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Near-surface tropospheric ozone depletion events (ODEs) occur in the polar regions

during springtime when ozone reacts with bromine radicals, driving tropospheric

ozone mole ratios below 15 ppb (part-per-billion; nmol mol−1). ODEs alter

atmospheric oxidative capacity by influencing halogen radical recycling mechanisms

and the photochemical production of hydroxyl radicals (cOH). Herein, we examined

five years of continuous ozone measurements at two coastal Arctic sites: Utqiaġvik,

Alaska and ∼260 km southeast at Oliktok Point, within the North Slope of Alaska oil

fields. These data informed seasonal ozone trends, springtime ozone depletion, and

the influence of oil field combustion emissions. Ozone depletion occurred frequently

during spring: 35% of the time at Utqiaġvik and 40% at Oliktok Point. ODEs often

occurred concurrently at both sites (40–92% of observed ODEs per year), supporting

spatially widespread ozone depletion. Observed ozone depletion timescales are

consistent with transport of ozone-depleted air masses, suggesting regional active

bromine chemistry. Local-scale ozone depletion affecting individual sites occurred

less frequently. Ozone depletion typically coincided with calm winds and had no clear

dependence on temperature. Consistently lower ozone mole ratios year-round at

Oliktok Point, compared to Utqiaġvik, indicate local-scale ozone titration within the

stable boundary layer by nitric oxide (NOc) combustion emissions in the Arctic oil

fields. Oxidation of combustion-derived volatile organic compounds in the presence

of NOx also likely contributes to ozone formation downwind, for example at Utqiaġvik,

pointing to complex local and regional impacts of combustion emissions as Arctic

anthropogenic activity increases.
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1 Introduction

Ozone is the third most potent anthropogenic greenhouse gas aer carbon
dioxide and methane.1 It also plays a central role in atmospheric oxidation as the
primary precursor to the hydroxyl radical (cOH),2,3 the main oxidant responsible
for the removal of many trace gases emitted into the atmosphere.4,5 Average
annual Arctic ozone mole ratios range from 20–50 ppb (parts-per-billion, nmol
mol−1; typically ∼30 ppb) at monitoring stations across the Arctic.6,7 Arctic
surface-level ozone mole ratios are reduced below 15 ppb during frequent ozone
depletion events (ODEs) in the polar spring following the rst sunrise aer polar
night (>24 hours of darkness). These ODEs are due to multiphase photocatalytic
bromine chemistry (R1–R4).8–11

Br2(g) + hn / 2Brc(g) (R1)

Brc(g) + O3(g) / BrOc(g) + O2(g) (R2)

BrOc(g) + HO2c(g) / HOBr(g) + O2(g) (R3)

HOBr(aq) + Br−(aq) + H+
(aq) / Br2(g) + H2O(l) (R4)

Molecular bromine (Br2) originates from photochemical snowpack12–14 and
aerosol production.15,16 Br2 has a photolysis lifetime of tens of seconds in the
springtime Arctic17 and photolyzes to produce bromine radicals (Brc; R1).11

Bromine radicals react with ozone to form bromine monoxide (BrOc), depleting
ozone in the process (R2).8,11,18 BrOc reacts with the hydroperoxyl radical (HO2c) to
produce hypobromous acid (HOBr; R3).11,19 HOBr can then undergo heteroge-
neous uptake to the snowpack or aerosol surface to oxidize bromide (Br−),
producing Br2 (R4), which reinitiates the “bromine explosion” cycle in which
atmospheric bromine rapidly increases to deplete ozone.5,11,20 Following an ODE,
surface-level ozone may be replenished via vertical mixing21–25 and/or advection of
non-depleted air masses.26

Kinetic studies based on observations of BrOc estimate that bromine-driven
ozone depletion chemistry occurs on the order of days.27–30 Observations of
shorter (#24 h) ozone depletion timescales (the time for ozone to fall from
atmospheric background mole ratios to below 15 ppb and reach a minimum)
suggest air mass transport mechanisms in which ozone-depleted air is trans-
ported to the measurement site from elsewhere.5,31–33 Oen, these air masses have
trajectories over snow-covered rst-year sea ice,34–37 which is typically associated
with elevated BrOcmole ratios.38–41 Peterson et al.42 also reported elevated BrOc up
to 200 km inland during ights near Utqiaġvik, Alaska, with the highest BrOc
observations occurring over snow-covered tundra rather than sea ice.

