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N7 ELEMENTA

\ Science of the Anthropocene

RESEARCH ARTICLE

Snowpack measurements suggest role for multi-year sea
ice regions in Arctic atmospheric bromine and chlorine
chemistry

Peter K. Peterson”i, Mark Hartwig’, Nathaniel W. May", Evan Schwartz’,
lgnatius Rigor:, Wendy Ermold:, Michael Steele:, James H. Morison,
Son V. Nghiem: and Kerri A. Pratt™

As sources of reactive halogens, snowpacks in sea ice regions control the oxidative capacity of the
Arcticatmosphere. However, measurements of snowpack halide concentrations remain sparse, particularly
in the high Arctic, limiting our understanding of and ability to parameterize snowpack participation in
tropospheric halogen chemistry. To address this gap, we measured concentrations of chloride, bromide,
and sodium in snow samples collected during polar spring above remote multi-year sea ice (MYI) and
first-year sea ice (FYI) north of Greenland and Alaska, as well as in the central Arctic, and compared
these measurements to a larger dataset collected in the Alaskan coastal Arctic by Krnavek et al. (2012).
Regardless of sea ice region, these surface snow samples generally featured lower salinities, compared
to coastal snow. Surface snow in FYI regions was typically enriched in bromide and chloride compared to
seawater, indicating snowpack deposition of bromine and chlorine-containing trace gases and an ability of
thesnowpack toparticipate further inbromineand chlorineactivation processes. Incontrast, surface snow
in MYI regions was more often depleted in bromide, indicating it served as a source of bromine-containing
trace gases to the atmosphere prior to sampling. Measurements at various snow depths indicate that
the deposition of sea salt aerosols and halogen-containing trace gases to the snowpack surface played
a larger role in determining surface snow halide concentrations compared to upward brine migration
from sea ice. Calculated enrichment factors for bromide and chloride, relative to sodium, in the MYI
snow samples suggests that MY| regions, in addition to FYI regions, have the potential to play an active
role in Arctic boundary layer bromine and chlorine chemistry. The ability of MYI regions to participate in
springtime atmospheric halogen chemistry should be considered in regional modeling of halogen activation
and interpretation of satellite-based tropospheric bromine monoxide column measurements.

Keywords: Arctic; Snow; Sea ice; Bromine; Chlorine; Halogen

Introduction

Snowpack-driven halogen chemistry has a profound
impact on atmospheric composition in the polar regions
(Simpson et al., 2007b; Abbatt et al., 2012). The release of

* Department of Chemistry, University of Michigan, Ann Arbor,
Michigan, US

T Applied Physics Laboratory, University of Washington, Seattle,
Washington, US

* Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, California, US

5 Department of Earth and Environmental Sciences, University
of Michigan, Ann Arbor, Michigan, US

I"'Now at Department of Chemistry, Whittier College, Whittier,
California, US

1 Now at Department of Molecular Biosciences, University of
Texas, Austin, Texas, US

Corresponding author: Kerri A. Pratt (prattka@umich.edu)

Br, from the surface snowpack (Pratt et al., 2013) follow-
ing polar sunrise leads to boundary layer ozone depletion
events (ODEs) (Barrie et al., 1988; Simpson et al., 2007b),
as well as mercury deposition events (Schroeder et al,
1998; Steffen et al., 2008). Currently, the Arctic cryosphere
is undergoing rapid changes (Bhatt et al., 2014), including
declining sea ice extent (Stroeve et al., 2007), as well as
thinning snowpacks in the western Arctic Ocean due to
delayed sea ice formation (Webster et al., 2014). Due to
the coupling between the atmosphere and the cryosphere
(Domine and Shepson 2002), these surface changes are
expected to impact the production of molecular halogens
from the snowpack. Bromine activation, the conversion
of condensed phase bromide to atmospheric reactive
bromine (e.g. Br, BrO), has been linked to sea ice regions,
particularly first year ice (FYI) regions (Wagner and Platt,
1998; Simpson et al., 2007a). FYI regions contain a wide
variety of saline ice surfaces (e.g. frost flowers, saline snow,
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freshly frozen sea ice) (Perovich and Richter-Menge, 1994)
that have been previously implicated in bromine activa-
tion (Abbatt et al., 2012). However, recent studies show
the overlying snowpack, rather than frost flowers or the
sea ice surface itself, is primarily responsible for near-
surface bromine activation processes (e.g. Piot and von
Glasow, 2008; Pratt et al., 2013; Custard et al., 2017; Raso
et al., 2017). In particular, Pratt et al. (2013) showed that
snowpack Br, production depends on snowpack chemical
composition rather than purely salinity. Long term obser-
vations of bromine monoxide by Burd et al. (2017) show
this bromine chemistry does not occur after snow melt
onset, but can recur after new snowfall, further point-
ing to the critical role of the snowpack in this bromine
chemistry. The snowpack is also a source of Cl, and BrCl
(Custard et al., 2017), leading to increased chlorine levels
in the lower troposphere (Liao et al., 2014; Custard et al.,
2016). This atmospheric chlorine chemistry increases the
oxidation of hydrocarbons (Jobson et al., 1994), reducing
the lifetime of the greenhouse gas methane (Platt et al.,
2004). Given the influence of the snowpack on the chemi-
cal composition of the overlying atmosphere (Domine and
Shepson, 2002), understanding the environmental factors
that control snowpack chemical composition, particularly
in remote sea ice regions, is crucial.

