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ABSTRACT: Atomic chlorine (Cl) is a strong atmospheric
oxidant that shortens the lifetimes of pollutants and methane in
the springtime Arctic, where the molecular halogens Cl2 and BrCl
are known Cl precursors. Here, we quantify the contributions of
reactive chlorine trace gases and present the first observations, to
our knowledge, of ClNO2 (another Cl precursor), N2O5, and
HO2NO2 in the Arctic. During March − May 2016 near Utqiag vik,
Alaska, up to 21 ppt of ClNO2, 154 ppt of Cl2, 27 ppt of ClO, 71
ppt of N2O5, 21 ppt of BrCl, and 153 ppt of HO2NO2 were
measured using chemical ionization mass spectrometry. The main
Cl precursor was calculated to be Cl2 (up to 73%) in March, while
BrCl was a greater contributor (63%) in May, when total Cl
production was lower. Elevated levels of ClNO2, N2O5, Cl2, and HO2NO2 coincided with pollution influence from the nearby
town of Utqiag vik and the North Slope of Alaska (Prudhoe Bay) Oilfields. We propose a coupled mechanism linking NOx with
Arctic chlorine chemistry. Enhanced Cl2 was likely the result of the multiphase reaction of Cl−(aq) with ClONO2, formed from
the reaction of ClO and NO2. In addition to this NOx-enhanced chlorine chemistry, Cl2 and BrCl were observed under clean
Arctic conditions from snowpack photochemical production. These connections between NOx and chlorine chemistry, and the
role of snowpack recycling, are important given increasing shipping and fossil fuel extraction predicted to accompany Arctic sea
ice loss.

1. INTRODUCTION

The photolysis of atmospheric molecular chlorine (Cl2),
bromine chloride (BrCl), and nitryl chloride (ClNO2)
produces highly reactive chlorine (Cl) atoms that rapidly
oxidize volatile organic compounds (VOCs), as well as the
greenhouse gas methane.1−3 Evidence of tropospheric chlorine
chemistry has been observed in the Arctic region over the past
decades. Early studies inferred atmospheric Cl levels, through
measurements of VOC ratios and chlorinated VOCs (e.g., refs
4−8) ranging from 103−105 molecules cm−3 of Cl. Measure-
ments of inorganic chlorine trace gases can also be used to
provide estimates of ambient [Cl]. On the basis of
observations of Cl2, ClO, and BrCl, recent studies show
numerically simulated Cl number densities reaching up to 106

molecules cm−3, suggesting previous underestimates in

[Cl].9−11 Liao et al.11 reported the first Arctic measurements
of Cl2 at up to 400 ppt (parts-per-trillion, pmol mol−1) near
Utqiag vik (Barrow), AK in March−April 2009. Typically, Cl2 is
observed in the daytime and early evening and is correlated
with ozone (O3).

10,11 Custard et al.12 observed photochemical
production of Cl2 and BrCl, similar to Br2

13 and I2,
14 from the

coastal Arctic snowpack. Constrained by Cl2 measurements
from March 2012 near Utqiag vik, ClO levels were simulated
within measurement uncertainty, supporting Cl2 as the primary
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Cl atom source during this period, yet other possible
precursors were not measured for evaluation.10

Following Cl2 photolysis (R1), Cl atoms react rapidly with
VOCs or can react with O3 to produce chlorine monoxide
(ClO, R2).1,4,15

ν λ+ < → +Cl h ( 340 nm) Cl Cl2 (R1)

+ → +Cl O ClO O3 2 (R2)

The ClO can react with the hydroperoxy (HO2) radical to
produce hypochlorous acid (HOCl, R3).1 Alternatively, ClO
can react with nitrogen dioxide (NO2) to produce chlorine
nitrate (ClONO2, R4).

1 Both HOCl and ClONO2 can oxidize
aqueous chloride (Cl−) to regenerate Cl2 (R5 and R6,
respectively), or react with bromide to produce BrCl.16,17

+ → +ClO HO HOCl O2 2 (R3)

+ →ClO NO ClONO2 2 (R4)

+ + → ++ −HOCl H Cl Cl H O(aq) (aq) 2 2 (R5)

+ + → +− +ClONO Cl H Cl HNO2 (aq) (aq) 2 3 (R6)

The formation of ClONO2 is favored over HOCl in the
springtime coastal Arctic troposphere, even for background
levels of NO2,

18 which are typically 10−100 ppt near
Utqiag vik,19 up to 144 ppt at Ny Ålesund, Norway,20 and up
to 30 ppt at Alert, Canada.21

