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ABSTRACT: Atmospheric bromine and chlorine atoms have a |
significant influence on the pathways of atmospheric chemical
species processing. The photolysis of molecular halogens and
subsequent reactions with ozone, mercury, and hydrocarbons
are common occurrences in the Arctic boundary layer during
spring, following polar sunrise. While it was recently determined
that Br, is released from the sunlit surface snowpack, the
source(s) and mechanisms of Cl, and BrCl production have
remained unknown. Current efforts to model Arctic atmos-
pheric composition are limited by the lack of knowledge of the
sources and emission rates of these species. Here, we present the
first simultaneous direct measurements of Br,, Cl,, and BrCl in
snowpack interstitial air, as well as the first measured emission
rates of Br, and CI, out of the snowpack into the atmosphere. Using chemical ionization mass spectrometry, Br,, Cl,, and BrCl
were observed to be produced within the tundra surface snowpack near Utqiagvik, AK, during Feb 2014, following both artificial
and natural irradiation, consistent with a photolytic production mechanism. Maximum Cl, and Br, fluxes from the snowpack to
the overlying atmosphere were quantified and reached maxima at mid-day during peak radiation. In-snowpack Br, and BrCl
production was enhanced, with Cl, production reduced, at air temperatures below the eutectic point for the formation of NaCl-
2H,0, suggesting limited chloride availability, as compared to production at air temperatures above this eutectic point. These
new observations improves the ability of the community to simulate Arctic boundary layer composition and pollutant fate.
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1. INTRODUCTION

Halogen chemistry has been widely studied throughout the
Arctic over the past several decades."” Bromine, in particular,
has been linked with ozone depletion events (ODEs), when
ozone drops from background levels of 40 ppb (nmol/mol) to

Pratt et al.'> showed that the Arctic surface snowpack (near

Utgqiagvik, AK) can produce molecular bromine (Br,) in the
presence of solar radiation, and this production is enhanced by
an increase in the O; concentration as a result of heterogeneous
chemistry, as shown in the general reactions R1—R8."

below S ppb.”* This has been shown to occur sporadically X, +h—2X (R1)
. . . . N
during the Arctic springtime. Be'cause most of these measure- X + 0, = XO + O, (R2)
ments took place at coastal locations, sea salt was proposed as
one of ghe important sources of at.n?ospherlc molec.ular XO + HO, - HOX + O, (R3)
halogens.” It was hypothesized that acidic aerosols provided
the initial release and a surface for heterogeneous recycling of HOX ) = HOX ;g (R4)
atmospheric Br, to occur during ODEs.”” However, modeling
studies have shown that heterogeneous recycling of bromine XO + NO, —» XONO, (RS)

species on the surface snowpack results in simulated O,
depletion rates that match observations.” " The snowpack
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XONOZ(g) + HZO = HOX(aq) + HNO3(aq) (R6)
+ —_ —_
HOX(,q) + H (3 + X" (29)/Y (ag)
= X320/ XY(aq) + H,0 (R7)
Xaq)/ XV(ag) = Xag)/ XY(g) (R8)

The observed Br, surface snowpack production is consistent
with elevated Br, observed in the surface snowpack interstitial
air in early March at Alert, Nunavut, Canada."® Lower
tropospheric Br, has been observed at up to 27 ppt from
February to early March at Alert'”'* and up to 46 ppt in
March—April near Utgiagvik, AK."> While BrCl and Cl, were
not observed in the snow chamber experiments by Pratt et al.,"”
BrCl has been observed at up to 35 ppt at Alert'>'* and up to
14 ppt near thiagvik,16 and Cl, has been observed at up to
400 ppt near Utqiagvik.'®'” Current models are limited by the
lack of understanding of the sources and emission rates of
molecular halogens, especially for BrCl and Cl,, which impact
the fate of volatile organic compounds through faster oxidation
by Cl atoms than by the hydroxyl radical.'® This information is
crucial to properly simulate future Arctic atmospheric
composition, * especially given rapid sea ice surface change.”’

To further investigate the tundra snowpack as a source of Cl,
and BrCl, we deployed chemical ionization mass spectrometry
(CIMS) near Utgiagvik, AK during Feb 2014 to perform real-
time measurements of gas-phase inorganic halogens within the
interstitial snowpack air. Sunlit and artificial light experiments
were conducted to investigate the impact of photochemical
reactions on snowpack halogen chemistry, including production
of Br,, Cl,, and BrCl Vertical profile experiments were
conducted above the surface snowpack to determine the fluxes
of Br, and Cl, from the snowpack.