Halides become incorporated into the snowpack
through a variety of mechanisms. Sea spray aerosol (SSA)
can nucleate cloud droplets and ice crystals, contributing
to snowfall (DeMott et al., 2016). Snow is also expected
to scavenge halide-containing aerosols and gas phase
halogens during precipitation (Macdonald et al., 2017).
However, measurements of Arctic snowfall bromide and
chloride concentrations (10->~10%> uM) by Toom-Sauntry
and Barrie (2002) suggest these mechanisms do not con-
tribute substantially to snowpack halide concentrations
(1072-10° uM, Krnavek et al. (2012)). As snow accumulates,
brine migrates through the interface between snow and
saline sea ice into the overlying snowpack (Perovich and
Richter-Menge, 1994; Domine et al., 2004). This mecha-
nism of providing salt to the surface snowpack becomes
less effective as snowpack depth increases, with an upper
limit of brine migration of ~17 cm above the sea ice
observed by Domine et al. (2004). FYI is more saline than
multi-year ice (MYI) (Cox and Weeks, 1973), where availa-
ble brine that can be transported into the snowpack is lim-
ited. In addition, snow depth in MYI regions is generally
greater than in FYI regions, due to accumulation of snow-
fall in autumn when sea ice extent is close to an annual
minimum (Webster et al., 2014; Blanchard-Wrigglesworth
et al.,, 2015). Thus, this relationship between snow depth
and salinity has been suggested to lead to differing abili-
ties of surface snow in FYI and MYI regions to participate
in atmospheric bromine chemistry (Abbatt et al., 2012).

Halides can also be added to the surface snowpack by the
deposition of SSA (Nilsson and Rannik, 2001; Domine et al.,
2004). The open ocean produces SSA through wave-break-
ing (Lewis and Schwartz, 2004), with emissions expected
to increase with declines in sea ice extent (Browse et al.,
2014). SSA production also occurs over sea ice leads (Leck
et al., 2002; Nilsson et al., 2001), providing a year-round
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source of SSA (May et al., 2016). This mechanism provides
salts to the surface snowpack regardless of snow depth,
allowing the surface of deep snowpacks in sea ice regions
to still contain halides (Domine et al., 2004). Trace bromine
gases (e.g. HBr, HOBr, BrONO,) produced within the snow-
pack or through multi-phase reactions on aerosol particles
are also deposited onto the snowpack surface enhancing
snowpack bromide concentrations hundreds of kilom-
eters from initial sources (Simpson et al., 2005). Snowpack
reactions also release bromine to the atmosphere from
the snowpack through condensed and multiphase reac-
tions with Br- to produce Br, (Pratt et al., 2013; Raso et al,,
2017; Custard et al.,, 2017). Similarly, trace chlorine gases
(e.g. HCl, HOCI, CIONO,) can be deposited on the snow-
pack surface, increasing chloride (CI) concentrations and
leading to the production of BrCl and Cl, (Custard et al,,
2017). Macdonald et al. (2017) observed a higher effective
deposition of chloride than sodium to the snowpack at
Alert, Nunavut, Canada and attributed this to the depo-
sition of trace chlorine gases. Each of these mechanisms
lead to differing levels of snowpack halide concentrations
and enrichments relative to seawater. Thus, determining
snowpack chemical composition in FYI and MYI regions
enables elucidation of the sources of halides (e.g. brine or
deposition), and the extent to which these regions might
participate in atmospheric halogen chemistry.

