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Abstract. A fundamental understanding of the processes that
control Antarctic aerosols is necessary in determining the
aerosol impacts on climate-relevant processes from Antarc-
tic ice cores to clouds. The first in situ observational online
composition measurements by an aerosol mass spectrom-
eter (AMS) of Antarctic aerosols were only recently per-
formed during the Two-Season Ozone Depletion and Inter-
action with Aerosols Campaign (2ODIAC). 2ODIAC was
deployed to sea ice on the Ross Sea near McMurdo Sta-
tion over two field seasons: austral spring–summer 2014 and
winter–spring 2015. The results presented here focus on the
overall trends in aerosol composition primarily as functions
of air masses and local meteorological conditions. The re-
sults suggest that the impact of long-range air mass back tra-
jectories on either the absolute or relative concentrations of
the aerosol constituents measured by (and inferred from) an
AMS at a coastal location is small relative to the impact of lo-
cal meteorology. However, when the data are parsed by wind
speed, two observations become clear. First, a critical wind
speed is required to loft snow from the surface, which, in
turn, increases particle counts in all measured size bins. Sec-
ond, elevated wind speeds showed increased aerosol chlo-
ride and sodium. Further inspection of the AMS data shows
that the increased chloride concentrations have more of a
“fast-vaporizing” nature than chloride measured at low wind
speed. Also presented are the Cl : Na ratios of snow samples
and aerosol filter samples, as measured by ion chromatogra-

phy, as well as non-chloride aerosol constituents measured
by the AMS. Additionally, submicron aerosol iodine and
bromine concentrations as functions of wind speed are also
presented. The results presented here suggest that aerosol
composition in coastal Antarctica is a strong function of wind
speed and that the mechanisms determining aerosol compo-
sition are likely linked to blowing snow.

1 Introduction

Despite the logistical difficulties in performing atmospheric
fieldwork in Antarctica, measurements of tropospheric
aerosols over and around the continent have been con-
ducted for nearly half a century. Direct, online measure-
ments by Voskresenskii (1968) and Warburton (Warburton,
1973; Hogan, 1975) were the first studies to demonstrate,
over multiple sites on the continent, that total number con-
centrations of Antarctic aerosols appear to be highly depen-
dent on air mass origins (marine vs. continental). In conjunc-
tion with these early online concentration measurements, of-
fline aerosol measurements were being simultaneously con-
ducted at various points along coastal and inland Antarc-
tica. These offline measurements, conducted primarily with
impactors and X-ray diffraction measurements, suggested
that the Antarctic aerosol population was primarily between
200 nm and 2 µm and largely, by mass, composed of sea salts
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and sulfates in various forms (Cadle et al., 1968; Fischer
et al., 1969). Cadle et al. (1968) postulated that the source
of Antarctic sulfate originated in the stratosphere, though it
has been recently shown that sulfates over the continent are
most likely not stratospheric in origin and are due to emis-
sions of Southern Ocean biota and an unknown source inside
the continent (Legrand and Wagenbach, 1998; Giordano et
al., 2017). After these early studies, longer-term campaigns
at the continuously occupied McMurdo and South Pole sta-
tions determined both number concentrations and composi-
tion of aerosols in continental Antarctica (e.g., Gladney et
al., 1972; Duce et al., 1973; Ondov et al., 1973). These long-
term projects confirmed that sea salt and sulfates dominate
the chemical composition of Antarctic aerosols, with total
PM mass generally always below 5 µg m−3. Aerosol num-
ber concentrations were generally consistent with the few
previous studies, despite the fact that contamination of sam-
ples from local point sources was (and continues to be) a
source of uncertainty on the continent (e.g., Gladney et al.,
1972; Rosman et al., 1994). These early Antarctic aerosol
studies, though limited by instrument sensitivities and detec-
tion limits, provided the preliminary observational data sets
on aerosol concentration and composition which have guided
much of the research since.

After about 1975, Antarctic tropospheric aerosol research
shifted from primarily exploratory studies towards focused
investigations of aerosol transport, sources, and sinks over
the continent. This paradigm shift was likely brought about
due to increased focus on Antarctic atmospheric science and
the development of increasingly sensitive aerosol instrumen-
tation (Shaw, 1988). The early aerosol number concentra-
tion measurements were expanded on greatly in this time pe-
riod due to this burgeoning interest in aerosol sources and
transport. One of the most important findings was the dis-
covery that nucleation mode (dp < 100 nm) concentrations,
both at the pole and along the coast, exhibit strong season-
ality in terms of concentrations (e.g., Hogan and Barnard,
1978; Ito, 1982, 1985; Jaenicke and Stingl, 1984; Gras and
Andriaansen, 1985; Shaw, 1986; Parungo et al., 1989). This
seasonality of nucleation particles has been observed con-
sistently since continuous concentration records have been
kept on the continent (e.g., Rankin and Wolff, 2003). Most
of this seasonality has since been linked to oceanic dimethyl
sulfide (DMS) emissions as Southern Ocean phytoplankton
activity cycles between a minimum in the austral winter to
a maximum in the summer (e.g., Shaw, 1979; Wagenbach
et al., 1988; Preunkert et al., 2007; Giordano et al., 2017).
In addition to the seasonality of nucleation mode particles,
the interest in Antarctic aerosol sources contributed to the
determination of the chemical composition of aerosols of
all sizes. Similar to previous measurements, sulfate and sea
salt particle types were found to dominate the total aerosol
number population. In terms of aerosol size, sulfates are
predominantly found in the nucleation and accumulation
modes, whereas sea salt particles dominate the coarse-mode

and accumulation-mode mass (e.g., Wagenbach et al., 1988;
Parungo et al., 1981; Wouters et al., 1990; Rankin and Wolff,
2003). Though there is a suggestion of multiple size modes
for reported aerosol components, most measurements have
reported unimodal size distributions (dating back to, e.g., Ito,
1985). This unimodality – and the fact that aerosol from the
interior of the continent contains sulfates, black carbon, and
crustal materials – has been taken to indicate that long-range
transport is a major factor in aerosol physical and chemical
properties over the continent (e.g., Maenhaut et al., 1979;
Hansen et al., 1988; Ito, 1989). Ammonium and various ni-
trogenated compounds have also been identified as minor
components of Antarctic aerosols and have been linked to
various Antarctic fauna (Legrand et al., 1998).

The modern era of Antarctic aerosol science has focused
on bringing to bear instrumentation of ever-increasing sen-
sitivities and resolution to examine the impact of sea, air,
snow, and ice on tropospheric aerosol. The range of ques-
tions that have been examined is broad. An array of subjects
including the deposition of aerosols to snow (Wolff et al.,
1998), the extent of the impact of oceanic sulfur to Antarc-
tic aerosols (Prospero et al., 1991; Minikin et al., 1998; Wa-
genbach et al., 1998a), the depletion of ions from sea-salt-
derived aerosols (Jourdain and Legrand, 2002; Jourdain et
al., 2008), and the presence of trace marine elements (Li,
K, Mg, Ca, Sr) in coastal Antarctic aerosols (Weller et al.,
2008) have all been examined. Though this era has seen new
instrumentation brought to the continent to study Antarctic
aerosols, online high-resolution aerosol composition mea-
surements have still yet to be taken. The closest measure-
ments come from ship- or island-based measurements in the
Southern Ocean that used aerosol mass spectrometers (Zorn
et al., 2008; Schmale et al., 2013) as well as the deploy-
ment of an ambient ion monitor–ion chromatography (AIM-
IC) system during the OPALE campaign (Preunkert et al.,
2012). The ability to measure aerosol composition online
and at high time resolution allows for questions regarding
transient phenomena to be investigated. Answering questions
such as the sources and impact of wind speed on Antarctic
aerosols is necessary to further our understanding of back-
ground aerosol processes and therefore our ability to confi-
dently reconstruct paleoclimate records from ice cores. This
gap in the science was the primary driving force behind the
Two-Season Ozone Depletion and Interaction with Aerosols
Campaign (2ODIAC), which took place over two field sea-
sons in 2014 and 2015 on the sea ice near McMurdo Station.
The deployment of an aerosol mass spectrometer, and an ac-
companying suite of gas-phase and aerosol size and num-
ber instruments, has shown that aerosol-phase sodium and
chloride are enhanced during blowing snow/high-wind-speed
events and that air mass back trajectories have little impact on
the overall aerosol composition as measured at a coastal site.

Halogen-containing aerosols in the Antarctic are con-
nected to the depletion of near-surface tropospheric ozone,
a greenhouse gas (Kalnajs et al., 2013), and may also con-
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tribute to new particle formation (Sipilä et al., 2016). Nu-
merous remote-sensing measurements of halogen oxides in
the boundary layer (Saiz-Lopez et al., 2007; Simpson et al.,
2015; Prados-Roman et al., 2018) show active bromine and
iodine chemistry in the Antarctic troposphere. Chemical ion-
ization mass spectrometry measurements of Br2, BrCl, and
BrO confirmed the coupling of bromine and chlorine chem-
istry in the springtime Antarctic troposphere (Buys et al.,
2013). Reactions with non-methane hydrocarbons (e.g., Ra-
macher et al., 1999), elemental mercury (Ariya et al., 2004;
Saiz-Lopez et al., 2008), and DMS (von Glasow et al., 2004;
Read et al., 2008) can all have large impacts on tropospheric
composition over the poles. Additionally, some work has also
been done examining iodine oxides’ role in forming ultrafine
aerosols (O’Dowd et al., 1998; McFiggans et al., 2004; Saun-
ders and Plane, 2005; Sipilä et al., 2016). Despite significant
progress in our understanding of atmospheric halogen gases,
a lack of observational data capturing the interactions be-
tween gas-phase halogens, aerosols, and snow persists, lim-
iting our understanding of these multiphase processes.