2. EXPERIMENTAL SECTION

2.1. Measurements. In-snowpack and vertical profile
measurements of Br,, Cl,, and BrCl were conducted using
CIMS during Feb 2014 near Utqgiagvik, AK (71° 16.500 N,
156° 38.426 W). Simultaneous O concentration measurements
were performed using a 2B Technologies model 205 dual-beam
O; monitor. Meteorological variables were measured at sites
located S km upwind of the CIMS field site, with only flat
tundra present between the sites. Wind direction, wind speed,
and temperature data at 10 m were obtained from the National
Oceanic and Atmospheric Administration (NOAA) Barrow
Observatory (http://www.esrl.noaa.gov/gmd/obop/brw/), and
down-welling radiation data were obtained from the Atmos-
pheric Radiation Measurement Climate Research Facility
(https:/ /www.arm.gov/ capabilities/observatories/ nsa). Melted
surface snow pH and inorganic ion concentrations were
measured for snow collected on Feb S, 23, and 28, 2014, as
detailed in the Supporting Information and shown in Table S1
of the Supporting Information.

CIMS with I(H,0),” reagent ions monitored Br, as
IBr”Br~ (285 amu), I”Br®'Br~ (287 amu), and I*'Br®'Br~
(289 amu).”® Cl, was monitored as I**CI**CI~ (197 amu) and
IFCICI™ (199 amu), and BrCl was monitored as I”°Br**Cl~
(241 amu) and I”Br’CI7/I®¥Br*>Cl™ (243 amu). Each mass
was monitored for 500 ms with 6% duty cycles. CIMS has been
described previously by Liao et al.'” and Peterson et al;”'
therefore, only a brief description will be given here. The CIMS
sampled by continuously pulling 8.2 standard liters per minute
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(slpm) of ambient air through a custom three-way inlet valve.**
After the sampled ambient air passes through the inlet valve, 2
slpm of the flow entered the CIMS, 1.3 slpm was directed to
the O; monitor for simultaneous measurements, and the
remaining flow was removed as exhaust. Hydrated I" clusters,
(H,0),I", were produced inside the CIMS flow reactor using a
2.0 slpm flow of CH,I (S ppm) in N, passed through a *°Po
ionizing source and mixed with a flow of humidified N, inside
the flow reactor. Humidified N, was made by flowing N,
through room-temperature (~26 °C) deionized water housed
in a glass bubbler. The water addition ensured that the
atmospheric water vapor did not affect the CIMS sensitivity.

Background measurements were performed every 20 min by
passing the ambient air through a glass wool scrubber. Previous
lab and field studies have shown that glass wool can remove
inorganic halogens with high efficiency (>95%).>* The removal
was verified during the field study by adding large
concentrations of both Cl, (2500 ppt) and Br, (1500 ppt)
into the ambient air sample and passing it through the glass
wool scrubber. Both Cl, and Br, were generated from
permeation tubes (KIN-TEK), which were also used as
calibration standards.

Calibration of Br, and Cl, was performed periodically
(typically every 0.5 h) by individually adding a known
concentration of either Br, (1500 pptv) or Cl, (2500 pptv)
to the ambient air being sampled. The typical Br, (285 amu)
and Cl, (197 amu) sensitivities during the in-snowpack
experiments (Feb 8—9, 2014) were 13.6 = 0.9 and 16.6 +
0.9 Hz ppt™', respectively, and 13.5 + 0.3 and 19.6 + 0.9 Hz
ppt ™", respectively, during the vertical profile experiments (Feb
16, 2014), described below. A sensitivity midway between those
of Br, and Cl, (20.4 Hz/ppt) was assumed for BrCl (243 amu)
for the in-snowpack experiments. To account for any minor
changes in H,O addition and detector sensitivity during the
study, CIMS signals were normalized by mass 147 [I-
(H,'"®0)7]. During the in-snowpack experiments on Feb 8—9,
2014, Br, (285 amu), Cl, (197 amu), and BrCl (243 amu) 36 1
min averaged limits of detection (LODs) were 3.6, 1.0, and 2.2
ppt, respectively. Average in-snowpack experiment uncertainties
for Br, and Cl, were estimated to be +18 and +21%,
respectively. During the flux experiments, Br, (285 amu) and
Cl, (197 amu) 36 1 min averaged LODs were 1.0 and 0.7 ppt;
given a measurement period of 15 min, we estimate the average
LODs to be 0.3 and 0.2 ppt, respectively. The typical
uncertainties for Br, and Cl, during the flux experiments
were estimated to be +21 and +30%, respectively.