Many studies (Toom-Sauntry and Barrie, 2002; Domine
et al., 2004; Douglas and Sturm 2004; Simpson et al.,
2005; de Caritat et al., 2005; Krnavek et al., 2012; Jacobi
et al., 2012; Pratt et al., 2013; Xu et al., 2016) have exam-
ined the halide content of snow in the coastal Arctic.
Toom-Sauntry and Barrie (2002) observed bromide in
fresh snowfall at Alert, Nunavut, Canada, to increase after
polar sunrise and attributed this increase to atmospheric
bromine chemistry. In contrast, chloride in snowfall was
highest during the winter and did not increase after
polar sunrise (Toom-Sauntry and Barrie, 2002). Studies of
snowpack composition in northern Alaska (e.g. Simpson
et al., 2005; Krnavek et al., 2012; Jacobi et al., 2012)
showed coastal snowpack bromide concentrations span-
ning several orders of magnitude (10>-10* uM), imply-
ing modification of bromide content in the snowpack by
atmospheric halogen chemistry processes (e.g. Simpson
et al., 2005; Krnavek et al., 2012). While snowpack chemi-
cal composition has been extensively studied in Arctic
coastal regions, our knowledge of available snowpack hal-
ide concentrations in more remote Arctic sea ice regions
remains limited by a lack of measurements of snowpack
chemical composition within remote sea ice regions in
the high Arctic. This study uses bulk inorganic ion com-
position measurements of surface snow samples collected
from both MYI and FYI regions in the remote Arctic Ocean
(Figure 1) during spring to investigate the potential role
of these regions in atmospheric halogen chemistry.

Methods

Snow sample collection

Snow samples were collected from locations in both FYI
and MYI regions across the Arctic Ocean accessed via air-
craft (Figure 1) in April 2013, May 2013, February 2014,
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Figure 1: Surface snow sampling locations across the Arctic Ocean. A) Sampling locations during April and May 2013
(red markers) overlaid on a sea ice map from 17 April 2013. Locations where snow was sampled at multiple depths
are highlighted in green. B) Sampling locations from February and April of 2014 (red markers) overlaid on a sea ice
map from 14 February 2014. The sea ice maps are derived from Oceansat-2 satellite scatterometry, unavailable over
the North Pole. On these maps, white represents multiyear ice (MYI) regions, light blue represents first year ice (FYI)
regions, and cyan represents a combination of MYI and FYI regions. The approximate sampling locations from the
Krnavek et al. (2012) study are indicated with a yellow star. DOI: https://doi.org/10.1525/elementa.352.f1

and April 2014. Given the significant logistical challenges
and cost of conducting fieldwork in the central Arctic,
these samples were collected as part of the North Pole
Environmental Observatory, Switchyard, and US Intera-
gency Arctic Buoy programs, with snow sampling con-
sidered to be an add-on to the program goals, which
determined the sampling locations. The dataset consists
of 29 snow samples from the surface of the snowpack
(top 1-3 cm), with 11 samples being collected over MYI,
and 18 collected over thicker (1.5-2 m) FYI. At five sites,
vertical profiles consisting of three samples at differing
snow depths were taken (Figure S1). Ice type and snow
depth were noted at each sampling location, as well as
the latitude and longitude coordinates (Table S1). This
ice type classification is based on true local observations,
rather than the synoptic satellite scatterometry based
classifications (Nghiem et al., 2005, 2006, 2007) shown
in Figure 1 for visualization purposes. Samples at each
site were collected upwind of the aircraft in an area of
undisturbed snow, with a polypropylene scoop into poly-
ethylene bags (Whirl-Pak, Nasco), which are sealed with a
tear-off top prior to sample collection to prevent contami-
nation. Excess air was then removed, and the sample bag
was placed in a second, larger, polyethylene bag. Samples
were shipped frozen to the University of Michigan in Ann
Arbor, MI where they were kept at —40°C in the dark prior
to analysis. The six samples collected from sea ice regions
in the central Arctic in 2014 (Figure 1B) melted during
transit and were refrozen upon arrival in Ann Arbor.
Given the limited sample size, we discuss these samples
in the context of 772 previously collected samples, also