Chlorine atoms are also produced from the photolysis of
nitryl chloride (ClNO2), which is prevalent in the polluted
midlatitude troposphere, measured at up to 1.0−8.3 ppb
(parts-per-billion, nmol mol−1) in coastal areas22−26 and up to
0.1−1.5 ppb inland.25,27−31 Dinitrogen pentoxide (N2O5),
formed when NO2 combines with the nitrate radical (NO3) via
reaction R7, undergoes heterogeneous reaction with aqueous
chloride to form ClNO2 (R8). In addition to being an
important source of Cl atoms,32 ClNO2 also serves as a
reservoir for nitrogen oxides (NOx), producing NO2 upon
photolysis (R9).1,15 The formation and loss processes of nitric
oxide (NO), NO2, and NO3 are shown in R10−R12.15

+ + +NO NO M N O M2 3 2 5F (R7)

+ → +− −N O Cl ClNO NO2 5 (aq) 2 3 (aq) (R8)

ν λ+ < → +ClNO h ( 550 nm) Cl NO2 2 (R9)

+ → +NO O NO O3 2 2 (R10)

+ → +NO O NO O2 3 3 2 (R11)

ν λ+ < → +NO h ( 690 nm) NO O3 2 (R12a)

→ +NO O( P)2
3

(R12b)

Notably, thermal and photolytic dissociation of N2O5 is slower
under low temperature and reduced sunlight conditions,
respectively,33 characteristic of the springtime Arctic, in
contrast to typical midlatitude conditions. In addition to
ClNO2 formation on aerosol surfaces,34 N2O5 has been shown
in the laboratory to react with chloride-doped ice surfaces to
produce ClNO2.

35 Since chloride is a dominant anion in the
snowpack that is influenced by sea spray aerosol deposition,36

the coastal Arctic snowpack may also serve as a source of
ClNO2.

In this work, we report the first Arctic measurements of
ClNO2, N2O5, and peroxynitric acid (HO2NO2), with
concurrent Cl2, ClO, and BrCl observations, using chemical
ionization mass spectrometry (CIMS) from March 4 to May
20, 2016 near Utqiag vik, Alaska, as part of the Photochemical
Halogen and Ozone Experiment: Mass Exchange in the Lower
Troposphere (PHOXMELT). Here, we investigate the
conditions associated with observed enhanced chlorine
chemistry. The influence of NOx pollution and the proposed
role of snowpack multiphase reactions are discussed. The
observed chlorine atom precursors are used to calculate the Cl
atom production rates during pollution periods, in comparison
to background conditions, highlighting the role of NOx in
tropospheric chlorine chemistry with increasing Arctic
development.

2. EXPERIMENTAL SECTION
2.1. Chemical Ionization Mass Spectrometry Meas-

urements. Trace gas measurements were conducted at a
tundra site southeast of Utqiag vik, AK (71.275°N, 156.641°W)
from March 4 to May 20, 2016 using CIMS (THS
Instruments).10,37 Briefly, the CIMS measures analytes by
reaction with I(H2O)n

− reagent ions, producing iodide adducts
that are separated and detected by a quadrupole mass analyzer.
The CIMS inlet, identical to previous campaigns,10,12,37,38

consisted of a 30 cm long, 4.6 cm i.d. aluminum pipe with a
stainless-steel ring torus attached to the outside end and
extended 9 cm out of the building wall and ∼1 m above the
snowpack. Approximately 300 L min−1 of air was pulled
through the inlet and 6.6 L min−1 of this airflow was
subsampled from the centerline into a 25 cm long, 0.65 cm i.d.
PFA tube and through a 30 °C heated, custom three-way valve
used for calibration and background measurements. The CIMS
ion−molecule reaction region sampled 2.0 L min−1 of the inlet
flow and was held at a constant pressure of 13 Torr. The
I(H2O)n

− reagent ions were produced by passing CH3I
(carried in N2 at 1.7 L min−1) through a 210Po ionizer with
water vapor (carried in N2 at 0.12 L min−1) added from a room
temperature 1 L water bubbler. Humidifying the reaction
chamber also prevented ambient water vapor from changing
the CIMS sensitivity during ambient sampling.37 All analyte
signals were normalized to a measure of the reagent ion at m/z
147 (IH2