Over remote and maritime regions, meteorology and wind
speed in particular have long been known to play a major
role in both aerosol generation and controlling aerosol prop-
erties. Properties including aerosol composition, size distri-
bution, and optical properties are modified through the loft-
ing of crustal materials and wave-driven sea salt aerosol pro-
duction (e.g., Monahan, 1968; O’Dowd and Smith, 1993;
Smirnov et al., 2003; Kandler et al., 2009; Gantt et al., 2011).
How Antarctic aerosols (and potentially cryospheric aerosols
in general) are impacted by meteorology is not well under-
stood. Some studies in Antarctica have hypothesized that
elevated wind speeds can cause sea salt concentration dif-
ferences through unknown mechanisms, but previous low-
temporal-resolution measurements (or other instrument lim-
itations) diminish the ability of such studies to draw defini-
tive conclusions (e.g., Wagenbach et al., 1998a; Hara et al.,
2004). Proposed mechanisms for enhanced sea salt aerosol
concentrations include sublimating saline snow hydromete-
ors, which is hypothesized to produce sea salt aerosol at
an order-of-magnitude-higher production rate than over open
ocean (Yang et al., 2008). This “blowing snow” mechanism
has been implemented in global models, and various im-
plementations have seen varying success in simulating sea
salt concentrations (Levine et al., 2014; Huang and Jaeglé,
2017; Rhodes et al., 2017). However, there is the lack of ex-
perimental studies investigating the proposed mechanism of
sea salt aerosol production from blowing snow and the ex-
perimentally measured aerosol production rates. The results
presented here, which vary in temporal resolution from low
(days) to very high (minutes), suggest that coastal Antarctic
aerosol composition cannot be explained without taking local
meteorology (e.g., wind speed and direction) into account.
Though the results presented here do not identify specific
mechanisms, they strongly suggest that blowing snow may
drive the composition dependence and aerosol enhancement

observed as a function of wind speed, and further studies
are necessary to investigate both production rates and mech-
anisms.

2 Methods

2.1 Measurement periods and field sites

The 2ODIAC campaign set up measurement locations on
coastal Antarctica near, but outside the influence of, Mc-
Murdo Station. Field site locations, including maps, for both
periods of measurements are presented in detail in Giordano
et al. (2017).

One of the main goals of the 2ODIAC campaign was to
characterize the composition of Antarctic aerosols and track
changes in composition as a function of seasonal changes in
daylight (i.e., the transition from perpetual darkness to twi-
light to perpetual daylight as the austral winter transitions
to spring and summer). To accomplish this goal, the cam-
paign was composed of two periods of intensive measure-
ments: the first from the late austral spring to midsummer
(28 October–3 December) of 2014 and the second from late
austral winter to early spring of 2015 (8 September–12 Oc-
tober). The 2014 spring–summer campaign period began
measurements shortly after 24 h daylight days commenced
(24 October 2014). The 2015 winter–spring campaign began
measurements shortly after the Antarctic sunrise and contin-
ued as full daylight hours increased from approximately 9 h
of twilight per day to 17 h of sun per day. Figure S1 in the
Supplement visualizes the hours of daylight and solar angle
at noon measured at the field site for both field seasons.

2.2 Instrumentation

The instrumentation deployed during the 2ODIAC seasons
can be broken into two primary categories: gas-phase in-
struments and aerosol-phase instruments. Both the gas- and
aerosol-phase instruments were housed and operated in the
instrumentation hut. The gas-phase instrumentation suite –
an ozone monitor (Thermo Environmental model 49C) and
a NOx monitor (Thermo Environmental model 42C) in both
field seasons – was operated on separate Teflon® inlet lines
that were mounted 1 m above the instrumentation hut. The
aerosol-phase instrumentation suite was comprised of both
online and offline instruments to measure a wide range of
aerosol properties. In both field seasons aerosol composition
was measured by a Soot Particle Aerosol Mass Spectrome-
ter (SP-AMS; Aerodyne Research Inc., Billerica, MA, USA;
Onasch et al., 2012). The SP-AMS consists of an Aerodyne
High-Resolution Time-of-Flight Aerosol Mass Spectrometer
(HR-ToF-AMS; DeCarlo et al., 2006) combined with a soot-
vaporizing laser (from Droplet Measurement Tech., Boul-
der, CO, USA), though the soot laser was not used during
2ODIAC. Transmission efficiencies for different instruments
vary, but generally particles between 60 and 600 nm vacuum
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aerodynamic diameter are transmitted with unit efficiency,
with the fraction of transmitted particle decreasing for larger
sizes (Liu et al., 2007). Only particle bulk composition is dis-
cussed here due to the lower signal-to-noise ratio associated
with particle sizing. Total particle number concentration was
also measured in both field seasons by a water-based con-
densation particle counter (7 nm–3 µm; 3783 Environmental
Particle Counter; EPC, TSI). Aerosol size distribution mea-
surements were accomplished through two different suites
of instruments, one used in 2014 and the other in 2015, due
to instrument availability issues, but both field seasons char-
acterized aerosol size and number distributions over similar
ranges. In 2014, aerosol sizing was performed by an Ultra-
High Sensitivity Aerosol Spectrometer (∼ 55–1000 nm; UH-
SAS, Droplet Meas. Tech.) and a scanning electrical mobility
spectrometer (∼ 9–850 nm; SEMS, Brechtel Man. Inc.). In
2015, aerosol sizing was performed by a scanning mobility
particle sizer (∼ 10–420 nm; SMPS, TSI, 3080/3081 SMPS
and 3787 CPC) and an optical particle counter (0.3–25 µm;
OPC, Lighthouse Remote 3104). In addition to the online
instruments, Teflon® aerosol filters were also collected dur-
ing both field seasons. The filters were collected for ap-
proximately 24 h each with a sample rate of 15 L min−1. In
both field seasons, the aerosol instruments sampled off of a
stainless-steel manifold connected to a stainless-steel sam-
pling inlet that went through the roof of the instrumentation
hut. The inlet system was kept at sub-turbulent Reynolds’
numbers to insure minimal loss of particles to the inlet walls.
The inlet was shielded to prevent direct sampling of wind-
blown snow and was heated to 30◦ (as measured at the por-
tion of the inlet inside the fish hut) to prevent riming. The
inlet heating resulted in sampling dry aerosol (confirmed by
a series of tests in the field). Gas–particle partitioning due to
the heated inlet is possible but could not be measured with
available instrumentation and is assumed to be negligible for
the major species of interest measured by the AMS. No cy-
clone was used, but the inlet cover geometry prevented large
particles/droplets/snow from being sampled. Using a particle
loss calculator and the geometry of the aerosol inlet (von der
Weiden et al., 2009), the overall transmission efficiency of
the inlet was calculated to be > 95 % for particles < 1 µm,
50 % at 5 µm, and 0 % for particles > 9 µm. In addition to
inlet losses, the standard AMS lens transmission shows re-
duced transmission of particles larger than ∼ 600 nm in vac-
uum aerodynamic diameter (Liu et al., 2007).

In both field seasons, consistent daily and weekly routines
of instrument verification and calibration were followed. The
daily routine consisted of a 1 h period of a HEPA filter being
applied to the aerosol inlet, at different times during the day.
The 1 h period provided a check that all aerosol counters read
zero counts and the inlet system was not leaking, allowed
for the AMS to calculate a background signal, and provided
time to ensure that various instrument performance metrics
(e.g., laser voltages) were not indicating systemic problems.
Aerosol filters were also switched during this time period.

Once per week in-depth calibrations were performed. In the
AMS, ionization efficiency calibrations were conducted with
ammonium nitrate (selected at 350 nm mobility diameter)
and particle time-of-flight (PToF) size calibrations were con-
ducted with polystyrene latex nanobeads (60, 100, 300, 600,
and 800 nm). Both AMS parameters across both field sea-
sons varied by less than 10 %. For the particle counters (EPC,
CPCs, UHSAS), ammonium nitrate was atomized into the
SMPS or SEMS, and the output of the particle counters com-
pared against each other. Weekly zero checks were also con-
ducted for the gas-phase instrumentation suite.

A co-located weather station (Davis Vantage Pro2) was
used to record meteorological data for both field seasons, and
an anemometer (rated 0–200 km h−1), a temperature and rel-
ative humidity probe (0.5 ◦C and 1 % accuracy, respectively),
and solar radiation sensors (spectral response: 400–1100 nm;
1 W m−2 resolution; ±5 % accuracy at full scale) made up
the sensor suite that was mounted 2.5 m above ice level, 50 m
NE of the sampling hut. Additionally, in 2015, a laser dis-
drometer (Parsivel 2, OTT Hydromet) was installed on the
roof of the instrumentation hut. Due to the issues with non-
vertical precipitation, the disdrometer does not provide a re-
liable precipitation size or speed record but instead provides
a way to determine if and when blowing snow was present.

A collection system for wind-blown snow was also set up
10 m away from the meteorology sampling site. The collec-
tion system was set on the snow/ice surface and included four
collection vials with a wind break to induce stagnation in
the air stream: two set up to capture the northwesterly blown
snow and two to capture the southeasterly blown snow. The
snow samples were collected when there was adequate snow
in 50 mL polyethylene plastic centrifuge tubes for future ion
chromatography analysis. During high-wind-speed periods,
adequate collection generally occurred every 24–48 h. Dur-
ing low-wind-speed periods, collection took much longer (4–
7 days) due to a combination of lower airborne snow loading
and increased sublimation of captured snow.

2.3 Quantifying species of varying speeds of thermal
desorption in the AMS

The AMS is generally considered a quantitative instrument
for non-refractory, submicron (40 nm–1 µm vacuum aerody-
namic diameter) aerosol components such as sulfates, ni-
trates, organic species, and ammonium (e.g., Canagaratna
et al., 2007, and references therein). For refractory aerosols
such as crustal aerosols, however, the AMS is not able to va-
porize the components of the aerosol and consequently has
no ability to measure these species. Some chemical species
are semi-refractory, such that they vaporize slowly from the
tungsten heater in the AMS ionization region. The concen-
tration of these species can be inferred from changes in the
background signal in the AMS (e.g., Salcedo et al., 2010).
A full explanation and discussion about the operating prin-
ciples of the AMS is outside the scope of this paper, but
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the reader is referred to Jayne at al. (2000) and DeCarlo et
al. (2006) for more details. In simplistic terms though, an
aerosol particle enters the AMS and is vaporized on a heater.
The heater is generally set at 600 ◦C because that temper-
ature has been identified as a balance between particle va-
porization of a majority of aerosol components and minimiz-
ing fragmentation of aerosol components. The resulting va-
por is then ionized, with resulting ions measured by a high-
resolution time-of-flight mass spectrometer. The measured
mass spectra also contain signal from the instrument back-
ground and atmospheric gases. To subtract, the background
mass spectra are also recorded when the aerosols are blocked
from the vaporizer (and therefore the ionizer and spectrome-
ter). When aerosols pass through to the vaporizer, the AMS
is operating in “open” mode. When aerosols are blocked, the
AMS is operating in “closed” mode. The AMS is generally
run with multiple open–closed cycles being averaged into
one mass spectrum. An implicit assumption of this operating
scheme is that aerosol-phase components vaporize quickly –
i.e., aerosol-phase components desorb from the heater on a
timescale much faster than the length of the closed operating
mode. This assumption generally holds true for most organic,
nitrate, sulfate, and ammonium aerosol species but does not
hold for substances with high temperatures of vaporization
such as salts and soot. Though many salt species do partially
vaporize in open mode, these species are termed “slowly va-
porizing” because they continue to vaporize off the heater
in the closed mode. This continuing vaporization results in
an elevated subtraction from the open mode and therefore an
underreporting of concentrations. In non-coastal and anthro-
pogenically dominated aerosol mass populations, this effect
is generally negligible for species such as Cl for the aerosol
size range measured by the AMS (Drewnick et al., 2015).
However, where sea salts dominate the aerosol mass, such
as in Antarctica, this effect cannot be ignored (Allan et al.,
2004).