analyzed by ion chromotography (IC), from both MYI and
FYI sea ice regions north of Alaska during the spring of
2004, 2005, and 2007 (Krnavek et al., 2012). The sea ice
regions sampled were off the coast north of Utqgiagvik, AK
(71.2906°N, 156.7886°W) and in the vicinity of the 2007
Applied Physics Laboratory Ice Station, approximately
300 km to the north-east of Utgiagvik.

lon chromotography (IC)

One day prior to analysis, snow samples were transferred
to a refrigerator (=6°C) and melted. The resulting melt-
water was sampled in triplicate using 1 mL disposable
syringes equipped with 0.22 uM polyvinylidene fluoride
(PVDF) filters. IC analyses (Harris, 2016) were performed
using Dionex ICS-1100 and ICS-2100 systems (Thermo Sci-
entific) for cations and anions, respectively, in the melted
snow samples. The chromatographs each contained a
200 pL sample loop and a heated conductivity cell (Dionex
DS6, Thermo Scientific). Each chromatograph contained
a guard column (ICS-1100: Dionex lonPac CG12A-5 pm,
3 x 30 mm, Thermo Scientific; ICS-2100: Dionex lonPac
AG18, 4 x 50 mm, Thermo Scientific), analytical column
(ICS-1100: Dionex lonPac CS12A-5 pum, 3 x 150 mm,
Thermo Scientific; 1CS-2100: Dionex lonPac AS18 4 mm,
4 x 250 mm, Thermo Scientific), and suppressor (ICS-1100:
Dionex CSRS 500, 4 mm, Thermo Scientific; I1CS-2100:
Dionex AERS500, 4 mm, Thermo Scientific). A potassium
hydroxide (KOH) gradient generated by a Dionex EGC III
KOH system (Thermo Scientific) was used as the eluent for
the anion IC, and 20 mM methanesulfonic acid was used
as eluent for the cation IC. The inorganic ions discussed in
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this manuscript, and their corresponding detection lim-
its, were sodium (Na*; 6 uM), chloride (Cl~; 0.7 uM), and
bromide (Br; 0.02 uM). Samples that gave initial signals
outside of the instrument calibration range were diluted
with 18.2 MQ cm™' water for final analysis. Measurement
errors shown are the standard deviation of triplicate meas-
urements. Concentrations and measurement errors are
shown in Table S2 (Peterson and Pratt, 2017). Following IC
analysis, samples were analyzed in triplicate for pH with
an Accumet AP110 pH probe. pH measurements, location,
and snowpack properties for each sample are provided in
Table S1 (Peterson and Pratt 2017).

Results and Discussion

Chloride (CI") and bromide (Br-) concentrations for all
snow meltwater samples are shown in Figure 2. The
samples in this study generally had lower halide concen-
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trations ([X] < 10° uM) compared to prior studies (e.g.
Krnavek et al. (2012), [X] < 10® uM). This is likely due to
sampling snow in regions with thicker (>1 m), more con-
solidated sea ice, which tends to be less saline than snow
above thinner sea ice sampled in prior studies (Perovich
and Richter-Menge 1994; Krnavek et al., 2012). In the
current study, samples from MYI regions had an average
[Br-] of 0.36 £ 0.06 uM (standard error of the mean), while
samples from FYI regions had an average [Br-] of 0.6 + 0.1
uM. With respect to chloride, samples from MYI regions
had an average [CI7] of 250 * 30 uM, while samples from
FYI regions had an average [CI7] of 320 £ 40 uM. While the
average bromide and chloride concentrations were higher
in surface snow from FYI regions than MYI regions, these
differences are not statistically significant at the 95%
confidence level for either anion, likely due to the small
sample size.