To confirm the identity of the detected masses, the two
isotopes of the same species (i.e., isotopic masses for Br,, Cl,,
and BrCl) were plotted versus one another to enable
comparison of the linear regression to their known isotopic
ratio. Confirmation of the presence of a specific molecular
halogen was achieved when the best fit line had a slope within
+10% of the isotopic ratio for that specific molecular halogen.
For example, for snowpack interstitial air sampling on Feb 11,
2014, the plot of mass I*'Br*'Br~ (289 amu) versus mass
IBr””Br™ (285 amu) shows a best fit line (R* = 0.997) with a
slope of 0.929 + 0.002 (Figure S1 of the Supporting
Information), confirming the presence of two bromine atoms
(isotopic ratio of 0.97). Mass I’CI**Cl™ (199 amu) versus mass
IP’CI*CI™ (197 amu) shows a slope of 0.627 + 0.004 (R* =
0.935), confirming the presence of two chlorine atoms (Figure
S2 of the Supporting Information, with an isotopic ratio of
0.65). Mass I””Br*’Cl™ (243 amu) versus mass I””Br**Cl~ (241
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Figure 1. Image of the illuminated in-snowpack sampling setup for an experiment conducted on Feb 11, 2014, showing the lamps suspended above
the snowpack with an insulated sample line passing through the snow cover and into the snow sampling hole.

amu) showed a slope of 1.201 + 0.004 (R* = 0.991), confirming
the presence of one Cl and one Br atom (Figure S3 of the
Supporting Information, with an isotopic ratio of 1.3).

2.2. Snowpack Interstitial Air Experiments. In-snow-
pack experiments were performed during early morning or late
evening in the absence of natural ultraviolet (UV) radiation to
allow control for when and how long the snowpack was
irradiated. A 380 cm fluorinated ethylene propylene (FEP) line
(1.27 cm inner diameter) heated to 30 °C was attached to the
CIMS inlet to allow for sampling of the snowpack interstitial
air. Br, and Cl, line loss tests were performed, showing average
losses of ~7 and ~3.5%, respectively. Lab studies have shown
that HOBr adsorbed onto Teflon surfaces can be converted to
Br,.”’ As a preventative measure, we cleaned our sample line
before and after every experiment by rinsing with Milli-Q water
and drying with N,. Control experiments were performed
during which the CIMS inlet was switched between the
experiment sampling line and an inlet described by Liao et al.**
that was designed to minimize inlet losses and previously
compared to differential optical absorption spectroscopy
measurements of BrO. For these experiments, both inlets
were placed at the same height above the snowpack. A paired ¢
test showed that there was no significant difference (95%
confidence interval) between Br, (and Cl,) mole ratios
measured by the two inlets, suggesting that the cleaned
sampling line used herein did not impact the molecular halogen
mole ratios beyond their measurement uncertainties.

To ensure that ambient air was not directly sampled during
in-snowpack sampling, a custom snow cover was built using a
61 X 61 cm piece of 0.6 cm thick Acrylite OP-4 (CRYO
Industries) mounted to an aluminum frame with a 7.6 cm edge
to press into the snowpack. The snow cover provides ~67%
transmission of 280 nm radiation, rising to ~78% at 300 nm
and ~92% at 400 nm. A 5.4 cm inner diameter circle was cut
out of the center of the cover for the sample line. Before in-
snow experiments, the snow cover was pushed into the
snowpack until the Acrylite sheet contacted the snowpack
surface. A sampling hole of a desired depth was then bored into
the snowpack using a clean stainless-steel ice auger drill bit,
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leaving a 5.4 cm inner diameter hole into which the sample line
was inserted, and then sealed to the cover. To irradiate the
snowpack, six solar simulating lights (UVA-340, Q-Lab, 300—
400 nm with a maximum wattage at 340 nm) housed in a
wooden box were placed 15 cm above the snow cover. For the
Feb 11 in-snow experiment, ozone was pumped into the
snowpack via a line alongside the sampling line. The ozone was
generated by passing breathing quality compressed air (1.5
Ipm) through an O; generator (model 97-0067-01, UVP). An
image from the Feb 11 in-snowpack experiment setup is shown
in Figure 1.