One way to correct for the slow vaporization of certain
species is to determine the loss of mass of a semi-refractory
species from the vaporizer as a function of time. By deter-
mining this loss rate, the total initial aerosol mass can be cal-
culated from a straightforward mass balance approach using
the measured signal in the background of the AMS. Salcedo
et al. (2010) used such a mass balance approach to calculate
the decay constant for slowly vaporizing lead in the AMS.
The model employed by Salcedo et al. (2010) assumes an in-
coming mass flux of a slowly vaporizing species which im-
pacts the vaporizer, sticks to it, and then desorbs at a rate
proportional to the amount on the vaporizer at any given
time. This assumption results in an explicit ordinary differ-
ential equation. The same method has been adopted for chlo-
ride (measured in the AMS, Chl) and sodium (measured in
the AMS, NaAMS) in the analysis presented here. The first
step in the process of calculating slowly vaporizing species
in the AMS is to determine the mass loading on the vapor-
izer. Salcedo et al. (2010), measuring lead, and Drewnick et

al. (2015), measuring chloride salts, went about this process
by performing controlled experiments in laboratory settings
by atomizing solutions of known composition into the AMS.
Atomizing a known solution is useful because it allows for
precise control over the timing of slowly vaporizing aerosol
into the AMS. We also have performed laboratory atomiza-
tion tests, but because exact instrumental conditions are dif-
ferent from the field, we chose to use fortuitous field data to
calculate Chl decay rates. In this case, a sudden and abrupt
wind speed change which ended a period of elevated Chl
(and total aerosol mass) is used to determine the decay rate
of chloride on the AMS vaporizer.

We discuss the procedure applied for Chl here, but the
analogous method with a different exponential decay con-
stant was determined independently for NaAMS. Figure 1
shows how the wind speed changes affect the closed sig-
nal of Chl in the AMS. Previous to the wind speed change,
incoming chloride concentrations as measured by the AMS
were “high”; i.e., Chl was building up on the vaporizer,
which is seen in the elevated closed signal. After the wind
speed drops, incoming Chl concentrations fall and the chlo-
ride built up on the vaporizer begins to burn off. This de-
cay of the closed-signal Chl can then be fit using an expo-
nential decay model as described in Salcedo et al. (2010).
The τ of the exponential decay model determined from this
method is 40 min−1 (see Fig. S2). An e-folding time of
40 min demonstrates why the daily 1 h filter periods for as-
sessing AMS backgrounds (Sect. 2.1) are not sufficient for
calculating a Chl decay rate. The results in this paper may
therefore be slightly under- or overestimated in terms of ab-
solute concentrations aerosol of Na and Cl. Figure 1 also
shows the reconstructed “total” signal from the measured
(open–closed) and closed-signal Chl. The total signal shows
the sudden drop in Chl concentrations that would be ex-
pected with the wind shift dropping total aerosol mass. In
this paper, this corrected total signal is used only in deter-
mining the “true” amount of slowly vaporizing chloride, i.e.,
m/z 35 and 37 (35Cl+ and 37Cl+). This correction method is
not applied to fast-vaporizing chloride–tungsten–oxide com-
plexes discussed later in this paper for the reasons discussed
in Drewnick et al. (2015).

In the analysis presented here, a relative ionization effi-
ciency (relative to nitrate, RIENO3 ) of 1.3 is used for Chl.
Laboratory tests indicate that the relative ionization effi-
ciency of NaAMS in the Drexel AMS is 1.59 with respect to
Chl, at least when measuring NaCl. Drewnick et al. (2015)
suggests that RIE values for semi-refractory species may be
heavily dependent on what complexes are measured by the
AMS (e.g., NaCl vs. Na2SO4× 10H2O). Here this effect is
ignored because of the inability to know a priori all of the
complexes of chloride and sodium that may occur in the data.
Therefore, the overall concentrations presented here may not
be quantitative. However, qualitative comparisons in the data
sets are still valid, especially in the forms presented here.
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Figure 1. Measured difference (pink) and closed (black) chloride
signal in AMS shown during a transition from high to low wind
speed (grey). The decay of the closed signal is used to calculate the
modeled ambient concentration (blue).

2.4 Filter and snow analysis

During the 2ODIAC campaign, aerosol filters and snow sam-
ples were collected to provide long-integration-time counter-
points to the AMS and other gas- and aerosol-phase instru-
mentation suite. After a filter or snow sample was collected,
the samples were stored in a −20◦ freezer at the Albert P.
Crary Science and Engineering Center in Antarctica. At the
conclusion of each campaign, samples were shipped frozen
to Drexel University. All the samples were later sent frozen
to the University of Michigan for analysis. Before analysis,
the Teflon® aerosol filters were cut in half. One half was son-
icated in nanopure water for 60 min, and the other half stored
for future studies. The sonicated filter extract was then trans-
ferred to a sample syringe for IC analysis. The snow samples
received no additional preparation apart from thawing and
transferring to a sample syringe for IC analysis.

A Dionex ICS-1100 and ICS-2100 ion chromatographs
were used to analyze the following inorganic ions in solution:
Na+, NH+4 , Ca2+, Mg2+, K+, Cl−, NO−2 , SO2−

4 , Br−, and
NO−3 (limits of detection (LOD): 2, 0.2, 0.2, 0.1, 0.04, 0.9,
0.3, 0.3, 0.09, and 0.3 µM, respectively). For analysis of snow
samples the ICS-1100 and ICS-2100 were each equipped
with a 200 µL sample injection loop. For filter extract analy-
sis the ICS-1100 and ICS-2100 were equipped with Ultralow
Pressure Trace Concentrator Columns for Reagent-Free IC
(ICS-1100: IonPac TCC-ULP1 RFIC, 5× 23 mm, Dionex;
ICS-2100: IonPac UTAC-ULP1 RFIC, 5× 23 mm, Dionex),
and exactly 1 mL was injected for each run. For all runs the
ICS-1100 and ICS-2100 were each equipped with a guard
column (ICS-1100: AG18 RFIC, 4× 50 mm, IonPac; ICS-
2100: UTAC-ULP1 RFIC, 5× 23 mm, Dionex), analytical
column (ICS-1100: CS12A-5 µm, RFIC; ICS-2100: AS18
RFIC, 4× 50 mm, IonPac), a suppressor (ICS-110: CERS-
4 mm 500 RFIC, ICS-2100: AERS500 4 mm, Dionex), and

a heated conductivity cell (DS6; Dionex). Methanesulfonic
acid (MSA, 20 mM) was used as eluent for the cation col-
umn, and the KOH gradient generated by an EGC III KOH
system was used as eluent for the anion column. All samples
were run in triplicate and were injected into the ICs through
0.22 µm PVDF filters.

3 Results and discussion

A strong correlation was observed between the local wind
speed and aerosol size, number, and composition. The
snow and 24 h integrated filter results are presented first in
Sect. 3.1. Section 3.2 then examines the air mass back trajec-
tories and local wind speeds of both field seasons to provide
context for Sect. 3.3, 3.4, and 3.5: aerosol number distribu-
tion changes in terms of air mass back trajectories and wind
speed, the AMS results analyzed in terms of air mass back
trajectories, and the AMS results analyzed in terms of wind
speed. Section 3.6 provides an examination of the chloride-
to-sodium ratios measured by the AMS as a function of wind
speed and direction. Section 3.7 presents a case study on
aerosol iodine and bromine concentrations to examine halo-
gens other than chloride in the aerosol phase. The first five
subsections point to blowing snow being a major determi-
nant of aerosol composition over coastal Antarctica, while
the last subsection examines the overall halogen cycle over
Antarctica.

In this paper, three notations are presented for chemical
identities and correspond either to the instrument used for
quantification or to their presence regardless of molecular
structure. (1) For any ion measured with the IC system, ionic
charge is noted (e.g., Cl−, Na+). (2) For compounds mea-
sured with the AMS, notation in the text follows AMS stan-
dard notation (e.g., Chl for chloride, SO4 for sulfate, NO3
for nitrate), with the exception of sodium measured by the
AMS (NaAMS) and corrected through the process described
in Sect. 2.3.3). For general and/or hypothetical discussions
about concentrations without implication to measurement or
molecular compounding, elements are referred to simply by
their periodic table notation or written out (e.g., chloride, Cl,
sodium, Na).

3.1 Integrated aerosol filter and snow measurements

Though the 2ODIAC campaign was focused on the first ever
deployment of an AMS to Antarctica, examining the aerosol
filter and blowing snow data first provides insight into the
supermicron aerosol and blowing snow that were not mea-
sured by the AMS. The filters captured both submicron and
supermicron particles, but the mass and ion loadings mea-
sured on the filters are expected to be dominated by the latter.
Since the AMS does not measure particles over 1 µm (vac-
uum aerodynamic) diameter, direct comparisons between the
filter samples and AMS are not possible, but the filters and
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snow samples do provide information about the relative im-
portance of sulfate and other chemical species in the super-
micron aerosols. Since both the filters and snow samples have
a relatively low temporal resolution (24 h minimum) relative
to the variability in wind speed and direction, on average, it
should be noted here that filter concentrations were typically
higher in the 2015 campaign when wind speeds were consis-
tently high.