18O−) to account for minor fluctuations in H2O
addition (e.g., from fluctuations in water bubbler output) and
detector sensitivity (Figure S1).
A list of the quantified species, their masses, and associated

measurement uncertainties are listed in Table S1. The CIMS
measurement cycle was 15 s, and it monitored 37 masses in
total. Halogen species were positively identified using their
measured isotopic ratios (additional details in Section S2 and
Figure S2), and representative mass spectra are shown in
Figure S3. Background measurements were conducted for 4
min every 15 min by passing the airflow through a glass wool
scrubber, which removed molecular halogen species,37,39 as
well as ClNO2, N2O5, and HO2NO2, with >95% efficiency
(Figure S4). Between March 4 and May 8, N2O5 was
quantified at m/z 235 using hourly mass scans (100 ms
dwell time) before it was added to the CIMS mass list. Details
of the N2O5 mass scans are discussed in Figure S5. After April
8, instrument background signals for nitric acid (HNO3) were
sufficiently low for quantitation. Calibrations of Cl2 and Br2 in
the field were conducted every 2 h by adding 0.12 L min−1 of
Cl2 or Br2 in N2 (2.6 ± 0.4 ppb and 1.3 ± 0.3 ppb,
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respectively), from individual permeation sources (VICI
Metronics, Inc.) to the CIMS inlet flow. The permeation
rates were verified daily by bubbling the Cl2 or Br2 flows into
2% potassium iodide solutions and measuring the oxidation
product, triiodide (I3

−), with UV−visible spectrophotometry at
352 nm.37 All other species (ClNO2, N2O5, ClO, BrCl,
HO2NO2, HNO3) were calibrated offline with sensitivities
relative to Cl2 or Br2 (Table S1). Details of the offline
calibration procedures are described in Section S3. Table S1
lists the 3σ limits of detection (LODs), corresponding to 4 min
background periods, and the 10 min averaged 3σ LODs to
account for variations in the 4 min background expected due to
counting statistics.37 The measurement uncertainties listed in
Table S1 include the propagated uncertainties in the Cl2 and
Br2 calibrations, fluctuation in the CIMS background signals,
and uncertainty in the relative sensitivity factor (when
applicable). All average mole ratios are reported with 95%
confidence intervals.
2.2. Nitrogen Oxides (NO and NO2) and Additional

Auxiliary Measurements. To identify the influence of
pollution at the field site, nitrogen oxides (NO and NO2)
and wind (speed and direction) were measured during
PHOXMELT. Nitric oxide (NO) was measured at the CIMS
field site intermittently from March 10 to May 19, 2016, with
the gaps in data coverage due to instrument−data logger
communication issues. At 10 m above the snowpack, air was
pulled through a 25 m long, 0.8 cm i.d. PFA tube at a flow rate
of 10−15 L min−1 into a manifold from which the Thermo

Scientific NOx analyzer (model 42i) subsampled. To assess
general NOx levels when in situ NO measurements were
unavailable, nitrogen dioxide (NO2) differential slant column
densities (dSCDs) were measured continuously throughout
the campaign using multiaxis differential optical absorption
spectroscopy (MAX-DOAS).40 The MAX-DOAS instrument
was located ∼14 m above the ground on the roof of the Barrow
Arctic Research Center (BARC, 71.325°N, 156.668°W), ∼6
km north of the CIMS field site across flat tundra (Figure S6),
and its viewing azimuth was 23° east of north. The MAX-
DOAS measures NO2 along its entire detection path (up to
∼15 km, depending on visibility),41 which includes air over the
Beaufort Sea and NO2 emitted in the Utqiag vik vicinity. NO2
dSCDs were obtained using previously published methods.41,42

Ozone (O3) was measured using an O3 monitor (2B
Technologies, model 205) that subsampled at 1.3 L min−1

from the CIMS inlet (6.6 L min−1 total inlet flow as described
in Chemical Ionization Mass Spectrometry Measurements).
Additional NO, NO2, and O3 measurement details are shown
in Table S1.
For March 4−17, solar radiation (at ∼6.5 m above ground

level) and wind speed and direction (at 10 m) data were
obtained from the NOAA Barrow Observatory (71.3230°N,
156.6114°W, https://www.esrl.noaa.gov/gmd/obop/brw/) lo-
cated ∼6 km north of the field site across flat tundra. Wind
speed and direction were also measured at the CIMS field site
at ∼11.5 m above ground level, and solar radiation was
measured at ∼3 m above ground level, from March 17 to May

Figure 1. Time series of ClNO2, N2O5, HO2NO2, Cl2, ClO, BrCl, and O3 mole ratios for March 4−May 20, 2016 measured at the CIMS field site
near Utqiag vik. The three periods of pollution influence from the town of Utqiag vik, as defined in Identification of Pollution Influenced Periods, are
shaded blue. Period III includes a period of air mass influence from the North Slope of Alaska oilfields (purple shading). ClO could not be
quantified due to a mass interference between March 25−April 30 and is not shown for that period.
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20. Gaps in the meteorological data (such as March 21−24 due
to a power outage at the field site) are supplemented by the
NOAA measurements. Photolysis rate constants for Cl2,
ClNO2, and BrCl on March 15, March 27, and May 9−10
were calculated using the Tropospheric, Ultraviolet, and
Visible (TUV) Radiation Model 5.3.1. (https://www2.acom.
ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-
radiation-model). Daily atmospheric sounding data from the
Wiley Post-Will Rogers Memorial Airport (PABR) were used
to estimate boundary layer height (http://weather.uwyo.edu/
upperair/sounding.html).
2.3. Identification of Pollution Influenced Periods.