2.3. Vertical Profile and Flux Experiments. Vertical
profile measurements of molecular halogens (Br, and Cl,) were
achieved by sampling ambient air at various heights (0—100
cm) above the tundra snowpack in the same location as the
snowpack interstitial air experiments. The 380 cm FEP line
(1.27 cm inner diameter, as described in section 2.2) heated to
30 °C was attached to an adjustable bipod that allowed for
consistent height variations above the snowpack.

Flux values were calculated using the gradient method
equation (eq 1) described by Guimbaud et al.”*

flux = —Kd—C

dz (1)
where dC/dz is the change in concentration (C) as a function
of height above the snowpack surface, approximated by C(z,) —
C(z,)/(zy — z,), where z is the measurement height (m). The
eddy diffusivity (K) was calculated using eq 2.

K = kzu*

@)

For eq 2, u* represents the friction velocity, x is the van
Karman constant (0.4), and z; is the logarithmic mean sampling
height. The friction velocity was calculated, using eq 3, where U
is the mean measured wind speed (m/s) at 10 m (section 2.1)
and z, is the roughness length (m).”

kU(10 m)

1n<10m>

u* =

©)
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Figure 2. (Top) Snowpack interstitial air O and (bottom) molecular halogen mole ratios (1 min averaging) at a snow depth of 10 cm during the
Feb 8—9, 2014 snowpack artificial irradiation experiment. The yellow-shaded period indicates the time period of artificial irradiation. The wind speed
at 10 m above the snowpack is provided as a comparison. Regular data gaps correspond to times of background measurements and calibrations. BrCl
data are only shown for time periods when the signals corresponded to the proper BrCl isotope ratio; prolonged BrCl data gaps correspond to times

when there was evidence of an interference.

The logarithmic mean for the two sampling heights (z,) was
calculated using eq 4, where z; represents the lower sampling
height and z, represents the upper sampling height of CIMS.

z, = Z; — 2
1”(?,) (4)

The logarithmic mean of the two sampling heights, the friction
velocity, and the van Karman constant were combined to
calculate the eddy diftusivity values for each sampling segment.
u* is the only changing component of the eddy diffusivity,
because it depends upon the wind speed, which is generally
changing throughout the experiments. A comparison of wind
speeds at the study field site and the NOAA Barrow
Observatory in March 2012°° showed that winds at the
observatory were 25 + 27% faster than at the study field site,
separated only by flat tundra; therefore, a wind speed
uncertainty of +27% is considered in the calculated flux
uncertainty. The average roughness length of 0.00019 =+
0.000 01 m, measured near Utqiagvik and described in the
Supporting Information,”” is used in the eddy diffusivity
calculation.

3. RESULTS AND DISCUSSION

3.1. Snowpack Interstitial Air Experiments. To examine
the production of molecular halogens via snowpack reactions,
two snowpack experiments were conducted in Feb 2014, during
early morning/late evening, so that the snowpack exposure to
UV radiation could be controlled through the use of lamps. The
experiment conducted on Feb 8 started at 18:30 [Alaska
Standard Time (AKST)], 2 h after the sun had set for the day.
In the absence of light, the Br, and Cl, signals, within the
snowpack interstitial air, were below the CIMS LODs of 3.6
and 1.0 ppt, respectively (Figure 2). This indicates the lack of
or minor contribution by a dark production mechanism. To
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examine the photochemical nature of molecular halogen
production, the snowpack was then artificially irradiated from
Feb 8 at 19:30 to Feb 9 at 20:30. The ambient temperature
ranged from 255 to 259 K through this period. During
snowpack illumination, Br,, Cl,, and BrCl were observed and
the mole ratios of these molecular halogens quickly approached
zero upon removal of the simulated solar radiation (Figure 2).
This suggests a photochemical production mechanism for Br,,
Cl,, and BrCl, as shown previously for Br, in the ambient
snowpack'” and using artificial saline snow and ice in the
laboratory.”®* Interstitial air O; levels showed an opposite
trend compared to the molecular halogens (Figure 2), showing
evidence of halogen-mediated ozone destruction.”