The results presented here show two main points: one, that
2ODIAC measurements are consistent with previous studies’
results regarding seasonal differences in overall composition
and ion ratios but, two, that some of the proposed mecha-
nisms by which those seasonal differences arise are not sup-
ported by the observations from the 2ODIAC data and air
mass back-trajectory analysis.

3.1.1 Filter samples

Na+ and Cl− originating from ocean sources have long been
known to make up the majority of the Antarctic aerosol mass
(e.g., Wagenbach et al., 1998a; Rankin and Wolff, 2003).
Both the filters and snow samples from 2ODIAC indicate that
aerosol likely to be of oceanic origin also made up the ma-
jority (> 80 %) of the aerosol mass measured during the two
seasons on the sea ice. Given the body of previous measure-
ments on the continent (e.g., Rankin and Wolff, 2003) and the
field site’s location on annual sea ice (16 and 8 km from the
ice edge for the 2014 and 2015 field seasons, respectively),
this is not unanticipated. Figure 2 presents Cl− vs. Na+ re-
sults from the filters taken during both austral spring (2015)
and summer (2014). Figure 2 shows that during springtime
measured Cl− : Na+ ratios are at or slightly enhanced above
seawater ion ratios, while during the summer Cl− : Na+ is at
or below seawater ratios. It should be noted that the measured
summer levels are frequently below the LOD (0.944 µM Cl−

or 2.353 µM Na+), or higher in the blank filters used for cor-
rections than the sampled filters, so this is not conclusive.
Additionally, the total Cl and Na mass is generally 10 times
higher in spring than in summer. The increased spring mass
(as compared to the summer mass) and the overall mass
concentrations are consistent with the literature, though it
is well recognized that site-specific variables (e.g., topogra-
phy) play major roles in overall sea salt aerosol mass (e.g.,
Hall and Wolff, 1998; Wagenbach et al., 1998a; Rankin et al.,
2000; Jourdain and Legrand, 2002; Rankin and Wolff, 2003;
Hara et al., 2004). In previous studies, the cause of this anti-
correlation between sea salt aerosol concentration and dis-
tance to open-water area was not clear. Virkkula et al. (2006)
noted chloride losses (relative to Na+) linked with increas-
ing air mass residence time over continental Antarctica. Hall
and Wolff (1998) observed that increased sea salt concentra-
tions in the winter at Halley Research Station were linked
to moderate (3–8 m s−1) wind speeds. Hall and Wolff (1998)
hypothesized that moderate wind speeds open up polynyas
in the sea ice which then quickly freeze and create a concen-
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Figure 2. Cl− : Na+ ratio of filter samples with standard deviation
from 2014 spring–summer field season (gold) and 2015 winter–
spring field season (blue), as well as the nominal seawater Cl− :
Na+ ratio (red dotted line).

trated brine layer on top of newly formed ice. This brine layer
then, with the possible aide of mirabilite (Na2SO4×10H2O)
and frost flower formation, aerosolizes and increases down-
wind aerosol sea salt concentrations. Recent measurements,
however, have suggested that frost flowers do not aerosolize
(Yang et al., 2017). The frost flower hypothesis also does
not hold for the results presented here because, while the
Cl− : Na+ ratios are increased in the spring measurements,
the ratios are not indicative of mirabilite sodium depletion.
Other work has suggested that blizzard and strong wind con-
ditions (more common in winter than summer) may cause
significant long-range transport of sea salt aerosols (Hara
et al., 2004). This hypothesis is more consistent with the
2ODIAC observations, but it is still unclear as to what the ex-
act mechanism would be, especially from continentally dom-
inated air masses.

In addition to the seasonal differences observed for over-
all sea salt aerosol mass, seasonal differences in sea salt
aerosol fractionation are also well documented. The spring-
time observations of enhanced Cl concentrations relative
to Na, again while not at the level expected for mirabilite
depletion, are consistent with previous observations (Jour-
dain and Legrand, 2002; Rankin and Wolff, 2003). How-
ever, it is unclear if the differences in the Cl− : Na+ ratios
measured during 2ODIAC are due to Cl− or Na+ gains or
losses. The previous studies examining the Na/Cl fraction-
ation have attributed these seasonal sodium depletions (or
chloride enhancements) to frost flower formation (which pro-
motes mirabilite formation) in the winter and early spring
(Jourdain and Legrand, 2002; Rankin and Wolff, 2003; Hara
et al., 2004; Kaleschke et al., 2004). However, as mentioned
earlier, air masses in the spring passed predominantly over
the continent (Sect. 3.2) and should therefore not have expe-
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rienced a high degree of exposure to frost flowers. In con-
trast to the springtime chloride enhancement, the summer
chloride depletion (sodium enhancement) has much better
supported mechanisms to explain the sea salt fractionation
in the aerosol phase. Multiple studies have suggested that
Cl− liberation from aerosol to the gas phase is assisted by
reactive nitrogen oxides (primarily HNO3, N2O5, and NO3;
e.g., Finlayson-Pitts, 2003, and references therein), H2SO4
(Mouri et al., 1999), and organic acids (Laskin et al., 2012).
In both field seasons, there are nitrates and sulfate in the fil-
ter measurements, but neither appear to correlate with Na+

or Cl− concentrations. Many of the proposed and measured
reactions preferentially liberate Br− before Cl−, which is
consistent with the lack of observed Br− in either the filters
or the AMS data (not shown). Additionally, since many of
the proposed reactions are photochemical in nature, the el-
evated occurrence of Cl− liberation in austral summer over
spring would be expected (see Fig. S1). Unfortunately, mea-
surements of gas-phase HCl were not available to confirm
this mechanism. Beyond the differences in the seasonal over-
all and relative concentrations of Na+ and Cl−, no dis-
cernible patterns emerge when the data are analyzed on other
timescales. Analysis of the filters on intra-seasonal (day-
by-day) timescales do not present any correlations, unlike
aerosol-phase SO4 (see Giordano et al., 2017).

In addition to the Na+ and Cl− IC analysis of the fil-
ters, other relevant sea salt cations and anions were also ana-
lyzed including Br−, NO−2 , NO−3 , SO2−

4 , Ca+, K+, Mg+, and
NH+4 . The results for these other ions fall broadly in line with
the Na+ and Cl− results with respect to overall concentra-
tions; that is, for all measured ions the spring concentrations
are higher than the summer concentrations. Just as with Na+

and Cl−, examining the overall ratios of the other measured
cations and anions to each other can yield insight into poten-
tial processing differences between the seasons. One of the
reasons that calculating non-sea-salt-contributed ions is dif-
ficult in Antarctica is that almost none of the sea salt ions
are truly conservative because of the ability to form frac-
tionated salts at near- or below-freezing temperatures (e.g.,
ikaite, gypsum; see Hara et al., 2012, and references therein).
This non-conservation yields aerosols that may be sea-salt-
derived but are not within sea salt ionic ratios as discussed
above with regards to mirabilite formation. Because of the
importance of sea salt particles in heterogeneous reactions
with reactive halogens, it is important to quantify what, if
any, precipitation is occurring (Simpson et al., 2007). With
regards to the Mg+/Na+, Ca+/Na+, and K+/Na+ ratios,
no fractionation was evident in either field season. This is
not in agreement with results from Eom et al. (2016), who
measured higher inorganic salt concentrations in summer
aerosols by Raman microspectrometry and attenuated to-
tal reflection Fourier transform infrared imaging techniques.
However, this result is slightly complicated by the fact that it
is unclear if the Na+/Cl− ratios are off due to Cl− depletion
or Na+ depletion, but the fact that the cation ratios are all ap-

proximately equal to the ratios of seawater may suggest that
the enhancements/depletions are due primarily to Cl− and
not Na+. However, if there is not preferential Cl− depletion,
then the rate of Na+ depletion would have to equal the rates
of depletion of the other cations in the aerosol phase. This
seems unlikely, but more work is needed to completely rule
out the possibility.

The other anions were often below detection limits or not
above the levels of blank filters. This is not unexpected due
to the lower concentrations and multiple heterogenous and
homogeneous reaction pathways available to aerosol-phase
ions such as Br−, NO−x , and SO2−

4 . One notable result, how-
ever, is the SO−4 enhancement, relative to Cl−, measured in
the summer filters. The springtime Cl−/SO2−

4 ratio is er-
ratic, falling on both sides of the seawater ionic ratio. The
summer filters, however, consistently exhibit SO2−

4 enhance-
ment. This agrees well with previous measurements and the
well-documented summertime sulfate increase over Antarc-
tica that originates from biogenic activity in the Southern
Ocean (see Giordano et al., 2017, and references therein).

3.1.2 Snow samples

The snow samples (which consisted of blowing snow at
ground level) show very different ion ratio patterns compared
to the aerosol filters. Unfortunately, snow samples only exist
from the spring 2015 field season, so inter-seasonal conclu-
sions cannot be drawn. Additionally, the time integrations of
the snow samples are generally longer than those of the fil-
ters. In contrast with the springtime aerosol filters, which are
either slightly Cl− enhanced or within 20 % of the seawater
ionic ratio, the springtime snow samples are either slightly
Cl− depleted or within 20 % of the seawater ionic ratio (see
Fig. S3). The total concentrations of ions in the snow sam-
ples, however, were 2 orders of magnitude higher than the
total concentrations in the filters. The slight, but statistically
significant, Cl− depletion in the snow samples is not evi-
dence in and of itself that there is Cl− liberation from the
snow to the aerosol phase. The loss of Cl− from the snow-
pack observed in early spring during 2ODIAC may be due to
liberation to either the aerosol or gas phase as suggested by
previous studies (e.g., Jourdain and Legrand, 2002). Unfor-
tunately, the current data set is unable to prove or disprove
such a hypothesis. The ratios of the other measurable ions
– Mg+ : Na+, Br− : Cl−, and SO2−

4 : Na+ – all fall within
±20 % of seawater. It should be noted that the conditions re-
quired for bromine activation (enhanced Br− and acidic pH
for snow meltwater; Pratt et al., 2013) were not present in
any of the snow samples from 2ODIAC. The lack of bro-
mide depletion, coupled with the Cl− depletion of the snow
samples, is substantially different from what is typically ob-
served in the Arctic springtime. It is also interesting to note
that the snow and filter samples are generally anti-correlated.
When snow SO2−

4 concentrations are at their highest, fil-
ter SO2−

4 concentrations are at their lowest. Decoupling the
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snow and aerosol SO2−
4 concentrations, however, is difficult

due to the role MSA and aged, transported sulfate plays in
the total sulfate budget for Antarctic aerosols (Giordano et
al., 2017). Unfortunately, because snow samples were only
available during one of the two field seasons, they should not
be used to draw conclusions about the role snow plays in the
seasonal differences in the composition of Antarctic aerosols.
However, the measured Cl− depletion does suggest that het-
erogeneous chemistry of HCl (and potentially HNO3) may
be occurring at the snow–atmosphere boundary.