Several studies have investigated springtime ODE spatial scales using moni-
toring networks, modelling, and research ights. Using ground-based measure-
ments at coastal sites and several research cruises, Jacobi et al.26 argued that
depletion of near-surface ozone (<5 ppb) is typical and widespread. Similarly,
chemical transport models suggest that large areas of the Arctic, >50% of
northern high latitudes (>70° N), are ozone-depleted (<20 ppb) during spring-
time.40,41 Peterson et al.24 examined ozone levels at coastal Utqiaġvik, AK, and
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inland Atqasuk, nding that two-thirds of all ODEs (O3 < 10 ppb) occurred
concurrently and that those ODEs extended at least the ∼90 km distance between
the sites. Similarly, Van Dam et al.43 observed concurrent ODEs (O3 < 15 ppb) at
Utqiaġvik and Toolik Lake, ∼400 km to the southeast and ∼200 km inland. Arctic
ights in April found ozone-depleted air masses spanning 130 km at 50 m alti-
tude44 and 1000 km at 305 m altitude.45 Ridley et al.46 observed ODEs (O3 < 20 ppb)
during March–May spanning∼300 km over ight paths at 30 m altitude and up to
∼900 km using a combination of in situ ight observations at 30 m altitude and
lidar remote sensing at 4–8 km altitude. Halfacre et al.31 estimated the spatial
scale of a single ODE (O3 < 15 ppb) as∼877 km (median diameter; range of∼200–
3500 km) based on the distance travelled by modelled air mass trajectories during
ODEs observed by buoys in the Arctic Ocean. For more complete ODEs (O3 < 10
ppb), Halfacre et al.31 estimated spatial scales of ∼282 km. Using satellite remote
sensing, Platt and Wagner47 and Seo et al.48 observed elevated Arctic BrOc vertical
column densities with spatial scales of 300–2000 km (lasting 1–3 days) and ∼500–
1500 km, respectively, suggesting similarly widespread Arctic reactive bromine
chemistry.

Nitrogen oxides (NOx = NOc + NO2c) also perturb ozone and halogen chem-
istry. NOc reacts with (titrates) ozone at night to form NO2c and molecular oxygen
(R5), while NO2c photolysis contributes to daytime ozone production.49 Previous
measurements at Ny-Ålesund, Svalbard observed reduced ozone mole ratios
downwind of a diesel power plant emitting NOc.50 Photochemical snowpack NOx

emissions have been shown to be coupled to reactive halogens.51,52 In NOx-
polluted environments, BrOc can react with NO2c to form bromine nitrate
(BrONO2; R6) as a reservoir for reactive bromine and an alternative pathway for
reactive bromine recycling.53,54 Wang and Pratt55 found R6 to be competitive with
R3 (reaction with HO2) even under low NO2c (<0.05 ppb) conditions. Hydrolysis of
BrONO2 on acidic surfaces forms HOBr (R7),56–58 which is then available to
regenerate Br2 (R4). In a numerical modeling study, Cao et al.53 found that
BrONO2 production (at 0.015 ppb NOx) accelerated ozone depletion by forming
HOBr (R7). Anthropogenic NOx emissions have been observed in the Russian
Arctic, including from urban,59 shipping,60 and oil and gas production sources.61