Krnavek et al. (2012) % of Sea Ice Region Snow Samples
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Figure 2: Snow meltwater bromide (Br-) and chloride (CI) concentrations for each sample grouped by the ice region
where the sample was collected. Concentration uncertainties are calculated using the standard deviation of triplicate
IC measurements and plotted in red. The seawater bromide to chloride mole ratio (Millero et al., 2008) is plotted in
red for reference. The black line indicates the approximate minimum ratio of bromide to chloride for efficient snow-
pack Br, production in prior studies (Pratt et al., 2013). To provide context for these data, snow sample concentrations
in FYI and MYI regions north of Alaska previously presented by Krnavek et al. (2012) are shown. The Krnavek et al.
(2012) data are colored by the percentage of observations, with more commonly measured concentrations plotted in
yellow and less common concentrations plotted in blue. DOI: https://doi.org/10.1525/elementa.352.f2
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Pratt et al. (2013) showed that the ratio of bromide to
chloride (Br-/Cl") plays a role in enabling the production
of Br, from the snowpack, and suggested a Br/Cl- mole
ratio greater than 1:200 as being optimal for Br, produc-
tion, based on available coastal tundra and FYI region snow
samples. This dependence of Br, production on bromide
enrichment has also been observed in previous labora-
tory studies (e.g. Huff and Abbatt 2002; Adams et al,
2002; Sjostedt and Abbatt 2008). As shown in Figure 2,
Br-/Cl- mole ratios in excess of 1:200 were not commonly
observed in either these data or the Krnavek et al. (2012)
dataset. Examining the Krnavek et al. (2012) dataset shows
ratios in excess of 1:200 occurred ~15% of the time in MY
regions and less than 5% of the time in FYI regions. Given
the prevalence of tropospheric BrO in satellite observa-
tions over sea ice regions in the Arctic spring (e.g. Wagner
and Platt 1998; Theys et al., 2011; Koo et al., 2012), our
measurements suggest less enriched Br/Cl- ratios than
previously suggested by Pratt et al. (2013) regularly enable
Br, production. However, Pratt et al. (2013) did not have
available snow samples with acidic pH and enriched
Br/Cl" ratios to test Br, production. Prior studies suggest
enhancements in the Br-/Cl- ratio are more common at
low salinity, which is commonly observed in snow samples
from coastal tundra and MYI regions (Krnavek et al., 2012),
as well as at Summit, Greenland (Dibb et al., 2010). Given
the demonstrated effectiveness of less saline coastal tundra
snowpacks in producing Br, (Pratt et al., 2013), it is reason-
able to suggest that low salinity snowpacks sampled in this
study are similarly effective in producing Br,. The effec-
tiveness of snowpacks in MYI regions as a source of Br, is
supported by the large enhancements in tropospheric BrO
columns observed in MYI regions by Peterson et al. (2016).
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The salinity of the surface snow observed in this study,
as described by sodium concentrations (Na*) (Figure 3),
is consistent with prior findings that brine on sea ice can
only migrate a limited distance (<17 cm) into the overly-
ing snowpack (Domine et al., 2004). Samples from both
the current work and the prior Krnavek et al. (2012)
study show that surface snow collected from snowpacks
less than 17 cm deep had higher sodium concentrations
than those collected from deeper snowpacks (Figure 3).
This difference in salinity is significant at the 95% con-
fidence level (p = 4.2:107") for the larger set of Krnavek
et al. (2012) samples. Snowpack vertical profiles collected
at five sites (Figure S1) also show this trend of decreasing
salinity with increased distance from the sea ice surface.
The low sodium content of the surface samples collected
from deeper snowpacks in this work suggests that the
presence of halides in these samples is due to the depo-
sition of SSA from the atmosphere and/or deposition of
halogen-containing gas phase compounds, rather than
wicking of brine from the sea ice surface.

To determine relative deviations from standard seawater
ratios, we calculated halide (X) enrichment factors (Ef) for
bromide and chloride relative to sodium (Ef[X]) (Figure 4),
according to Newberg et al. (2005).