3.2 Air mass back trajectories and wind speed analyses

Figure 3 shows the histogram and cumulative probability
plots for wind speed and direction for the 2014 and 2015 field
seasons. As briefly mentioned in Giordano et al. (2017), both
field seasons differ in terms of both their wind direction and
wind speed distributions, but both field seasons are consistent
with historical records of winter–spring and spring–summer
winds near Ross Island (Seefeldt et al., 2003). The winter–
spring 2015 field season is dominated by winds coming out
of the ESE (80 % of the total record), usually at “high”
wind speeds (60 % of the record above 8 m s−1). The spring–
summer 2014 field season, by contrast, is dominated by lower
wind speeds (80 % of the total record below 8 m s−1), with
the direction distribution being 60 % and 40 % out of the ESE
and NW, respectively.

For the purposes of this paper, the local wind field at the
2ODIAC site is categorized into six wind regimes. The bi-
modal direction distribution creates two categories, which
are further broken into “low”, “medium”, and “high” wind
speeds using 0–1.99, 2–7.99, and 8+m s−1 bins, respec-
tively. The threshold of the high-wind-speed bin was cho-
sen because of both the literature and observations support-
ing 8 m s−1 as the point at which ground-based snow be-
comes lofted off the ground (Li and Pomeroy, 1997). The
lower-speed bins are broken into two categories to explore
any differences that arise between calm or still wind condi-
tions when strong stratification in the boundary layer would
be expected and light to moderate breeze conditions which
would reduce this stratification. The effects of local wind
conditions on Antarctic aerosol composition and total mass
are discussed below.

The local wind conditions are necessary to discuss how
Antarctic aerosols respond to effects such as blowing snow,
but back-trajectory analysis on the air masses measured dur-
ing 2ODIAC is necessary to provide context for potential
aerosol sources. Back-trajectory analysis was performed us-
ing NOAA’s HYSPLIT (HYbrid Single-Particle Lagrangian
Integrated Trajectory) tool using the GDAS 0.5◦× 0.5◦ me-
teorology data set at multiple altitude initializations (2 m,
20 m, 50 m, 100 m, 200 m, 500 m, and 1 km a.g.l.; Draxler
and Rolph, 2015). Trajectories were initialized for 7 days at
3 h time steps for the entire duration of both field seasons.

The trajectories of the 2 m a.g.l. air masses fall into three gen-
eral categories:

1. continental: air masses that travel solely over the conti-
nent to the measurement location;

2. marine: air masses originating or predominantly travel-
ing over the Southern Ocean (and sea ice);

3. mixed: air masses that travel predominantly over the
continent to the measurement location but also travel
over Southern Ocean open water and/or sea ice close to
the measurement site.

An example of each of the three categories is shown in
Fig. S4. Three-hour initializations yieldN = 296 and 288 to-
tal back trajectories (37 and 36 days, respectively, at 3 h in-
tervals for each release height) for the austral summer (2014)
and spring (2015) field seasons, respectively. For the fol-
lowing analyses, these total trajectory numbers are assumed
to be large enough to constitute a statistically random sam-
pling of all of the air masses measured during 2ODIAC. It
should be noted that the 0.5◦× 0.5◦ grid in the data set does
not adequately capture the effects of local orography on air
masses. Additionally, the 2 m a.g.l. altitude initialization for
HYSPLIT may not be highly accurate in this data set. How-
ever, there are few differences in the 2 and 50 m initializa-
tions aside from vertical trajectories the air parcels follow, so
the 2 m initializations are used to reflect the station sampling
height. The categories presented here should therefore be
read as a generalized representation of the air mass paths, as
many of the air masses would have had some degree of travel
over sea ice (therefore including some open-water polynyas)
to the measurement location. Over the course of both field
seasons, the majority of the initialized back trajectories are
classified as predominantly continental (category 1; 60 % in
summer 2014, 80 % in spring 2015). Predominantly marine
and mixed air masses (category 2 and 3, respectively; both
20 % in 2014, 10 % in 2015) were much less represented in
the data. Interestingly, despite the inability of the 0.5◦ grid to
capture local orography effects on air masses, the HYSPLIT
results fall broadly in line with the measured wind directions
at the field site.

The HYSPLIT results, as a whole and the examples in
Fig. S4, indicate that a substantial amount of vertical mix-
ing is commonplace over all of the air mass altitudes ini-
tialized in the back trajectories. Descent of air masses from
over 4000 to 50 or 100 m a.g.l. over the trajectory time pe-
riods was not uncommon for air masses that travel over the
continent itself. There is also a general trend of substantial
vertical movement of air masses between 0 and 1000 m a.g.l.
for these continental (category 1) air masses. The mixed air
masses (category 3) are generally similar in terms of vertical
movement. For air masses that originate or travel predomi-
nantly over the ocean/sea ice (category 2), there is much less
vertical mixing, with most of the sub-100 m air masses stay-
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Figure 3. Histogram and cumulative probability distributions for wind speed (m s−1; a) and wind direction (deg; b) for both spring–summer
field season (gold) and winter–spring field season (blue).

ing at or below 100 m a.g.l. for the entirety of their trajecto-
ries.

3.3 Aerosol number and size distribution changes due
to air mass and wind speed regimes

Two major conclusions of this paper are that blowing snow
plays a major role in both aerosol number and composition
in Antarctica. However, blowing snow must be measured for
this conclusion to be well supported. To measure blowing
snow during 2ODIAC, a laser disdrometer which measures
the number, size, and vertical velocity of hydrometeors from
0.2 to 25 mm diameter was used. For these measurements,
the hydrometeors were entirely snow particles which were
primarily moving horizontally, and thus the sizing and ver-
tical velocity measurements are uncertain. However, the in-
strument accurately reports the number of particles that pass
through the sample volume in a given time, and thus the par-
ticle counts are the convolution of the snow particle den-
sity as well as the velocity of the particles, which in turn
is a function of wind speed. Figure 4 shows the laser dis-
drometer snow particle number counts as a function of wind
speed. The curve of the data suggests that there are at least
three regimes in which snow particles exist over the mea-
surement site: one regime below approximately 5.5 m s−1, a
transitionary regime between 6 and 12 m s−1, and one regime

above 12 m s−1. With wind speeds below 5.5 m s−1, blowing
snow counts rarely exceed five snow particles per 10 s. There-
fore, at low to medium wind speeds, snow was rarely lofted
high enough to enter the disdrometer optical path (approxi-
mately 5 m above surface level). Between 6.5 and 12 m s−1

a significant nonlinear increase in the number of measured
snow particles exists. Above 12 m s−1, the number of snow
particles increases in a steeper, but largely linear, relation-
ship to wind speed. The low-wind-speed snow particles are
primarily non-wind-generated snow particles such as falling
snow and diamond dust. Near the transition wind speed,
blowing snow lofted from the surface begins to reach the
height of the instrument and the increase is nonlinear as par-
ticle counts are increasing both from increasing wind and in-
creasing particle number density as the blowing snow layer
envelops the instrument. Finally, at the highest wind speeds,
the disdrometer is entirely within the blowing snow layer,
and the increase in particle counts is primarily due to in-
creasing winds speed and particle velocity. This is in good
agreement with previous observations and with estimates of
the wind speed threshold for blowing snow (Li and Pomeroy,
1997). This also lends strength to the “high”-wind-speed bin
classification (> 8 m s−1) used in the analysis presented here.

Recent work in the winter in the Weddell Sea has sug-
gested that blowing snow plays a major role in aerosol num-
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Figure 4. Laser disdrometer snow particle number counts per 10 s
with standard deviation, made at 5 m above snow surface, as a func-
tion of wind speed.

ber density at high latitudes (e.g., Yang et al., 2016). The
role of blowing snow in aerosol generation is further sup-
ported by the observations presented here during 2ODIAC.
Figure 5 shows particle counts in different size ranges from
the Lighthouse OPC as a function of wind speed. Below
8 m s−1, aerosol number concentrations are flat and consis-
tent in all measured size bins. Above 8 m s−1, particle counts
in all size bins increase nearly linearly with increasing wind
speeds. Aerosol number concentrations respond to changes
in wind speed within minutes, before, during, and after high-
wind-speed events (Fig. S5). If the aerosol number distribu-
tions are analyzed as a function of wind direction or air mass
back trajectories, no significant differences arise. These re-
sults are somewhat inconsistent with what Hara et al. (2014)
observed over Syowa Station in late austral winter. The re-
sults presented by Hara et al. (2014) showed a period of
enhanced aerosol number concentrations (primarily in the
500 nm–2 µm size ranges) arising during a low-wind-speed
period and, overall, that significant air mass travel over sea
ice increased aerosol number concentrations. It is unclear
if the period of decreased wind with enhanced aerosol con-
centrations was a local meteorological phenomenon that was
simply not observed during 2ODIAC. Likewise, it is unclear
if the travel over ocean/sea ice observed in 2014 by Hara
et al. generated aerosols via the same mechanisms observed
during 2ODIAC because compositional information does not
exist during those measurements.

Some work has suggested that fragmentation of wind-
blown snow crystals may be significant in generating smaller
particles from large snow crystals (Comola et al., 2017), and
it is tempting to explain the increases in particles from blow-
ing snow in this manner. Tests performed in the field, how-
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500 nm size bin as a function of wind speed. Raw data (grey) and
the averaged count and standard deviation for each wind speed in a
1 m s−1 bin shown in red. The black line denotes 8 m s−1.

ever, suggest that snow fragmentation in the inlet is not what
was measured during 2ODIAC. A series of tests were con-
ducted during moderate and high wind speeds where the in-
let heater was both turned off and scanned through a range
of temperatures. Results from these tests showed that counts
were generally consistent across heater temperatures. The in-
creases in particle counts were therefore neither due to evap-
orating snow (and thus counting internally mixed conden-
sation nuclei) nor due to fragmented snow particles. Unfor-
tunately, the measurements made cannot identify the exact
mechanism of particle generation by blowing snow; more de-
tailed study of the microphysics is required. Additional mea-
surements and targeted study of the process are required.