Above the oil elds on the North Slope of Alaska, elevated NO2 mole ratios were
observed coincidentally with reduced BrOc.62,63 A modeling study by Custard
et al.,62 constrained by observations at Utqiaġvik, AK, showed that elevated NOx

mole ratios (0.7–1.6 ppb) suppressed HOBr formation and slowed ozone deple-
tion relative to background NOx mole ratios (0.05–0.1 ppb). These interactions
between NOx and reactive bromine recycling versus suppression still require
further investigation. Regardless of its impact on reactive bromine chemistry,
elevated NOx is expected to titrate ozone (R5) in this stable boundary layer with
elevated combustion emissions, as observed during ights over the Alberta oil
sands.64

NOc(g) + O3(g) / NO2c(g) + O2(g) (R5)

BrOc(g) + NO2c(g) / BrONO2(g) (R6)

BrONO2(aq) + H2O(l) / HOBr(aq) + HNO3(aq) (R7)
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 265–292 | 267
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The North Slope of Alaska (NSA) is home to the Prudhoe Bay and Kuparuk
River oil elds which produced 7.9 and 2.9 million barrels of oil in 2013,
respectively, making them the third and sixth largest oil elds in North America
as of that year.65 NSA industrial fuel combustion, used in part to power the oil
drilling platforms, is estimated to account for ∼31 000 tons of annual NOx

emissions according to the 2017 National Emissions Inventory.66 Satellite remote
sensing studies have reported strong, local NOx emissions from oil and gas
production in the Arctic.67–69 Studies at Oliktok Point, located within the Kuparuk
River oil eld, have observed constant inuence from oil eld emissions,
including NOx and particulate matter, due to local combustion emissions from oil
and gas extraction activities.70–72 Utqiaġvik also experiences NOx pollution,
although intermittently, due to air mass transport from the town of Utqiaġvik, ∼5
km to the southwest, as well as the NSA oil elds, ∼300 km to the southeast.62,73–75

There are uncertainties regarding the interactions between ozone, reactive
bromine, and anthropogenic pollution as they relate to ozone depletion and
atmospheric oxidative capacity in the Arctic. The role of NOx in modulating Arctic
ozone is poorly constrained and is expected to grow in importance as development
and anthropogenic emissions in the Arctic increase.76–78 In this study, we analyze
ve years (2016–2021) of continuous ozone and meteorology data at Utqiaġvik
(formerly known as Barrow) and Oliktok Point, Alaska, to examine seasonal ozone
trends, as well as ODE spatial scales, timescales, and depletion mechanisms.
Oliktok Point is within the NSA oil elds and is located ∼260 km from Utqiaġvik,
which mainly experiences clean air masses from the Beaufort Sea. These two sites
are within the estimated spatial scale of a singular ODE,31 but differ in the local
abundance of NOx emissions, providing insight into the inuence of anthropo-
genic NOx on tropospheric ozone chemistry in the present and future Arctic.

2 Methods
2.1 Ozone and meteorological data

Ozone mole ratios, temperature, wind speed, and wind direction were measured
by the National Oceanic and Atmospheric Administration Global Monitoring
Laboratory Barrow Atmospheric Baseline Observatory (NOAA GML BRW) at
Utqiaġvik, Alaska (71.323° N, 156.611° W; 8 m above sea level)79 and the
Department of Energy Atmospheric RadiationMeasurement (DOE ARM) facility at
Oliktok Point, Alaska (70.495° N, 149.886° W; 10 m above sea level).80,81 Both the
Utqiaġvik and Oliktok Point sites are coastal, situated ∼2 km and <1 km from the
ocean, respectively.