Using observations of NO, NO2, and wind direction, days with
pollution influence were classified according to the following
criteria: (1) For at least half of the day, winds came from the
120°−360° direction, corresponding to the town of Utqiag vik
and its outskirts (including a gravel mine located ∼1 km south
of the field site). (2) NO or NO2 were observed above their
respective instrument LODs (0.4 ppb and 2.5 × 1015 molecules
cm−2, respectively), consistent with previous classifications of
background NOx (0.01−0.1 ppb)19 and polluted (>0.7 ppb)43

conditions at Utqiag vik. Days when Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) 72 h backward
air mass trajectories showed transport from the North Slope of
Alaska (Prudhoe Bay) oilfields (Figure S7) were also
considered to be pollution influenced (discussed further in
North Slope of Alaska (Prudhoe Bay) Oilfields Influence). In
total, 19 of the 77 days during PHOXMELT were classified as
“Polluted”: March 12−16 (period I), March 24−31 (period
II), and May 8−13 (period III) (Figures 1, 2A). Two days did
not meet all criteria but were classified as polluted: enhanced
NO and NO2 were observed on March 12 (period I) despite
not having winds from pollution-influenced areas for at least
half of the day, and March 14 (within period I) had north−
northwest winds from Utqiag vik, but NO and NO2 were below
LODs. From April 2 to May 11 (including a portion of period
III, Figure 2A), NO observations were unavailable. However,
MAX-DOAS NO2 dSCDs were enhanced (8 times above
LOD) on May 9 and 10, further supporting pollution influence
during period III (Figures 2A, S8).

3. RESULTS AND DISCUSSION
3.1. Three Periods of Enhanced Chlorine Chemistry

Coincide with NOx Pollution Influence. During spring over
the snow-covered tundra near Utqiag vik, enhanced mole ratios
of trace chlorine-containing gases, particularly Cl2 and ClNO2,
were observed during three polluted periods (defined in
Identification of Pollution Influenced Periods) occurring in
mid-March, late-March, and mid-May 2016 (Figures 1, S8).
During these periods, winds came from pollution-influenced
areas (120°−360°), including the town of Utqiag vik, and NO
and NO2 levels were highest, with NO typically reaching 1 to 3
ppb during the day (Figures 2A, S6, S8). This is far above
Arctic background NO mole ratios of 0.01−0.1 ppb previously
observed during spring in Utqiag vik.19 Levels of Cl2 and
ClNO2 peaked on March 15, reaching 154 and 21 ppt,
respectively (Figures 1, S8). During the three periods, O3 was
typically >20 ppb (near background levels of 30−40 ppb)44,45

when Cl2 was elevated (Figures 1, S9), consistent with
previous studies showing higher Cl2 levels in the presence of
O3.

10,11,18,46 Additionally, NOx reservoir species N2O5
(precursor to ClNO2) and peroxynitric acid (HO2NO2) were
only observed during these three polluted periods (Figures 1,

S8), with N2O5 ranging from 15 to 71 ppt and HO2NO2
ranging from 30 to 153 ppt.
Outside of the polluted periods, ClNO2 and Cl2 were

predominantly below the CIMS LODs (0.3 and 0.8 ppt,
respectively). Winds came from the northeast and east across
the Beaufort Sea, representing Arctic background conditions;47

as such, NO and NO2 were below their respective LODs due
to limited pollution influence (Figures 2A, S6, S8). An
exception was April 24−25 when Cl2 reached 21 ppt; this
period is consistent with previous observations of photo-
chemical snowpack Cl2 production under Arctic background
NOx conditions.10−12 During the daytime of March 16 in
period I, ClO reached 27 ppt when Cl2 was 62 ppt (Figures 1,
S8); however, due to a mass interference, ClO could not be
quantified from March 25 to April 30 and was below the CIMS
LOD for period III. Additionally, BrCl was observed during
polluted periods (up to 21 ppt in period I) and up to 15 ppt
outside of the polluted periods (Figure 1), consistent with
previously observed snowpack production12 and coupling with
bromine chemistry.11,48

Mole ratios of ClNO2, Cl2, ClO, and BrCl were examined as
a function of polluted and not polluted days (Figure 2B). For
polluted days, ClNO2, Cl2, ClO, and BrCl mole ratios were all
statistically higher (p < 0.05) than during the nonpolluted days
(outside of the three polluted periods). In particular, little
ClNO2 was observed during the nonpolluted days (average of
0.33 ± 0.01 ppt, Figure 2B), as expected, due to a lack of

