analyzed two ultrafine particle growth events wherein the properties of the particles differed
greatly from those measured during the background period. Both growth events produced highly
hygroscopic particles, but the differences in the average measured hygroscopic growth factors (Event 1:
2.1; Event 2: 1.9), as well as growth rates and H.SO4 contributions to growth, suggest differences in their

chemical composition. HYSPLIT back trajectories and MODIS satellite imagery suggest that Event 1 was
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likely influenced by upper marine boundary layer processes, while Event 2 passed over open leads in the
lower boundary layer. Both hygroscopicity and volatility data show that particles in both growth events
contain a significant volume fraction of high hygroscopicity, low volatility species and support a role for
primary marine emissions similar to sea salt as the initial seed for these events. The preponderance of
evidence suggests that Event 1 particles were composed of mixtures of sea salt-like species and sulfuric
acid, whereas Event 2 particles contained similar levels of salt but the balance of the composition was
oxidized organics. This sea salt-like species, which is highly hygroscopic but more volatile than NaCl, is
not known and illustrates the necessity of further measurements in this region. This study illuminates the
importance of a multi-pronged approach to indirect measurements of ultrafine particle composition and
illustrates the variability that exists between background aerosol and newly formed aerosol. It also
highlights the potentially important role of low-volatility, high-hygroscopicity primary marine species
like sea salt as initiators of ultrafine particle production in the Arctic late-winter, which can significantly
impact CCN concentrations and thus climate, in this sensitive region. Prior measurements of CCN during
this tune of year have focused primarily on Arctic Haze, though new particle formation and growth of
primary ultrafine particles may be an important source of CCN. Additional measurements of nanoparticle
growth events during this time of year should be performed to better elucidate the processes driving

particle production in this important region.
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