Hourly ozone data and collocated meteorological data were available at both
sites between 7 August 2016 and 20 April 2021. At both sites, ozone was measured
using ultraviolet ozone analyzers (Thermo Scientic; model 49C until 31
December 2020, then model 49i thereaer at Utqiaġvik; model 49i at Oliktok
Point), with a reported limit of detection (LOD) of 0.5 ppb at 60 s averaging.
Ambient air was sampled at 6 m above ground level (AGL) at Utqiaġvik and 10 m
AGL at Oliktok Point. Ozone measurements below 0.5 ppb were replaced with
0.5 ppb for calculations. Note that this choice of 0.5 ppb may bias ozone levels
slightly high during complete ODEs, but this is not expected to change the
ndings herein. Daily average ozone mole ratios for the full study period are
presented in Fig. S1.†
268 | Faraday Discuss., 2025, 258, 265–292 This journal is © The Royal Society of Chemistry 2025
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At Utqiaġvik, temperature was measured using a platinum resistance ther-
mometer (Logan, model 4159) at 10 m AGL. Wind speed and wind direction at
Utqiaġvik were measured at 10 m AGL using a 2D mechanical anemometer (RM
Young, model 05103-12) between 7 August 2016 and 24 September 2017, and a 2D
sonic anemometer (Lu, model Ventus-UMB) between 25 September 2017 and 20
April 2021. All meteorological parameters at Oliktok Point were measured at 10 m
AGL using a weather transmitter (Vaisala, model WXT520).

For the analysis herein, seasons were considered as follows: winter (1
November–31 January), spring (1 February–15 May), summer (16 May–31 July),
and fall (1 August–31 October). Broadly, these categorizations are based on the
observed ozone temporal trends as discussed in Section 3.1. Spring is primarily
dened based on polar sunrise, which initiates active bromine chemistry and
ozone depletion,8 and with the end based on the typical start of snowmelt, which
is associated with the shutdown of active bromine chemistry.82,83 The transition
between the end of summer and beginning of fall corresponds to solar radiation
falling in early August to ∼50% of the annual maximum.84,85 The start of winter is
chosen as shortly before the start of polar night, which corresponds to days with
>24 hours of darkness and occurred each year approximately from 19 November–
22 January at Utqiaġvik and 22 November–18 January at Oliktok Point.
2.2 Identication of ozone depletion events

Springtime ozone depletion event (ODE) characteristics were calculated
following the denitions used by Halfacre et al.,31 as illustrated in Fig. S2.†ODEs
are dened as time periods when the ozone mole ratio ([O3]) dropped below
15 ppb for at least 2 h. ODE timescales are dened relative to the local maximum
[O3] preceding the ODE ([O3]max) and the observed minimum mole ratio during
the ODE ([O3]min). The ODE start time (ODEstart) is when [O3] rst falls below
90% of the value of the mole ratio range ([O3]min to [O3]max) during an ODE. The
ODE has ended aer [O3] recovers above 20 ppb for at least 12 hours. The ODE
stop time (ODEstop) is when [O3] recovers to 90% of the local maximum following
the ODE and does not need to be 12 hours aer rising above the recovery
threshold of 20 ppb. This threshold differs from the 25 ppb threshold used by
Halfacre et al.31 due to lower observed average springtime ozone mole ratios,
particularly at Oliktok Point as discussed in Section 3.3 (24.7 ± 0.2 ppb at
Utqiaġvik and 21.8 ± 0.2 ppb at Oliktok Point; ±95% condence intervals). For
the calculation of ozone depletion timescales (sO3

), the ozone decrease stop time
(ODEdec) is dened as when [O3] rst falls below 10% of the value of the mole
ratio range during an ODE. The ozone depletion timescale is represented by
negative inverse slope of the natural logarithm of [O3] versus time during the
period between ODEstart and ODEdec. The total ODE duration is dened as the
difference between ODEstop and ODEstart. For ODEs spanning the transition
between seasons (4 ODEs at Utqiaġvik and 7 ODEs at Oliktok Point), the ODEs
are assigned based on ODEstart.