Figure 5 (and Fig. S5) shows that blowing snow has ma-
jor implications for aerosol transport and life cycles. Be-
cause observed aerosols rapidly decrease with decreasing
wind speeds at the ends of a blowing snow event, it is
likely that larger (supermicron) aerosols are rapidly rede-
posited to snowpack. This deposition and subsequent re-
lofting of aerosol may explain longer-range transport of
chemical species (found primarily in the aerosol phase) to
inland continental snow. Additionally, this clearly represents
a pathway for aerosols from ice/the ocean to the atmosphere.
While these measurements clearly show that blowing snow
is a dominant driver of aerosol production in the boundary
layer, it is unclear what portion of these aerosol are trans-
ported into the free troposphere and what their larger-scale
impact may be.
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3.4 Chemical composition of Antarctic aerosols by air
mass trajectories

One of the unique traits of the 2ODIAC deployment of an
AMS is the high temporal resolution of the instrument (ap-
prox. 2 min data records). This high temporal resolution al-
lows for composition data of the submicron aerosol to be an-
alyzed in the context of rapidly changing meteorology and
other short-term phenomena. While there has been work an-
alyzing aerosol filters in terms of back-trajectory analysis
(e.g., Hara et al., 2004), the long time integrations (24 h) of
the filters can hide the effects that rapidly shifting air masses
and local meteorology may have on the aerosol population,
and are mass weighted for events that have higher aerosol
loadings (e.g., higher wind speeds). The results presented
in this section use the air mass back-trajectory analysis of
Sect. 3.2 to parse the AMS data in a way that better informs
the effects of air mass back trajectories on aerosol composi-
tion.

Figure 6 shows, for both field seasons, the mass of the
five main AMS speciation components – chloride, sulfate,
organics, nitrate, and ammonium – along with the estimated
Na mass as functions of the three main back-trajectory cat-
egories defined in Sect. 3.2. Both NaAMS and the chloride
(here referred to as “Chl” to be consistent with AMS ter-
minology) mass concentrations have been calculated based
on the process described in Sect. 2.3. The data in Fig. 6 are
parsed into both field seasons because (with seasonal differ-
ences in mind) the back trajectories of the air masses can
be compared inter-annually as well as intra-annually. From
Fig. 6 it is clear that there are no statistically significant dif-
ferences in Chl : NaAMS intra-seasonally, i.e., between dif-
ferent air masses for a given measurement campaign sea-
son (average Chl : NaAMS = 1.9± 0.3 for the 2014 spring–
summer and 1.0± 0.1 for the 2015 winter–spring measure-
ments; all values are shown in Table S1 in the Supplement).
It is unclear why the continental air masses measured in
the 2015 winter–spring season are higher than the marine
and mixed air masses, but the Chl : NaAMS ratio is consis-
tent within measurement and propagated error. The abso-
lute concentrations of both ammonium and nitrate also re-
main consistent within measurement error across the vari-
ous air mass types for a given campaign season. This is in-
consistent with previous measurements over similar size dis-
tributions by impactors by Virkkula et al. (2006). Organics
concentrations do show small variations in the summer ma-
rine air masses (10.4± 1.4 ng m−3) as compared to the other
summer air masses (2.6± 0.8 and 2.1± 0.5 ng m−3 conti-
nental and mixed, respectively), which is unsurprising con-
sidering summer oceanic phytoplankton activity. Conversely,
lower organics concentrations in the marine spring air masses
were also observed (0.2±2.5 as compared to 10.1±2.0 and
4.7± 2.2 ng m−3 for the continental and mixed air masses,
respectively). It is unclear why organics are so much higher
in the continental spring air masses but may be related to sus-

tained high winds over the continent lofting and transporting
previously deposited organics from the previous seasons. The
higher organics may also simply be due to higher energy re-
quirements for the human settlements on the continent in the
winter. More work is needed, however, to determine if this
is a sustained trend or not. Sulfate concentrations are also
higher in the continental air masses for both seasons as com-
pared to the marine and mixed air masses and are likely re-
lated to the results discussed in Giordano et al. (2017).

The lack of intra-seasonal variation in the data suggests
two possibilities: that air mass back trajectories have a small
impact on aerosol composition, at least over coastal Antarc-
tica, and/or that even short transit periods over sea ice (ev-
ery air mass measured during 2ODIAC had to transit over
at least 8 km of sea ice) can have strong impacts on aerosol
composition. The latter possibility may help explain the di-
vergence of the 2ODIAC data from previous measurements
– such as the observation that ammonium was observed to be
higher in the summer than spring at other coastal Antarctic
sites (Legrand et al., 1998). An increased number – or closer
proximity – of penguins and seals to the field site would po-
tentially contribute to higher ammonium and organic source
emissions and, by extension, aerosol concentrations. Given
the closer ice edge of the spring field season and anecdotal
observations of more penguin activity near the field site in
spring, this is a possible explanation for why the 2ODIAC
NH4 and organics concentrations differ between the 2014
and 2015 data sets (Schmale et al., 2013). A similar argu-
ment can be made for nitrate, which showed higher spring
concentrations than summer concentrations. Previous mea-
surements have observed the opposite trend in nitrate (Wa-
genbach et al., 1998b). The main sources of nitrate to Antarc-
tic aerosols are NOx cycling in snowpack and nitrate sedi-
mentation from polar stratospheric clouds, with the former
being more important in October–December and the latter in
July–September (Savarino et al., 2007). Since the snowpack-
driven nitrate would be most important during 2ODIAC and
since most of the ice was at least partially snow-covered, it
may be that the nitrate concentrations support the hypothe-
sis that short transit over sea ice can strongly impact aerosol
composition. A similar argument can be drawn for the or-
ganics measured by the AMS as well, assumed to come from
Southern Ocean biota or even by biota found on the conti-
nent itself (Friedmann, 1982; Cochran et al., 2016). Unfor-
tunately, testing such a hypothesis would require a spatially
distributed measurement network, which 2ODIAC was not.
However, it is important to note what the emission sources
are for a given aerosol species and how they do or do not fit
in the air mass back-trajectory analysis. The former possibil-
ity, that air mass paths are less important than wind speed
conditions, is part of the motivation for Sect. 3.5 and is ex-
amined there in depth.

Other aspects of the figure – e.g., higher NaAMS and Chl
concentrations in the spring, higher sulfate concentrations in
the summer – are well supported by the filters (Sect. 3.1)
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Figure 6. Aerosol-phase concentrations of AMS species as a function of air mass back-trajectory categories for the austral summer (a) and
spring (b) measurement durations, including inset zooms for lower-concentration species. Error bars shown indicate standard error of the
mean.

and/or by previous work (e.g., Rankin and Wolff, 2003). One
unsupported result from the figure, however, is the statisti-
cally significantly higher sulfate concentrations in summer
continental air masses. The prevailing hypotheses suggest
that most of the increased sulfate aerosol in Antarctica in the
spring–summer comes from DMS oxidation products (e.g.,
Beresheim and Eisele, 1998; Jourdain and Legrand, 1999).
One may therefore expect the marine, or even mixed, air
masses to have higher sulfate concentrations than the conti-
nental air masses. A possible explanation for the higher con-
tinental sulfate concentrations could be an outflow of previ-
ously snow-deposited sulfate aerosol from inland earlier in
the year (Harder et al., 2000). As wind direction is highly
correlated with wind speed, with higher wind speeds associ-
ated with air masses approaching from the SE (continental
interior), it is also difficult to separate the effects of air mass
trajectory from wind speed (Sect. 3.5). However, this is still
consistent with air mass origin playing a less significant role
in aerosol composition than other factors. The higher con-
centrations could also simply be an artifact of the fact that the
summer (2014) field season had more continentally originat-
ing air masses and the marine and mixed air mass trajectories
are simply undersampled.

The most noteworthy result of the back-trajectory analysis
is that there are few significant differences in absolute or rela-
tive concentrations of the Antarctic submicron aerosol mass,
either on an inter- or an intra-seasonal basis, when viewed as
a function of air mass history. These results are in contrast to
recent results from Concordia, Antarctica, which showed that

air masses traveling over sea ice, as opposed to open ocean,
had significant sulfate depletion relative to sodium (Legrand
et al., 2017). However, drawing a direct comparison between
the Concordia results and these results is difficult for a num-
ber of reasons which are discussed in the next section. If
air mass back-trajectories do not explain composition differ-
ences from this study, then the question becomes what me-
teorological or other factors have the strongest influence on
Antarctic aerosol composition. The following section indi-
cates that wind speed plays a significant role in modulating
the concentration and composition of Antarctic aerosols.

3.5 Chemical composition of Antarctic aerosols by
wind speed regime

Air mass back trajectories show that submicron aerosol com-
position does not appear to differ by region of origin or that
differences are small and are masked by the meteorologi-
cally driven compositional changes. This result suggests that
aerosol composition – over coastal Antarctica at least – may
be controlled by processes that are independent of air parcel
trajectory. During the 2ODIAC field seasons, aerosol num-
ber concentrations are closely tied to wind speed (Sect. 3.2).
This result has prompted further investigation into how wind
speeds affect the chemical composition of Antarctic aerosols.
Here, we examine how the amounts and relative ratios of the
major AMS-measured aerosol constituents, and the form of
those constituents, are strongly tied to wind speed.
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Figure 7 (and Fig. S6) shows the major aerosol compo-
nents from the AMS as a function of the six wind regimes
(not back-trajectory classifications) defined in Sect. 3.2 for
both field seasons. As presented in Fig. 7, the total estimated
Chl and NaAMS are calculated as described in Sect. 2.3. Three
major observations are apparent in Fig. 7 (and Fig. S6):
first, that within a season the absolute amount of chloride
increases at high wind speeds only, with little variation be-
tween low and medium wind speeds; second, that the abso-
lute amount of organics and sulfate increase with wind speed
in the springtime measurements only; and third, that the ab-
solute amounts of nitrate and ammonium do not statistically
significantly respond to wind speed and are relatively inde-
pendent of wind direction. For the 2014 spring–summer mea-
surements, nitrate ranges from 1.6 to 2.6 ng m−3 with a stan-
dard deviation of±1 ng m−3 and ammonium ranges from 5.0
to 9.0 ng m−3 with a standard deviation of ±2.0 ng m−3. For
the 2015 winter–spring measurements, the values are 3.8–
5.6±2 and 17–21±3 ng m−3 for nitrate and ammonium, re-
spectively.