During the Feb 8—9 experiment, Cl, production followed a
different pattern compared to Br, and BrCl. Both Br, and Cl,
showed immediate production upon snowpack illumination
(Figure 2). At this time, the signals of the BrCl masses did not
align with the proper isotope ratio, showing a significant
interference and suggesting a lack of BrCl present. After 30
min, Br, reached a constant mole ratio (~40 ppt), in contrast
to Cl,, which instead slowly rose for ~5 h from 0 to 20 ppt,
during which time BrCl was also observed at ~10 ppt (Figure
2). Once Cl, reached its maximum mole ratio during the
artificial irradiation of the snowpack on Feb 9, it slowly
decreased until ~4:00 (AKST), when the Cl, level plateaued
(Figure 2). Also, at ~4:00, an increase in wind speed from 4 to
8 m s~ occurred. Wind motion on the windward side of surface
features (e.g., sastrugi) causes a pressure increase/decrease on
the windward/leeward side of the bumps. This forces ambient
air into the snowpack, which mixes and pushes interstitial air
out of the snowpack (wind pumping),’" and has been shown to
modulate interstial air ozone concentrations.”” The observed
wind speed increase led to an observed rise in the snowpack
interstitial air O; concentration from 7 to 17 ppb, with
concurrent increases in Br, and BrCl to ~475 and 42 ppt,
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Figure 3. (Top) Snowpack interstitial air O; and (bottom) molecular halogen mole ratios (1 min averaging) at a snow depth of 10 cm during the
Feb 11, 2014 snowpack artificial irradiation experiment. The yellow-shaded period indicates the time period of artificial irradiation. Data gaps

correspond to times of background measurements and calibrations.

respectively (corresponding to increases by factors of 12 and 4,
respectively) (Figure 2). The enhanced Br, and BrCl
production is consistent with an interstitial air bromine
explosion, as previously observed for ozone-enhanced photo-
chemical production of Br, from the Arctic surface snowpack
during snow chamber experiments.'” This involves the
snowpack interstitial air production and heterogeneous reaction
of HOX and/or XONO, to release X,/XY (reactions R1—R8).
Similar to the recycling reaction of HOBr with Br™ to produce
Br, (reaction R7), previous laboratory studies have shown the
production of BrCl from the reaction of HOBr with CI~**~**
or from interhalogen reactions, such as reactions R9 and R10.%

B + Cl g = BCl ) (R9)

BI'ZCI_ - BrCl(g) + Br_(aq)

(aq) (R10)

It is clear that the molecular halogens were produced within the
snowpack rather than transported from the overlying air,
because the mole ratios rapidly dropped below LODs (and O,
increased) when the snowpack was no longer irradiated [at
8:30 and 9:00 (AKST); Figure 2]. In contrast to Br, and BrCl,
there was no clear impact of O3 on Cl, production, with the Cl,
mole ratio near constant at S ppt during this period (Figure 2).

To further investigate the role of ozone in molecular halogen
production, a second in-snowpack experiment was conducted
on the morning of Feb 11, 2014 prior to sunrise (Figure 3). As
in the Feb 8—9 experiment, all three molecular halogens were
below the CIMS LOD during dark sampling at the beginning of
the experiment. Upon illumination, Br,, Cl,, and BrCl
production instantly occurred. The snowpack interstitial air
O; concentration was initially ~25 ppb (as compared to 5—18
ppb on Feb 8-9), resulting in higher Br, and BrCl
concentrations (maxima of 1100 and 140 ppt, respectively;
Figure 3) than those observed during the Feb 8—9 experiment
(Figure 2). This is consistent with a strong interstitial air
bromine explosion. However, unlike during the previous
experiment, the production of all three molecular halogens
reached a maximum more quickly (after ~15 min), after which
the concentrations decreased and leveled off after ~30 min of
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irradiation (Figure 3). The decrease in molecular halogen levels
coincided with decreased O; levels as a result of the reaction
with bromine atoms produced from photolysis of Br, and BrCl.
Therefore, the ozone destruction seems to slow the bromine
explosion cycle, thereby reducing molecular halogen produc-
tion. At 9:10 (AKST) on Feb 11, externally generated O; was
pumped into the snowpack at a distance of 5 cm horizontally
away from the sampling location. As the ozone level in the
snowpack interstitial air increased from 8 to 100 ppb, the
snowpack BrCl and Cl, mole ratios more than doubled, with
Br, increasing by ~60% (Figure 3), showing that the
production of all three molecular halogens was enhanced
with significant O; addition, likely through the halogen
exposion cycle (reactions R2—R8). However, again, 2 maximum
was reached at 9:35 (AKST), such that the levels of the
molecular halogens decreased some, even with additional Oj; at
this point (Figure 3). When the lamps were switched off; all of
the molecular halogens decayed rapidly, consistent with a
photochemical production mechanism (Figure 3).