Periods of depleted ozone were also observed throughout the year. Since
“ODEs” are associated with springtime, bromine-driven ozone depletion,8 we do
not use this term when referring to ozone depletion outside of spring. However,
the same denitions as used with ODEs were used to identify and characterize
ozone depletion outside of spring.
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 265–292 | 269
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2.3 Backward air mass trajectory modeling

The backward air mass trajectories for two ODEs (beginning February 20 and
March 1, 2020) were investigated using version 4 of the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model86–88 and 1° meteorology data
from the National Oceanic and Atmospheric Administration (NOAA)/National
Centers for Environmental Prediction (NCEP) Global Data Assimilation System
(GDAS).89 GDAS is divided into 23 vertical layers (pressure levels), with ground-
level layers (<900 mbar) having a 25 mbar resolution. Results were visualized in
the Quantum Geographic Information System (QGIS) soware (version 3.34.10).90

We implement the HYSPLIT model in a similar manner as Halfacre et al.31 The
air mass trajectories were initialized at the measurement sites at a height of 6 m
AGL for Utqiaġvik and 10 m for Oliktok Point, corresponding to the heights of the
ozone measurements. Additional trajectories were modelled at 50 m AGL for both
sites, yielding negligible differences. The vertical resolution of the GDAS meteo-
rological data (25 mbar) suggests the HYSPLIT backward air mass trajectories are
insensitive to near-surface starting heights. Each ODEstop time was used as the
beginning of the air mass trajectory, and the run lengths were based on the ODE
durations. We present isobaric trajectories as ODEs typically occur in a stable
surface layer isolated from air alo.10,91 Due to large uncertainties in these air
mass trajectories from a general lack of meteorological measurements in the
region,92,93 we interpreted them broadly (i.e., general direction of the air mass
origin).
3 Results and discussion
3.1 Seasonal ozone trends

Seasonal (Fig. 1a and S3a†) and monthly (Fig. 1b) ozone mole ratios at Utqiaġvik
for August 2016 to April 2021 agree with previously reported observations of high
winter ozone, variable springtime ozone due to ODEs, low summer ozone, and
increasing ozone in the fall.6,7,10,94 Mean ozone mole ratios were statistically
Fig. 1 (a) Seasonal ozone distributions and (b) monthly average ozonemole ratios (ppb) at
Utqiaġvik and Oliktok Point from 2016–2021 using hourly averagedmole ratios. The boxes
and whiskers in (a) show 5th, 25th, 50th (median), 75th, and 95th percentiles. The red
diamond markers represent the seasonal averages. Outliers are shown as separate
markers. Shading in (b) represents 1 standard deviation for data across all years.

270 | Faraday Discuss., 2025, 258, 265–292 This journal is © The Royal Society of Chemistry 2025
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different (95% condence) between the seasons. Seasonal average ozone mole
ratios at Utqiaġvik (±95% condence intervals) were at a maximum during winter
(average of 32.71 ± 0.08 ppb) due to the lack of bromine photochemistry during
the polar night.18 The spring polar sunrise initiates reactive bromine photo-
chemistry, resulting in ODEs and lower average ozone mole ratios compared to
winter (average of 24.7 ± 0.2 ppb).8,15,95,96 The spring minimum occurred in April
(average of 22.5 ± 0.4 ppb; Fig. 1b), as previously observed at Utqiaġvik.7,10

Summer average ozone mole ratios represent the annual minimum (average of
23.2± 0.1 ppb), specically in July (average of 20.3± 0.2 ppb). Summertime ozone
minima are common in remote environments due to net photochemical
destruction.97–101 Fall ozone mole ratios at Utqiaġvik (average of 26.7 ± 0.1 ppb)
were higher than in spring and summer. Monthly averages over the duration of
the study period at Utqiaġvik were not statistically different (95% condence)
from those reported for 1973–1984 by Oltmans and Komhyr7 and for 1999–2008 by
Oltmans et al.,10 except for August, which was 5 ± 5 ppb lower during the former
study compared to this study. This overall agreement suggests this study period
(2017–2021) is representative of historical seasonal ozone behavior at Utqiaġvik.