Figure 2. (A) March 4−May 20, 2016 time series of wind direction
(top panel) and in situ NO mole ratios and MAX-DOAS NO2
differential slant column densities (dSCDs) (bottom panel). NO and
NO2 data shown in gray are below instrument limits of detection
(NO: 0.4 ppb; NO2: 2.5 × 1015 molecules cm−2). Red shading
(bottom) denotes periods when NO measurements were unavailable.
Measurement data in panel A were used to classify the Polluted
periods (light blue shading). May 8−10, during period III, was
influenced by the North Slope of Alaska oilfields (light purple
shading, Figure S7). (B) Box and whisker plots showing the
distributions (90th/10th and 75th/25th percentiles, and medians)
of ClNO2, Cl2, ClO, and BrCl measurements binned by days classified
as Polluted vs Not Polluted. The yellow star represents the mean of
each population. Only ClNO2, Cl2, ClO, and BrCl mole ratios above
their respective LODs are included in the distributions.
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sufficient NOx for formation of N2O5 (R7, 10−12), which was
below the CIMS LOD during the nonpolluted days. Likewise,
the highest observations of Cl2 occurred during the three
polluted periods (average, 10.2 ± 0.4 ppt), while lower Cl2
mole ratios (average, 2.3 ± 0.1 ppt) were observed during the
nonpolluted periods (Figure 2B). For previous Cl2 observa-
tions by Liao et al.,11 the nearby field site was also periodically
influenced by air from nearby Utqiag vik, and the observed Cl2
was not correlated with pollutants such as NO, carbon
monoxide, or benzene. Similarly, the Cl2 observed in this
campaign was also not directly correlated with NO (R2 =
0.004, Figure S10); however, this relationship does not
consider additional Cl2 production and recycling pathways
involving chlorinated NOx derivatives such as ClONO2, as
discussed in Arctic Chlorine Production Mechanisms and
Connection to the Snowpack. The enhancement of ClO and
BrCl during the polluted days is not as strong (Figure 2B) due
to additional controlling factors. The enhanced chlorine
species observed during the three periods were not a result
of boundary layer height variations (no correlation observed,
Figure S11) and were not correlated with winds from the local
waste incinerator (327° with respect to the field site), ruling
out a direct halogen emission source.30

3.2. North Slope of Alaska (Prudhoe Bay) Oilfields
Influence. From May 8 00:00 to May 10 05:00 AKDT (UTC-
8 h, during period III), 72 h backward air mass trajectories
show transport to Utqiag vik from the North Slope of Alaska
(Prudhoe Bay) oilfields, a prominent NOx emission source
about 330 km to the southeast49,50 (Figure S7, Identification of
Pollution Influenced Periods). During this time, local winds
were predominantly from the east and southeast, consistent
with the modeled air mass trajectories (Figure S7). Winds
began to shift more westerly through May 10 and May 11,
reverting to local NOx influence (from Utqiag vik) for the
remainder of period III (Figure S7). This oilfield influenced
period was characterized by elevated ClNO2 and Cl2, as well as
the highest N2O5 mole ratio (71 ppt) observed, during the
night of May 9−10. Additional NOy species, HO2NO2 and
nitric acid (HNO3), were observed during the evenings of May
8 and May 9 at up to 30−40 and 500 ppt, respectively (Figures
1, S8, S12). May 8−10 was the only period for which
substantial HNO3 (>100 ppt) was observed (Figure S12).
Therefore, it is likely that the elevated NOy species, ClNO2,
N2O5, HNO3, and HO2NO2, measured near Utqiag vik were
the result of NOx emissions from the oilfields to the southeast.

HO2NO2 decomposes at higher temperatures, leading to
longer lifetimes under colder conditions. The lifetime of
HO2NO2 for the observed temperatures (−10 °C to −1 °C)
during May 8−10 is ∼6 min, based on approximations in
Murphy et al.,51 suggesting that formation and recycling of
HO2NO2 during transport via HO2 + NO2 ⇌ HO2NO2 would
explain the observations. This is consistent with previous
observations by Jaffe et al.49 of elevated levels of NOy near
Utqiag vik when under Prudhoe Bay Oilfield air mass influence.
Measurements of HO2NO2 are sparse, with previous
observations in the free troposphere,52 midlatitude oilfields
in the wintertime,53 and the Antarctic.54,55 To our knowledge,
the HO2NO2 observations here represent the first in the Arctic
atmospheric boundary layer. The presence of ClNO2, N2O5,
HO2NO2, and HNO3 due to transport of Prudhoe Bay air
masses to Utqiag vik highlights the regional scale influence of
NOx and its impact on chlorine chemistry and tropospheric
oxidants in the Arctic.