)
[Na™]) (1)

[X]
[Na+ ] seawater

where [X] corresponds to the concentration of bromide
or chloride and [Na*] is the concentration of sodium, in

Ef[X] =

Krnavek et al 2012 Sea Ice Region Snow Samples
T
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Figure 3: Distributions of snow salinity as represented by sodium concentrations are shown for A) the surface snow
samples collected by Krnavek et al. (2012) and B) the 29 samples collected in this work. In panel B, the red line repre-
sents the median, the blue box is the inner two quartiles, and whiskers span the outer two quartiles. The cut-point of
17 cm was chosen based on the upper limit depth at which brine wicking minimally influences surface snow salinity
(Domine et al., 2004). DOLI: https://doi.org/10.1525/elementa.352.f3
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Krnavek et al. (2012) % of Sea Ice Region Snow Samples
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Figure 4: Enrichment factors relative to seawater for bromide and chloride for each snow sample, grouped by the ice
region where the sample was collected, and also showing snow samples collected in sea ice regions north of Alaska
(Krnavek et al., 2012). Enrichment factors greater than one indicate enrichment relative to seawater, while values
lower than one indicate depletion relative to seawater. The scatter plot is divided into four regimes based on enrich-
ment of the two ions relative to seawater. Uncertainties in enrichment factors, calculated from standard deviations
of triplicate IC measurements of a single sample, are plotted in red. The Krnavek et al. (2012) data are colored by the
percentage of observations, with more commonly observed enrichment factors plotted in yellow and less common
enrichment factors plotted in blue. DOI: https://doi.org/10.1525/elementa.352.f4

the snow samples and seawater, respectively. Enrichment
factors greater than one indicate enrichment relative to
seawater, while values lower than one indicate depletion
relative to seawater. Snow from both MYI and FYI regions
displayed comparable average levels of chloride enrich-
ment (median of 1.7 for both regions). From these 29
samples, there is no relationship between the sea ice envi-
ronment where the sample was collected and the level
of chloride enrichment. For the 29 samples in this study,
surface snow samples from MYI and FYI regions displayed
differing levels of bromide enrichment with median
enrichment factors of 0.8 and 2.0, respectively (Figure 4).
In total, 20 of 29 surface snow samples in both FYI and
MYI regions were enriched in bromide (Figure 4), indicat-
ing bromide enrichment is more common than bromide
depletion. Although in this study, bromide depletion was

more commonly observed in MYI regions (6 of 11 sam-
ples), indicating it had served as a source of atmospheric
bromine. Snow in FYI regions was more often enriched
(15 of 18 samples), reflecting the deposition of bromine-
containing trace gases. These results suggest the salinity
of the underlying ice is not as important as atmospheric
processes in determining surface snowpack halide con-
centrations in central Arctic sea ice regions. These findings
are consistent with prior studies in the Arctic showing
increasing bromide enrichment in snowpacks 300 km
inland, indicating that bromide from sea ice regions had
been transported and deposited further inland (Simpson
et al., 2005). As with the prior measurements by Krnavek
et al. (2012), these data also show that bromide concen-
trations at low salinities are dominated by atmospheric
exchange.
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The observed deviations from seawater ratios are reflec-
tive of the widespread atmospheric bromine chemistry
occurring in the Arctic boundary layer. Snowpacks serve
as both a sink and source of atmospheric bromine by
providing a surface for trace gas deposition and serving
as a source of Br, and BrCl through multiphase reactions
(Custard et al., 2017). It is likely the net enrichment of
bromide observed at the time of sampling reflects both
processes occurring; thus, we interpret observations of
both depletion and enhancement of bromide in both
FYI and MYI regions as evidence that snowpacks in both
regions are actively serving as both sources and sinks of
reactive bromine to the atmosphere. Pratt et al. (2013) and
Custard et al. (2017) showed that the ratio of Br-/Cl- in the
snowpack is important in determining snowpack Br,, BrCl,
and Cl, production. Figure 5 displays the cumulative dis-
tribution function for surface snow Br-/Cl- derived from
the Krnavek et al. (2012) dataset for surface snow over
land, FYI, and MYI. Snowpacks in both terrestrial and MYI
regions exhibit ratios favorable to Br, production (>1:200,
Pratt et al. (2013)) more often than FYI regions (25% and
15% vs 5%, respectively). This trend is also observed when
considering any amount of bromide enrichment, with
40% of terrestrial snowpacks and 26% of MYI snowpacks
being enriched in bromide, vs. only 14% of FYI snowpacks.
This finding underscores the role of atmospheric process-
ing, both deposition and production of bromine-contain-
ing gases, in modifying the chemical composition of these
snowpacks, as opposed to those in FYI regions which tend
to be more saline and are not as likely to exhibit enrich-
ments or depletions in bromide compared to seawater.
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Similarly, 28 of the 29 surface snow samples collected
in this study were enriched in chloride, suggesting depo-
sition of chlorine-containing trace gases enhances snow-
pack chloride concentrations in both FYI and MYI regions.
Chloride enriched snowpacks serve as a source of both Cl,
and BrCl to the atmosphere, but the production of these
Cl, is reduced below the eutectic point (=22.9°C) of hydro-
halite (NaCl-2H,0), where hydrohalite precipitation limits
chloride availability for chlorine activation (Sjostedt and
Abbatt, 2008; Custard et al., 2017). The majority of sam-
ples were collected during February and April, when air
temperatures are typically below this eutectic tempera-
ture (Rigor et al., 2000), likely leading to a lack of observed
chloride depletion.