During both in-snowpack experiments, Br, mole ratios were
higher than BrCl (by factors of 4—11) and Cl, (by factors of 2—
95). Bromide is expected to be enriched at the disordered
interface of the snow grain surface.’ " A photochemical
hydroxyl radical (OH)-mediated production mechanism based
on previous laboratory studies” was suggested for the
production of Br, from the Arctic surface snow.'” In addition
to the surface enrichment, bromide has a greater aqueous-phase
reaction rate constant with OH compared to chloride, leading
to preferential oxidation of bromide.”® At Utqiagvik, snow OH
has been shown to be produced through photolysis of H,O,,
nitrite, and nitrate.* The observed dominance of Br, is
consistent with laboratory measurements of OH oxidation of
frozen NaCl/NaBr mixtures with Cl7/Br~ seawater ratios,
showing a BrCl yield at 3% of the Br, yield, with no Cl,
measured above the method detection limit for frozen seawater
at pH 7, with a lower BrCl yield (2%) at pH 2.** In comparison,
the measurements described herein show greater relative
fractions of BrCl and the presence of Cl,, the latter of which
may be due to the lower LOD of the instrument used herein.
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Figure 4. (a) Br, and (b) Cl, vertical profile measurements on Feb 16, 2014 with the time (AKST) denoting the start of the vertical profile

conducted at the height closest to the snow surface.

The greater relative abundance of BrCl and Cl, herein than
predicted from previous laboratory studies may be due to their
greater photolysis rates compared to Br, (by factors of 2.3 and
1.7, respectively) for the lamps used (maximum radiation at
340 nm), thereby promoting heterogeneous recycling and
increasing molecular halogen production compared to solar
radiation conditions, where Br, photolysis is relatively faster.”
This is also consistent with the observed magnitude of the
increases in Br, (1.5x), BrCl (2.2x), and Cl, (2.6X) mole
ratios from 8 to 100 ppb O; during the Feb 11 experiment.
When comparing the Feb 8—9 and Feb 11 experiments
under <10 ppb Oj; conditions, Br, and BrCl mole ratios were
higher on Feb 11 by factors of 14 and 7. Similar to the case for
Br,, Sjostedt and Abbatt*” previously proposed that BrCl could
form in the condensed phase following OH oxidation of
bromide and/or chloride. In addition to undergoing photolysis
(reaction R1), BrCl can also react with Br~ to produce Br,.””
While the snow temperature was not measured herein, the air
temperature during the experiments ranged from 255 to 259 K
on Feb 8—9 and was 247 K on Feb 11. While the air
temperatures on both days were above the eutectic point for
the formation of NaBr-2H,0O (24S K), the snow temperature
on Feb 11 was likely below the eutectic point for the formation
of NaCl-2H,0 (251 K).** Limited CI~ available for reaction
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with the condensed phase oxidant enhances the relative
abundance of Br™ available for oxidation, likely leading to the
increased Br, and BrCl production®” observed on Feb 11. For
context, the bulk snow meltwater pH (5.3—5.8), [Br™] (0.2—
0.4 uM), and [CI"] (0.4—0.6 mM) were similar for samples
collected Feb S, 23, and 28, 2014 (Table S1 of the Supporting
Information), suggesting that overall snow pH and Br~/Cl~
ratios were unlikely to drive the differences in molecular
halogen production.