3.3. Arctic Chlorine Production Mechanisms and
Connection to the Snowpack. Figure 3 summarizes the
proposed connections between NOx pollution and Arctic
chlorine chemistry. NO2 is required for the formation of N2O5
(R7), which reacts in the dark on chlorine-containing aerosols
to produce ClNO2 (R8) and is a well-known chlorine
activation pathway in midlatitude regions.22,27,32,56 Also
proposed is the production of ClNO2 from the reaction of
N2O5 on chloride-containing ice (snow) surfaces, as shown in
the laboratory.35 The ClNO2 was only observed during the
three polluted periods (Figures 1, 2, S8), when N2O5 was
above the CIMS LOD (Table S1). Laboratory studies have
also demonstrated the oxidation of aqueous bromide by
ClNO2, forming BrCl under neutral pH conditions.57,58 Under
highly acidic (pH < 2) conditions, ClNO2 has been shown to
react with aerosol Cl− to form Cl2.

59 However, most ClNO2 is
expected to undergo photolysis to produce chlorine atoms that
react with hydrocarbons.1 A fraction of the Cl atoms reacts
with O3 to produce the observed ClO (R2), which reacts with
HO2 to produce HOCl (R3) or NO2 to generate ClONO2
(R4). Wang and Pratt18 showed that even at background NO2
conditions of 0.01−0.1 ppb near Utqiag vik, ClONO2
formation (R4) is up to five times more favored than HOCl
production (R3). Therefore, during the polluted days,
ClONO2 production would be even further favored.
Laboratory studies have shown that ClONO2 reacts with
chloride-containing surfaces to produce Cl2 (R6),17,34

Figure 3. Overview of proposed coupled Arctic chlorine and NOx chemistry, from both daytime photochemically driven reactions and nighttime
dark reactions. NOx is emitted from combustion sources (Figure S6) and daytime snowpack photochemistry.62−65 Direct photochemical
production of Cl2 and BrCl from the coastal Arctic snowpack during the daytime has been previously observed.12 The formation of ClNO2 on the
snowpack as well as the subsequent oxidation of Cl−(aq) (under acidic conditions) and Br

−
(aq) (not shown here) are hypothesized based on previous

laboratory studies.57−59 Previous numerical modeling of background springtime Arctic conditions suggests ClONO2 + Cl−(aq) can account for over
50% of total Cl2 production, with the remainder due to direct snowpack emission.18
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suggesting the potential for aerosol and snowpack Cl2
formation via ClONO2 reaction. Since O3 is required for
ClONO2 production, depleted O3 conditions (<10 ppb)
should inhibit this pathway, as demonstrated by near zero
Cl2 levels on March 31 during period II when O3 was 3−10
ppb (Figure S8). Under background springtime Arctic
conditions near Utqiag vik, previous numerical model simu-
lations suggest that the ClONO2 + Cl−(aq) reaction (R6) may
serve as a major snowpack Cl2 source, accounting for over half
of the total Cl2 production.18 The remainder of Cl2 is
simulated to be directly emitted from the snowpack,18 as
previously observed,12 via the oxidation of Cl−(aq) by
condensed phase hydroxyl radicals (OH),60 similar to
snowpack Br2 production.12−14,60 Additionally, the reaction
of ClONO2 with Br−(aq) has been shown to produce BrCl in
the laboratory,17,61 and this may explain the observed elevated
BrCl during the three polluted periods (Figures 1, 2, S8). The
snowpack is also a daytime source of NOx and condensed
phase OH, through the photolysis of nitrate and nitrite,62−65

and likely facilitates ClONO2 production. ClONO2 reaction
with chloride could explain the Cl2 enhancement observed
during the polluted periods.
3.4. Distinct ClNO2 and Cl2 Diel Profiles. Here, we

discuss the distinct diel behavior of ClNO2 and Cl2 observed
during the three polluted periods (Figure 4). Rapid photolysis

upon sunrise generally restricts ClNO2 to the night and early
morning in the midlatitudes,24 but during periods I and II,
ClNO2 persisted up to 4 ppt throughout the afternoons of
March 15, 16, 27, and 28. Early spring in the Arctic experiences
reduced solar radiation, with observed maxima of 200−400 W
m−2 (Figure 4) and lower solar elevation angles (maxima of
17°−22° in March), resulting in weaker photolysis. Longer
photolytic lifetimes in the early Arctic spring (3.7 h on March