Recommendations for the modeling community

Determining the role of FYI and MYI regions and future
impacts of ongoing Arctic cryospheric changes on snow-
pack driven halogen chemistry over a pan-Arctic scale
is suited to a modeling approach (e.g. Yang et al., 2010;
Toyota et al., 2011; Falk and Sinnhuber, 2018). However,
the lack of halide measurements in remote Arctic sea
ice locations prior to this study have required disparate
assumptions to be made about snowpack salinity and the
ability of various sea ice regions to initiate and sustain
halogen activation. For example, Yang et al. (2010) use
Antarctic composition data to approximate Arctic snow
salinity and assumed no production of reactive bromine
from MYI regions due to the lower salinity of the snow-
pack. Toyota et al. (2011) included bromine release from
both FYI and MYI regions, finding that modeling bromine
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Figure 5: Cumulative distribution functions calculated from the Krnavek et al. (2012) dataset for Br-/Cl- mole ratios in
snow collected over land (blue), FYI regions (red), and MYI regions (yellow). The dashed red line denotes the sea water
ratio (Millero et al., 2008) of these anions, and the black line denotes a ratio of 1:200, which has been observed as
optimal for Br, production (Pratt et al., 2013), in agreement with laboratory studies by (Huff and Abbatt, 2002; Adams
etal., 2002; Sjostedt and Abbatt, 2008) showing bromide enrichment is required for Br, production. DOI: https://doi.

org/10.1525/elementa.352.f5



Art.14, page8 of 13

release happening more efficiently in FYI regions than
MYI regions produced improved model agreement with
satellite-based BrO observations. Falk and Sinnhuber
(2018) extended the Toyota et al. (2011) paramaterization
to both the Arctic and Antractic over a full year, rather
than just the polar spring. They found good agreement
with GOME-2 BrO tropospheric vertical column density
(VCD) observations, although the model generally under-
estimates the observed VCDs. The bromide measurements
presented in this work suggest that the surface snowpack
in both FYI and MY regions can serve as a source of Br,,
with the majority of samples being enriched in bromide
(Figure 4), a prerequisite for bromine activation (Pratt
et al., 2013), presumably due the deposition of trace bro-
mine gases (Simpson et al., 2005). This finding suggests
the approach of Toyota et al. (2011) and Falk and Sinnhu-
ber (2018), with Br, production from both FYI and MY]
surface snow, is more appropriate than only considering
activation from FYI regions.

Current modeling work only considers snowpack bulk
salinity as a relevant parameter, but recent laboratory and
field measurements suggest that other properties such as
pH (Wren et al., 2013; Pratt et al., 2013) and Br-/Cl- ratio
(Pratt et al., 2013) are more important than bulk salinity
for Br, production. While pH measurements across sea ice
regions remain limited, the pH of snow measured in this
work ranged from 4.8-6.6, corresponding to acidic snow-
packs which would support halogen activation (Wren et
al., 2013; Pratt et al., 2013). The relationship of bulk snow
melt water pH and ion concentrations to the values at the
snow grain surface should also be explored, as the halides
may not be present at the surface (Bartels-Rausch et al.,
2012), or may not uniformly cover the snow grain sur-
face (Malley et al., 2018). The Br-/Cl- ratios presented in
Figure 5 suggest the ability of terrestrial and MYI snow-
packs to produce Br, should be accounted for in models.
Airborne measurements of BrO 200 km inland by Peterson
et al. (2018) provide further evidence of the effectiveness
of terrestrial snowpacks in producing reactive bromine.
Given that the conditions for Br, production are most fre-
quently observed in terrestrial snowpacks, it is likely those
snowpacks will play an increasing role in Arctic boundary
layer bromine chemistry as sea ice extent declines.