The increase of chloride as measured by the AMS with
high wind speeds, especially without any air mass back-
trajectory dependence as discussed in Sect. 3.4, shows that
submicron aerosol chloride concentrations are a strong func-
tion of wind speed. This result helps explain much of the
variance in Fig. 6 since each air mass is an integration of all
wind speeds. It also provides a potential explanation for why
the supermicron filter measurements had higher Cl− con-
centrations in spring relative to summer (see Fig. 2). What
this result does not do, however, is explain either the source
of the aerosol chloride or the mechanism by which it en-
ters the aerosol phase. One explanation could be that high
wind speeds loft snow, which also lofts and liberates any
aerosols that may have deposited onto the snowpack. How-
ever, the lack of size distribution changes (e.g., Giordano et
al., 2017) during high-wind-speed events would suggest that
the aerosol size distribution is an intrinsic property in the
snowpack, which seems unlikely but cannot be ruled out by
this data set. Another possible explanation for the increased
chloride concentrations is that lofted snow is mechanically
fractured (possibly through snow–snow collisions) or subli-
mated into submicron aerosols. This explanation, however,
would also cause a disproportionate rise in sodium in the
submicron aerosol population at least in the springtime mea-
surements since there is Na+ enhancement in the snow (see
Sect. 3.1.2). Since no such disproportionate NaAMS increase
is noted by the AMS, a mechanical fracturing or sublima-
tion of snow into smaller aerosols also seems unlikely. The
final possible explanation is that blowing snow creates or cat-
alyzes a chemical mechanism which increases aerosol chlo-
ride from the supermicron aerosol population that then parti-
tions to the submicron.

The possibility of a chemical mechanism to increase
aerosol chloride occurring during blowing snow events
is supported by existence of fast-vaporizing chloride

(Sect. 2.3). The increase in relative fraction of total chlo-
ride associated with fast-vaporizing chloride and WxOyClz
complexes during high-wind-speed events is shown in Fig. 8.
Figure 8 shows the percentage of the total reconstructed chlo-
ride signal by the AMS that is from the fast-vaporizing chlo-
ride as a function of wind speed. The immediate increase at
8+m s−1 coincides with the “high wind” speeds in Fig. 7.
The fact that not only is the overall aerosol chloride increas-
ing during blowing snow events but that the chemical form
of that chloride is changing is strong evidence for a physical
or chemical mechanism altering aerosol composition during
blowing snow events. The fact that there is an increase in
fast-vaporizing chloride suggests that the increased chloride
concentrations as measured by the AMS are not solely due
to increase sea-spray aerosol transport. If sea-spray aerosol
were the sole cause, then the ratio of fast : slowly vaporiz-
ing chloride would be expected to stay relatively constant
since sea-spray aerosol would have also been measured at
low wind speeds due to the location of the field sites rela-
tive to the ice edges. It is unclear from the data of 2ODIAC
what the exact mechanism of chloride alteration may be. One
hypothesis is that blowing snow (which also generally in-
creased ambient relative humidity) adds aerosol, which may
have some associated liquid water which then disassociates
some NaCl out of its crystalline form (akin to the “disordered
interface”; Bartels-Rausch et al., 2014). Vaporization of this
liquid aerosol may contribute to the “fast-vaporization” sig-
nal. Laboratory testing of wet vs. dry NaCl aerosol supports
this as a possible mechanism. Additionally, the fact that Chl
shows a depletion compared to NaAMS at high wind speed
suggests the possibility of chemical reactions that liberate
chloride from the submicron aerosol. Chloride in the sub-
micron aerosol may therefore be in more labile forms in
the aerosol phase such as NH4Cl or as HCl. These species
are non-refractory and would flash-vaporize in the AMS and
lead to increases in the fraction of fast-vaporizing chloride. It
may also be possible that reactions at the aerosol surface pro-
duce volatile Cl-containing gases which then deposit on the
submicron aerosol. This pathway could also produce results
consistent with the measurements. Regardless of the actual
pathway of Cl mobility, it is important to note that the ma-
jority of the chloride signal still remains as a semi-refractory
component. However, the clear increase in the percentage of
fast-vaporizing chloride fraction is apparent with higher wind
speed and most pronounced in the 2014 data set.

In contrast to the chloride concentrations and their wind
speed/blowing snow dependence, Fig. 7 (and Fig. S6) clearly
shows that nitrate and ammonium show no such dependence.
In the case of nitrate, this is especially interesting given the
importance of snowpack NOx on aerosol nitrate concentra-
tions during the 2ODIAC sampling period (Savarino et al.,
2007). It might be expected that high-wind-speed conditions
would create a concentration gradient over the snowpack en-
couraging emission and, supposedly, condensation onto ex-
isting aerosols. However, the NOx snowpack cycling is dom-
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Figure 7. Aerosol-phase concentrations of AMS species as a function of low-wind-speed (0–1.99 m s−1), medium-wind-speed (2–
7.99 m s−1), and high-wind-speed (8+m s−1) regimes for NW (marine) and SE (continental) wind directions. Error bars are omitted for
readability but are ±10 for Chl, ±10 for Na, ±1 for Org, ±3 for SO4, ±1 for NO3, and ±2 for NH4 for the 2014 spring–summer measure-
ments and ±35 for Chl, ±35 for Na, ±2 for Org, ±5 for SO4, ±2 for NO3, and ±3 for NH4 for the 2015 winter–spring measurements.

10

8

6

4

2

0

F
as

t v
ap

or
iz

in
g 

ch
lo

rid
e

(%
 o

f t
ot

al
 c

hl
or

id
e)

1614121086420
Wind speed bin (m s-1)

 Summer 2014
 Spring 2015

Figure 8. Fast-vaporizing chloride as a percent of total chloride
measured (modeled) in the AMS as a function of wind speed for
both the spring–summer field season (gold) and winter–spring field
season (blue).

inated by either a photochemical process or a thermodynamic
equilibrium process (Röthlisberger et al., 2002). Since high
wind speeds were generally accompanied by cloud cover, the
photochemical process can be assumed to be negligible for
this study. The thermodynamic process has also been shown
to have a negative temperature relationship, with peak emis-
sion rates occurring between −60 and −30 ◦C, far colder
than experienced even in the springtime measurements of
2ODIAC. Taken together, the lack of wind speed dependence

for nitrate should therefore not be surprising. Ammonium is
slightly different though, with these results suggesting that
ammonia processing in this area is not modulated by wind
speed.

It should be noted that NOx snowpack cycling was ob-
served in the summer 2014 field season under low-wind-
speed (and generally cloud-free) conditions (see Fig. S7).
What is interesting is that, despite the clear gas-phase NOx
cycling, corresponding increases or cycles in aerosol nitrate
concentrations were not observed. Legrand et al. (2017) sug-
gest that nitrate/nitric acid plays a significant role in acidify-
ing sea salt particles over the Antarctic Plateau, which dis-
places aerosol chloride. Such a correlation is not observed in
this data set. Results from Legrand et al. (2017), however,
indicate that the nitrate measured over Dome C, Antarctica,
may be due to transport via dust aerosol and not due to snow-
pack NOx cycling. The lack of crustal ion enhancements in
the filter samples suggests that mineral dust does not play a
large role over the McMurdo area sea ice, and therefore the
nitrate source assumed for Dome C is not available for chlo-
ride depletions around the McMurdo area sea ice.

3.6 The Antarctic halogen cycle: AMS-derived
chloride-to-sodium ratios as a function of wind
speed regime

The previous section demonstrated that, for a given season,
overall mass of chloride and sodium are strongly dependent
on local meteorological conditions. Harder to parse from
Fig. 7 is if high wind speeds disproportionately affect either
chloride or sodium concentrations in submicron aerosols.
Recent results from Legrand et al. (2017) show that substan-
tial chloride depletions occur over Dome C, Antarctica, with
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depletion peaking in spring, assumedly due to photochem-
istry and the recovery of acidic species in that Antarctic at-
mosphere. Figure 9 shows the average chloride-to-sodium ra-
tios of both field seasons of 2ODIAC as a function of wind
speed. One of the most interesting results from Fig. 9 is the
apparent unimportance of mirabilite with Chl : NaAMS ra-
tios as measured by the AMS never going over that of sea-
water. Even if the analysis is restricted to examining conti-
nental winds, the average chloride-to-sodium weight ratios
in submicron aerosols never reach mirabilite depletion ra-
tios (see Fig. S8). These results – along with the bulk re-
sults from the filters, snow, and bulk submicron data from
the AMS (Sect. 3.1–3.5) – suggest that mirabilite formation
along coastal Antarctica may only have episodic impacts on
the Antarctic troposphere and not a regional significance.

Figure 9 also shows that, generally, submicron aerosols
in coastal Antarctica are subject to similar degrees of chlo-
ride depletion as has been previously reported (Wagenbach
et al., 1998a; Hara et al., 2002; Jourdain and Legrand, 2002;
Legrand et al., 2016, 2017), with the important distinction
that these measurements are online and have high time res-
olution as compared to previous studies which are all filter
based. Wind speeds below 7 m s−1 show the least amount of
chloride depletion with Chl : NaAMS molar ratios > 0.8 in
summer and > 0.5 in spring. Above 7 m s−1, Chl : NaAMS
ratios fall in both seasons to ∼ 0.7 in summer and ∼ 0.5
in spring. At extremely high wind speeds (> 13 m s−1), the
molar ratio reverses direction and begins to increase. This is
near the same wind speed at which snow particle numbers in-
crease more rapidly (7–13 m s−1; Fig. 4). Surface layer snow
is generally the same Cl− : Na+ molar ratio as seawater at
relatively high concentrations (Fig. S3), which may be con-
tributing to this change in the submicron Chl : NaAMS molar
ratios, but the cause remains unclear. Again, this relationship
of Chl : NaAMS to wind speed holds generally true for exami-
nations of only winds from the continent or sea ice (Fig. S8).
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Figure 9 supports the rest of the results presented here that
suggest that high wind speeds (> 7 m s−1) subject air parcels
to conditions which modify either the mechanisms or rate
of chemical processing for Antarctic aerosols compared to
lower wind speeds.