15 12:00 AKDT; 2.6 h on March 27 12:00 AKDT) compared
to the midlatitudes (less than 1 h)31 can explain the daytime
ClNO2. Daytime persistence of ClNO2 has been observed
previously in heavily polluted regions in the midlatitudes after
breakdown of the nocturnal boundary layer and in-flow of
polluted air masses from aloft.66,67 However, the Arctic
boundary layer over the cold, snow-covered ground is generally
stable and long-lived.68 Further, extreme low temperatures
below the eutectic point of NaCl·2H2O (−22 °C)69 were
observed during periods I and II (−30 °C to −25 °C) and may
have decreased the availability of Cl− for reaction with
N2O5,

12,70 delaying ClNO2 production until sunrise when
temperatures increased (−20 °C to −15 °C, Figure S13). The
observed Cl2 diel profile, peaking in the morning and early
evening, was generally consistent with previous springtime
Arctic observations (Figure 4).10,11,18 Previously, <0.8 ppt Cl2
was typically observed after midnight near Utqiag vik by Liao et
al.11 and Custard et al.,10 and our observations were generally
consistent with these previous studies. A notable exception was
March 29, when Cl2 levels remained at 10−16 ppt for several
hours past midnight. Reaction of ClNO2 with an acidic
chloride-containing surface59 (Arctic Chlorine Production
Mechanisms and Connection to the Snowpack, Figure 3)
could provide a nocturnal Cl2 production pathway and possibly
explain the Cl2 observed during the night.

3.5. Contributions of ClNO2, Cl2, and BrCl Photolysis
to Cl Atom Production Rates. The comprehensive suite of
chlorine trace gas measurements during spring 2016 allows
further examination of additional Cl atom precursors,
expanding upon the work of Custard et al.,10 which focused
solely on Cl2 during background NOx conditions. Figure 5
shows the calculated Cl atom production rates (PCl) for
ClNO2, Cl2, and BrCl photolysis during a subset of the three
polluted periods (March 15, March 27, and May 9−10). Total
PCl was highest on March 15, reaching 0.13 ppt s−1 at 15:00
when solar radiation was near its peak, in comparison to 0.032
ppt s−1 maximum on March 27 and 0.018 ppt s−1 maximum on
May 9−10. The maximum PCl on March 15 is due to the
higher observed daytime levels of Cl2, with a maximum of 55
ppt Cl2 at 14:30, compared to 18 ppt on March 27 and 6 ppt
on May 9−10. For comparison, the maximum PCl observed in
this study (0.13 ppt s−1 or 3.7 × 106 molecules cm−3 s−1) is
approximately six times faster than the maximum PCl estimated
in the Los Angeles area (0.64 × 106 molecules cm−3 s−1),23

likely due to the larger contribution from daytime Cl2
photolysis during PHOXMELT. In contrast, Liu et al.46

reported a maximum modeled PCl of 1 ppb h
−1, or 0.28 ppt s−1,

for high levels of daytime Cl2 on the North China Plain
(typically >100 ppt), resulting in a faster PCl from Cl2
photolysis.
In all three cases, Cl2 photolysis contributed significantly to

the total PCl, amounting to 72.7% on March 15, 49.1% on
March 27, and 36.5% on May 9−10 (Figure 5). Maximum Cl2
photolysis frequencies (JCl2) were calculated to be between 0.9
to 2.1 × 10−3 s−1, corresponding to photolytic lifetimes of 8 to
19 min. The photolysis of BrCl was also a major driver of PCl,
particularly on May 9−10 during period III (63% contribu-
tion), when Cl2 mole ratios were <6 ppt. BrCl photolyzes faster
than Cl2, with maxima in JBrCl between 5 to 11 × 10−3 s−1,
which correspond to photolysis lifetimes of only 1 to 3 min.
ClNO2 contributed minimally to the total PCl, with the
maximum PCl due to ClNO2 photolysis reaching 0.0007 ppt s

−1

at 11:30 on March 15 when observed ClNO2 mole ratios were

Figure 4. Time series of ClNO2 and Cl2 mole ratios with measured
solar radiation, illustrating distinct diel patterns during the three
pollution-influenced periods. Gray shading represents periods for
which CIMS data are unavailable.
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the highest (21 ppt). Overall, ClNO2 photolysis contributed
only 0.5 to 1.5% to PCl during the three periods. Maxima in
calculated JClNO2 ranged from 0.1 to 0.4 × 10−3 s−1,
corresponding to much longer lifetimes of 42 to 167 min for
ClNO2. Despite the low PCl from ClNO2, the Cl atoms
generated from ClNO2 photolysis may participate in additional
chlorine recycling reactions, subsequently enhancing the
production of Cl2 (Figure 3).
Outside of the three NOx polluted periods, Cl2 and ClNO2