Conclusions

We measured concentrations of chloride, bromide, and
sodium in snow meltwater samples from FYI and MYI
regions near Greenland, Alaska, and in the central Arctic.
We find surface snow from both MYI regions and FYI
regions is generally enriched in chloride compared to
seawater. Snow in FYI regions is most often enriched in
bromide, while snow in MYI regions shows both deple-
tion and enrichment of bromide. These findings suggest
that snow in both MYI and FYI regions is playing a role
in bromine and chlorine activation chemistry and its
associated impacts. The snow meltwater bromide concen-
trations and deviation from seawater ratios observed in
this study point to snowpacks in MY ice regions being a
source of Br,. This finding is supported by measurements
of ozone and BrO in predominantly MYI regions showing
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both boundary layer ozone depletion events (e.g. Gilman
et al., 2010; Halfacre et al., 2014) and increased amounts
of atmospheric BrO compared to FYI and coastal regions
(Peterson et al., 2016), pointing to a role for MYl regions in
initiating and sustaining active bromine chemistry. Recent
observations by Peterson et al. (2017) of a lofted bromine
plume over Utqiagvik, Alaska also implicated the snow-
pack in MYI regions as the initial source of reactive bro-
mine. In recent years, the fraction of first-year sea ice (FYI)
cover in the Arctic Ocean has increased, while multi-year
sea ice (MYI) extent has decreased (Nghiem et al., 2007,
Maslanik et al., 2011). Reductions in overall sea ice extent
are also expected to lead to increased snowfall in coastal
Arctic regions (Bhatt et al., 2014). These changes in sea ice
coverage impact the overlying snowpack (Webster et al.,
2014), influencing boundary layer bromine chemistry and
likely chemistry occurring aloft due to atmospheric mix-
ing (Peterson et al., 2017).

Given the relatively low tropospheric hydroxyl radi-
cal levels in the Arctic basin (Saiz-Lopez and von Glasow,
2012), halogen radicals play an important role in the
oxidation of atmospheric pollutants in the springtime
polar boundary layer (Simpson et al., 2007b). Despite the
importance of chlorine radicals in the Arctic boundary
layer, measurements of atmospheric trace chlorine gases
remain limited (e.g. Impey et al., 1997, 1999; Keil and
Shepson, 2006; Liao et al., 2014; Custard et al., 2016). Our
finding of widespread chloride enrichment suggests that
snowpack driven chlorine production at temperatures
above the hydrohalite eutectic temperature (-22.9°C)
(Custard et al., 2017) would likely occur in both MYI and
FYI regions, playing a key role in the oxidation of volatile
organic compounds (Jobson et al., 1994; Keil and Shepson
2006), including methane, a greenhouse gas, over the
entire sea ice covered Arctic. This study underscores the
need for measurements of chlorine-containing trace
gases, as well as the chloride content of aerosols and the
snowpack, in remote sea ice regions.

Measurements of snowpack salinity and snowpack
depth suggest that trace gas deposition, rather than the
wicking of brine from the sea ice surface, is the primary
source of excess halides in the surface snowpack in both
FYI and MYI regions. This finding provides an explanation
for observations of enhanced tropospheric BrO in multi-
year ice regions (Peterson et al., 2016; Burd et al., 2017).
Our measurements suggest the modeling of atmospheric
halogen chemistry on a pan-Arctic scale should take into
account surface snowpack halogen production from FYI
regions, as well as MYI and snow-covered coastal regions
(e.g. Falk and Sinnhuber, 2018). Given the rapid decline of
sea ice extent, particularly the loss of MYI regions, ascer-
taining the role of these MYI and inland snow-covered
regions as compared with FYI regions in boundary layer
halogen chemistry is a critical need, which requires more
halogen measurements in MYI regions.
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(https://doi.org/10.18739/A2G56H) (Peterson and Pratt
2017).

Supplemental files
The supplemental files for this article can be found as
follows:
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