The relationship between Chl : NaAMS in the submicron
aerosol population and wind speed further suggests that
blowing snow itself is indeed a significant source of both
sodium and chloride to the Antarctic troposphere. The re-
maining question is simply whether blowing snow physically
or chemically alters the chlorine found in the snowpack and
to what extent. Combining Figs. 7, 8, and 9 demonstrates
that blowing snow strikingly increases the overall amount
of both Na and Cl to the submicron aerosol mass, alters
the Cl phase inside the submicron aerosol, and is potentially
driving Cl depletion. This work adds to the work of Lieb-
Lappen and Obbard (2015) which showed that, in blowing
snow only, Br−/Cl−ratios are altered with respect to surface
layer snow. Further work is necessary to determine the exact
mechanism through which blowing snow drives composition
changes, but these results suggest that the total halogen bud-
get of (coastal) Antarctica is dominated by local meteorolog-
ical conditions that must be accounted for.

3.7 The Antarctic halogen cycle: aerosol iodine,
bromine, and ozone

In addition to chloride, understanding the gas- and aerosol-
phase behavior of other halogens is important due to halo-
gens’ large impacts on atmospheric processing pathways
(e.g., Simpson et al., 2007). Unfortunately, the aerosol-phase
bromine and iodine pictures are not as clear as the aerosol
chloride. Both species were generally at or above the detec-
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tion limit of the AMS of 0.04 ng m−3. There is some indica-
tion that Br is slowly vaporizing in the AMS (see Fig. S9),
but the slowly vaporizing correction is not performed on Br
here because the decay constants are not able to be deter-
mined from the available data. Therefore no quantification of
the amount of aerosol-phase Br (nor I) is offered here, but
rather this analysis is presented as evidence that the halo-
gens do exist in an aerosol form and are measurable with the
AMS. Neither Br nor I show any statistically significant de-
pendence with air mass back trajectory, wind direction, or
wind speed. However, over both field seasons and for both
halogens, aerosol-phase concentrations are at local maxima
at wind speeds 0–2 m s−1, decline to a local minima from
3 to 6 m s−1, and rise to another local maxima at 7+m s−1.
However, the overall concentrations of the two halogens are
inversely related over the two field seasons: aerosol bromine
is higher than iodine in the spring–summer (2014), while
iodine is higher than bromine in the winter–spring (2015).
This is not consistent with gas-phase measurements of IO
and BrO made by Saiz-Lopez et al. (2007) at another coastal
site in Antarctica. These results suggest that the mechanisms
of transport into and out of the aerosol phase may have a
significant seasonal aspect, which is consistent at least with
the literature regarding gas-phase halogen species in the Arc-
tic and Antarctic (Simpson et al., 2007, 2015). In the Arctic,
research has shown that this seasonality in bromine and io-
dine is unlikely to be controlled by temperature (Halfacre et
al., 2014), though it may play a part in chlorine production
in snowpack (Custard et al., 2017). Furthermore, photolytic
reactions are well known to produce reactive bromine chem-
istry in the Arctic (Burd et al., 2017). For the Antarctic, it is
likely that the same mechanisms control the halogen cycle,
but further research is needed.

As a bulk measurement, mass fractions in the filter mea-
surements are strongly biased towards larger, supermicron
particles, whereas the AMS measurements are only sen-
sitive to submicron particles. The below-LOD concentra-
tions of Br− in the filters combined with measurable Br
with the AMS are generally consistent with measurements
of the cycling of inorganic bromine in the marine bound-
ary layer showing depletions of bromine in supermicron
aerosol and enrichments in submicron aerosol (Sander et al.,
2003). These results are also consistent with measurements
at another coastal site in Antarctica (Legrand et al., 2016).
This apparent size dependence for bromine in the aerosol
phase supports models, such as that of Legrand et al. (2016),
that implement size-dependent depletion factors for bromine
from aerosols. Additionally, the AMS-measured Br as a func-
tion of wind speed results supports the hypothesis that blow-
ing snow provides a source of bromine. The local maxima of
submicron Br concentrations above the wind speed threshold
for blowing snow may suggest that gas-phase bromine is be-
ing liberated and absorbing or heterogeneously reacting onto
the submicron aerosol population. Unfortunately, the lack of
concurrent gas-phase bromine measurements means these re-

sults are not conclusive evidence for these hypotheses but do
point out the need for more measurements.

The results presented here suggest that source regions for
air masses do not significantly affect aerosol halogen con-
centrations in Antarctica. However, we do not here assess
what, if any, impact that vertical displacement during trans-
port may have on the halogen concentrations in the aerosol
phase. Due to the low concentrations of aerosol-phase halo-
gens measured, the uncertainty in the HYSPLIT runs, and the
fact that the air masses examined in most of the HYSPLIT
runs had large altitude changes during their back-trajectory
lifetimes, assessing the effect of vertical displacement of an
air mass on halogen or aerosol concentrations or composi-
tions is outside of the scope of this paper. However, it should
be noted that models have shown there to be significant dif-
ferences in the vertical distribution of gas-phase halogens in
the boundary layer (Lehrer et al., 2004; Saiz-Lopez et al.,
2008). Any vertical movement of an air mass could therefore
have significant impacts on the halogen cycle and halogen–
aerosol interactions.

Another significant aspect of the aerosol halogen content is
that it is sometimes correlated and sometimes anti-correlated
with gas-phase ozone concentrations. Figure 10 shows an ex-
ample of both scenarios from the early summer season of
2014. On 15 November 2014, aerosol iodine increases sig-
nificantly as gas-phase ozone decreases from 26 to 17 ppb,
while aerosol bromine shows increase over background for
the same period. On 19 November 2014, both iodine and
bromine increase significantly concurrent with an increase
of ozone from approximately 22 to 27 ppb. Both iodine and
bromine also follow a spike in ozone concentrations after a
slight decrease from the initial ozone burst. Both events oc-
curred during low to moderate (0–5 m s−1) wind speeds pre-
dominately from wind out of the east/southeast. It is there-
fore unclear what relation the submicron aerosol halogen
content has to ozone, in particular ozone depletion events.
Previous work, especially in the Arctic, has well established
anti-correlations between filterable Br− and ozone as well as
correlations between Br− and I− (e.g., Barrie et al., 1994) but
not at the temporal resolution that is available in this study.
It therefore remains difficult to contextualize these results,
and, as with the chloride observations, gas-phase measure-
ments of halogens and halogen oxides would be necessary to
propose a mechanism to reconcile these two disparate obser-
vations.

4 Conclusions

The results presented here suggest that the chlorine and
sodium fraction of Antarctic boundary layer aerosol is
strongly affected by local meteorological conditions. The re-
sults presented here further suggest that air mass origin has a
much smaller impact on aerosol composition and concentra-
tion relative to the impact of local meteorology. While the re-
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sults here are limited to measurements on snow-covered sea
ice, it should be noted that during the spring and early sum-
mer the area of sea ice is typically larger than the total land
area of Antarctica (Comiso et al., 2018), and thus the aerosol
production related to blowing snow may have a major re-
gional impact. Additionally, ionic concentrations in blowing
snow samples and supermicron aerosol mass suggest that the
submicron halogen cycle is a process that is distinct from the
supermicron and snow-phase halogen and sodium concen-
trations. The 2ODIAC measurements provide evidence that
there are one or more aerosol sources or processing pathways
that have strong impacts on aerosol mass.

Despite the novel measurements presented here and the
coincident submicron aerosol, supermicron aerosol, and
snow composition measurements, the nature of the halogen
budget and cycle over Antarctica is still unclear. Section 3.1–
3.7 can be recapped as follows:

1. Snow samples (from spring 2015) show anywhere from
non-existent to minor to significant Cl− depletion, rela-
tive to Na+.

2. Aerosol filters collected in spring 2015 show higher
absolute amounts of both Na+ and Cl− compared to
summer 2014. This strongly agrees with the submicron
AMS data for both seasons.

3. Spring filters generally range from no Cl− depletion to
slight Cl− enhancement. Summer filters show a strong
Cl− depletion.

4. Blowing snow begins to occur between 6 and 10 m s−1

and substantially increases aerosol number concentra-
tions across the entire size distribution. Aerosol number
concentrations are strong functions of wind speeds.

5. Submicron AMS measurements show more Chl de-
pletion in the spring (average Chl : NaAMS = 0.8) than
in the summer (average Chl : NaAMS = 1.25), but both
seasons are generally depleted in Chl relative to NaAMS
as compared to seawater ratios.

6. Based on AMS measurements, low wind speeds (<
3 m s−1) are much more likely to show no depletion in
Chl relative to seawater. High wind speeds (> 7 m s−1)
are almost always statistically significantly depleted in
Chl, with an exception of a possible frost flower (or
other unknown) event captured in spring 2015.

7. Aerosol iodine and bromine content in the submicron
aerosol show opposing trends between the spring and
summer seasons. In the supermicron filters, both iodine
and bromine are higher in the spring than in the summer.

8. Submicron aerosol iodine content can be either corre-
lated or anti-correlated with ambient ozone concentra-
tions, and both iodine and bromine do not have any sta-
tistically discernible wind speed dependence, though a
weak dependence may be evident.

These eight observations do not paint a clear picture of how
halogens, specifically chlorine (but analogies may extend to
bromine and iodine), cycle in Antarctica. These results make
clear the need for additional measurements including gas-
phase halogen species and single-particle measurements. A
clearer understanding of the halogen cycle over Antarctica
will result in better modeling capabilities of the oxidative
capacity of the polar troposphere, which impacts both cur-
rent climate (e.g., DMS oxidation) and paleoclimate recon-
structive abilities. The results presented suggest that the un-
derlying mechanisms controlling chloride concentrations af-
fect the sub- and supermicron aerosol populations differently.
This conclusion is not wholly inconsistent with the results
presented in Legrand et al. (2017), though the actual trends
in Cl : Na ratios do not agree between these two studies. It is
important to note that Legrand et al. (2017) measured at an
inland site, while these measurements took place at a coastal
site.

There are a number of potential factors that influence
the aerosol chloride concentrations. Wind speed (demon-
strated here), photochemical reactions, snowpack chemistry,
air mass hysteresis (demonstrated to not be a factor here
but is in Legrand et al., 2017), tropospheric mixing, physi-
cal ice phenomena such as brine layers or frost flowers, and
any combination of these are only a few potential candidates
that may control the chlorine budget over length scales rang-
ing from coastal Antarctica to Antarctica as a whole to the
cryosphere as a whole.
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