In contrast to the Br, and BrCl trends observed, Cl, mole
ratios were greater by a factor of 3 on Feb 8—9 (20 ppt)
compared to Feb 11 (7 ppt), under <10 ppb Oj conditions. On
Feb 11, Cl, production was likely limited by available CI7,
because the snow temperature was likely below the eutectic
point for the formation of NaCl-2H,0 (251 K).** In their study
of the heterogeneous OH reaction with frozen saline solutions
at 248 K, Sjostedt and Abbatt"* suggested that the lack of
observed Cl, production was due to limited CI™ available for
reaction as a result of NaCl-2H, O precipitation. Similarly, Wren
et al.”’ observed decreased photochemical Cl, production
below 252 K from artificial saline snow. Overall, maximum Cl,
mole ratios were similar between the Feb 8—9 and Feb 11
experiments (~20 ppt), with increased Cl, observed for
increased O; on Feb 11 only, perhaps as a result of differences
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Figure 5. Snowpack Br, and Cl, fluxes (also in Table 1) calculated from gradient profiles (Figure 4) with corresponding radiation on (top) Feb 16,
2014 and (bottom) Feb 14, 2014. Cl, mole ratios were below the CIMS LOD on Feb 14.

Table 1. Calculated Snowpack Fluxes Based on ~1 h Vertical Gradient Measurements (Figure 4) for Br, and Cl, on Feb 14 and
16, 2014, and Average Solar Radiation during Each Measurement Period”

time (AKST) Br, flux (molecules cm™ s7!)

Feb 14, 2014, 11:36

2.0 (+0.6) x 10°

Feb 14, 2014, 12:39 6. (+2) x 10®
Feb 14, 2014, 13:36 4. (+1) x 10®
Feb 14, 2014, 14:35 8. (+2) x 10°

Feb 14, 2014, 15:44
Feb 16, 2014, 09:33
Feb 16, 2014, 10:49
Feb 16, 2014, 11:52
Feb 16, 2014, 13:03
Feb 16, 2014, 14:13
Feb 16, 2014, 15:46

1.1 (+0.3) x 10°
1.5 (£0.5) x 108
5. (x2) x 10°
5. (£2) x 108
12. (+4) x 10°
0.7 (£0.2) x 10°
4. (1) x 10*

“Note that Cl, mole ratios were below the CIMS LOD on Feb 14.

Cl, flux (molecules cm™2 s7') solar radiation (W m™2)

N/A 10
N/A 191
N/A 440
N/A 405
N/A 248
N/A N/A
0.16 (+0.05) x 10° 125
0.8 (+0.3) x 10° 403
14. (+4) x 10° 331
3. (1) x 10 463
12. (+4) x 10° 383

in the production of HO, and/or NO,. Knipping et al.*
provided support for an OH-facilitated mechanism for the
production of Cl, by observing the release of Cl, from
irradiated aqueous NaCl aerosols in the presence of ozone.
However, Wren et al.”” concluded that initial Cl, production
resulted from photolysis of BrCl to produce HOCI, which
reacted with CI™ to produce Cl, (reactions R1—R4, R7, and
R8). Analogous reactions R1, R2, and RS—RS, involving
production of CIONO, and subsequent reaction with CI~, can
also produce Cl,.** During elevated ozone (>10 ppb) periods
of the two experiments, BrCl mole ratios were factors of 7—8
greater than Cl, mole ratios.

3.2. Vertical Profile Experiments. To examine above
snowpack concentration gradients and calculate fluxes of the
molecular halogens, vertical profile experiments were con-
ducted on Feb 14 and 16, 2014 from 0 to 100 cm above the
snowpack. For both experiments, ambient air was sampled from
~9:00 to 16:00 (AKST) to allow for a complete diurnal
radiation cycle to be examined, given the photochemical
production of the molecular halogens, as discussed in the
previous section. Both experiments yielded increasing mole
ratio gradients of Br, and Cl, near the snow surface at mid-day
(Figure 4 and Figure S4 of the Supporting Information),

148

consistent with in-snowpack production and emission to the
overlying atmosphere. We could not quantify BrCl as a result of
an ambient air interference. During peak sunlight [~13:00
(AKST)], the greatest Br, and Cl, concentrations were
observed compared to hours of reduced sunlight [9:30 and
15:46 (AKST)], consistent with radiation-dependent produc-
tion.