averaged just 2.3 ± 0.1 and 0.33 ± 0.01 ppt, respectively
(Figure 2B). For context, the Cl2 mole ratios observed during
background conditions in this study (up to 21 ppt) were lower
than previous observations (up to 400 ppt) near Utqiag -
vik.10−12 For the maximum JCl of 2.1 × 10−3 s−1 from Figure 5,
this corresponds to a PCl of up to 0.01 ppt s−1 for Arctic
background Cl2, an order of magnitude lower than the PCl of
0.10 ppt s−1 from Cl2 on March 15. Considering the maximum
JClNO2 of 0.4 × 10−3 s−1, a maximum Arctic background PCl of
0.0001 ppt s−1 is expected from ClNO2. This is approximately
seven times lower than the maximum PCl from ClNO2 on
March 15 (0.0007 ppt s−1). PCl due to BrCl photolysis, given
the maximum JBrCl of 11 × 10−3 s−1, was similar between
polluted (0.06 ppt s−1 for average BrCl of 5.8 ± 0.1 ppt) and
background conditions (0.05 ppt s−1 for average BrCl of 4.9 ±
0.1 ppt), highlighting additional controls on BrCl production
due to its coupling with reactive bromine chemistry.11,48

Overall, chlorine atom production from Cl2 and ClNO2 during
the polluted periods (average maximum PCl of 0.04 ppt s−1)
was approximately four times faster than that for Arctic
background periods (maximum PCl of 0.01 ppt s−1, Figure 5).
In addition to this enhancement of the chlorine atom
production rate, these results also suggest that Cl2 is the
most important contributor to the production of Cl atoms
during the spring.
3.6. Atmospheric Implications. The results from the

spring 2016 Arctic field campaign highlight the influence of

NOx on the production of Cl atom precursors, particularly Cl2
and ClNO2. Given the episodic nature of the observed chlorine
species, with maxima occurring during NOx-polluted con-
ditions, we propose that NOx promotes the production of
ClNO2 and Cl2, which subsequently influences the Cl atom
budget. This proposed NOx-influenced chlorine activation
mechanism is in addition to previously observed photo-
chemical Cl2 snowpack production under clean conditions.12

Currently, ClNO2 plays a minor role in the production of Cl
atoms (0.5−1.5% of PCl) under enhanced NOx conditions, but
as shipping and fossil fuel extraction continue to increase in the
Arctic,71 ClNO2 abundance will likely increase, potentially
increasing Cl atom production through photolysis and possible
Cl2 production from reaction on acidic chloride-containing
surfaces. High levels of ClNO2 may exist in other Arctic
locations with elevated NOx emissions and influence from sea
spray aerosol, such as the Russian and Norwegian Arctic,
where oil and gas production, as well as shipping, are predicted
to increase.71,72 During the polar night, ClNO2 could build up
due to its long nocturnal lifetime, allowing for its transport
throughout the Arctic region, as shown by our observations of
enhanced HO2NO2, ClNO2, and N2O5 during May 8−10
when winds came from Prudhoe Bay. Additional studies near
and downwind of major Arctic NOx emission sources, many of
which are often overlooked,73 are needed during the polar
night and at polar sunrise to examine this potential regional
impact.
We propose a coupled mechanism connecting NOx

pollution and snowpack chlorine chemistry. Enhanced Cl2
during high NOx periods, leading to faster Cl atom production,
may result from ClONO2 production via reaction of ClO and
NO2, produced from combustion emissions and photo-
chemical snowpack production via nitrate and nitrite
photolysis.62−65 ClNO2 is hypothesized to form from the
reaction of N2O5 with snowpack Cl−, in addition to aerosol
Cl−. ClNO2 and N2O5 flux measurements above the snowpack

Figure 5. (Top) 30 min averaged ClNO2, Cl2, and BrCl mole ratios measured by CIMS on March 15, March 27, and May 9−10, 2016 (periods I,
II, and III). (Middle) Photolysis frequencies for ClNO2, Cl2, and BrCl were calculated using the outputs of a radiative transfer model and scaled to
measured solar radiation. (Bottom) Calculated chlorine atom production rates (PCl) from photolysis of measured ClNO2 (minor contribution),
Cl2, and BrCl. Pie charts show the integrated contributions to PCl.
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are needed to confirm this pathway. ClNO2 may participate in
additional halogen cycling reactions such as the oxidation of
Cl− to Cl2 (on acidic surfaces)59 and Br− to BrCl.57,58 More
laboratory studies are needed (e.g., on frozen surfaces) to
examine the potential for Cl− and Br− oxidation by ClNO2
within the snowpack under relevant Arctic conditions. In situ
measurements of ClONO2 are required to assess its potential
contribution to Cl2 recycling during high NOx conditions. In
addition, the impacts of a wide range of NOx levels should be
evaluated through field measurements at Arctic locations more
directly affected by NOx pollution, including oilfields and high-
latitude cities, given increasing development.73
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