The concentration gradients were combined with calculated
eddy diffusivity values to determine time varying flux values for
Br, and Cl,, as shown in Figure 5 and Table 1. To date, only
the Br, fluxes necessary to simulate observed BrO have been
reported in the literature, because the majority of the Arctic-
based halogen observations have been with respect to BrO, for
which measurements have existed for a couple of decades.”’
These modeling studies”'***’ have estimated Br, fluxes from
9.0 X 107 to 2.7 X 10° molecules cm > s™" for springtime Arctic
halogen chemistry. Our observed Br, fluxes presented here
(0.7—12 X 10* molecules cm™ s™') encompass a very similar
range of fluxes as for the modeling studies. A significant
difference between our flux values and those reported from
modeling studies is that our flux values are based on
observations from mid-February when ozone depletion has
not yet occurred (atmospheric O of ~35 ppb during the Jan—
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Feb study). In contrast, modeling studies are typically based on
springtime ozone depletion conditions, when solar irradiance
and halogen concentrations are greater.” Coincident with
increasing snowpack sunlight absorption,” France et al.*’
observed increasing condensed-phase OH production from the
photolysis of NO,~, NO;~, and H, O, through March 2009 near
Utqiagvik. If the molecular halogen production is limited by
condensed phase oxidant production, this would increase
molecular halogen production.”® At the same time, during the
ODEs, the production of gas-phase HBr, HCl, HOBr, and
HOCI deposit onto the surface snowpack, altering snowpack
[Br~] and [CI"] and resulting halogen production."’ On the
basis of these factors, we can assume that our flux values likely
represent a less active snowpack compared to later in the spring
when the additional radiation prompts ODEs that promote
chemistry, which likely leads to a higher flux rate of molecular
halogens from the snowpack. This is also supported when
comparing our observed Br, and Cl, ambient concentrations in
February to those observed during March/April. In this study,
Br, and Cl, daytime above-snowpack concentrations ranged
from S to 25 ppt and from S to 20 ppt, respectively, while
previous observations in mid to late March at Utqiagvik showed
Br, ranging from 0 to S ppt and Cl, ranging from 10 to 400 ppt
during the day."*”"” However, it should be noted that the
measured atmospheric concentrations of molecular halogens
depend upon several variables, including emission rates,
atmospheric mixing, recycling, and photochemical loss. During
the spring months of April and March, both atmospheric
mixing and photochemical loss of molecular halogens will be
greater compared to February. This further supports the
suggestion that the emission rates of molecular halogens from
the snowpack are likely to be greater in the spring compared to
our winter time observations.

4. CONCLUSION

From in-snowpack measurements conducted in the coastal
Arctic (Utgiagvik, AK) in Feb 2014, the surface snowpack was
shown to be a significant source of atmospheric Br,, BrCl, and
Cl,. Prior to this work, the sources and production pathways of
Arctic atmospheric Cl, and BrCl were unknown. This is
important because the Arctic is currently undergoing rapid sea
ice transformation and loss, providing urgency to gain the
knowledge to properly simulate future atmospheric composi-
tion. The observed snowpack production of Cl, and BrCl is
particularly important to the photolytic production of Cl atoms,
which are highly reactive toward hydrocarbons, including the
greenhouse gas methane.'””" From vertical profile experiments,
flux values for Cl, and Br, were derived for the tundra
snowpack. Using the calculated flux values, we were able to
evaluate the snow as an overall source of atmospheric molecular
halogens and found it to have the potential to be a dominant
source. These empirically derived Br, and Cl, snowpack fluxes
should be incoporated into models to evaluate the importance
of the snowpack as a molecular halogen source and to advance
our understanding of Arctic atmospheric composition.
Notably, molecular halogen production was observed upon
artificial illumination of the snowpack immediately following
polar sunrise and before an ODE was observed in the lower
troposphere. Br, and BrCl production were consistent with
condensed-phase photochemical oxidation occurring at the
snow grain surface, with enhanced production in the presence
of ozone as a result of heterogeneous recycling within the
snowpack intersistial air. Decreased production of Cl, and
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increased production of Br, and BrCl were observed during an
in-snowpack experiment at air temperatures below the eutectic
point for the formation of NaCl-2H,O, whereas increased Cl,
and decreased Br, and BrCl production were observed above
this eutectic point as a result of greater chloride availability and
competition for a photochemically produced condensed-phase
oxidant, such as the hydroxyl radical. Future work should
pursue physical and chemical characterization of the snow grain
surface to provide additional insights into the most important
photochemical mechanisms and controlling factors in snowpack
molecular halogen production.
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