The Oliktok Point site is∼260 km to the southeast of Utqiaġvik and also on the
northern coast of Alaska. Predominant wind directions were from the east and
northeast (Beaufort Sea) at both sites, with additional contributions from the
southwest over snow-covered tundra at Oliktok Point in winter and spring
(Fig. S5†). Temperatures were strongly correlated (R2 = 0.93; Fig. S6†) between the
sites. However, temperatures at Oliktok Point were statistically lower than those at
Utqiaġvik in the winter and spring by 0.6 °C and 0.06 °C, respectively, and higher
in the summer and fall by 1 °C and 0.3 °C, respectively. Average wind speeds
(±95% condence intervals) at Oliktok Point (6.67 ± 0.03 m s−1) were statistically
higher throughout the year compared to Utqiaġvik (5.86 ± 0.03 m s−1) by 0.81 ±

0.05 m s−1 (range of 0.61 ± 0.08 to 1.01 ± 0.08 m s−1 for individual seasons).
While these meteorological conditions have minor differences, they are not ex-
pected to make signicant differences in overall ozone mole ratios and temporal
trends compared to other local factors, as discussed below.

Ozone mole ratios at Oliktok Point from August 2016 to April 2021 followed
similar seasonal and monthly trends as those observed at Utqiaġvik (Fig. 1). Daily
averaged ozone mole ratios correlated between the two sites (R2 = 0.62; Fig. S4†),
suggesting similar regional ozone behavior. However, ozone was statistically
lower (95% condence) during every season and every month at Oliktok Point
compared to Utqiaġvik. Average (±95% condence intervals) ozone mole ratios at
Oliktok Point were 28.90 ± 0.08 ppb in winter, 21.8 ± 0.2 ppb in spring, 19.7 ±

0.1 ppb in summer, and 20.5 ± 0.1 ppb in fall. The springtime and summer
minima occurred in April (19.5 ± 0.4 ppb) and July (16.3 ± 0.1 ppb), respectively,
as was observed at Utqiaġvik. Overall, the similar temporal trends between
Utqiaġvik and Oliktok Point suggest similar regional ozone behavior, with the
consistently lower mole ratios at Oliktok Point likely due local anthropogenic NOx

inuence, as discussed in Section 3.3.
While bromine chemistry drives springtime ozone loss,11 iodine chemistry has

been identied as another signicant ozone sink in the Arctic.102,103 Iodine
chemistry is active throughout the sunlit period (spring–fall), with iodine
monoxide (IOc) mole ratios and calculated ozone loss in the central Arctic Ocean
peaking in March–April and July–August.102 Sturges and Barrie104 observed similar
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 265–292 | 271
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spring and fall maxima in particulate iodine at sites in the Canadian Arctic (Alert
and Mould Bay). Notably, fall ozone mole ratios at Oliktok Point were lower than
in the spring, in contrast to observations at Utqiaġvik where ozone mole ratios
were higher in fall than in spring. Thus, these seasonal iodine trends may
contribute to the lower fall ozone mole ratios at Oliktok Point through reactive
iodine recycling, depending on the contributions from interactions with NOx

pollution (discussed in Section 3.3). Additionally, the oil elds may also serve as
an additional source of iodine. Iodine-rich brines have been identied in oilwell
produced water, and iodine content aids petroleum resource identication.105–108

However, we are not aware of any reports of iodine in produced water or the
atmosphere in the NSA oil elds, and therefore, this potential is speculative.
Therefore, further studies are needed to understand the interactions between
iodine, NOx, and ozone depletion.

NOx and volatile organic compound (VOC) emissions from oil and gas
extraction activities can yield ozone production downwind.109,110 In the presence
of NOx, VOC photooxidation produces ozone.111–113 Fresh NOc emissions near
Oliktok Point titrate local ozone (R5), as discussed further in Section 3.3, but these
emissionsmay yield net ozone formation as the air mass is transported downwind
to Utqiaġvik. At the Zotino Tall Tower Observatory in central Siberia, Moiseenko
et al.114 observed net ozone production, which they attributed to an abundance of
biogenic VOCs, as well as a mixture of soil, biomass burning, and anthropogenic
NOx emissions. During the fall, wind directions at Utqiaġvik came from the
southeast, in the direction of the NSA oil elds, for ∼15% of the time (Fig. S5†).
Ozone production in these air masses may potentially explain the higher ozone
mole ratios at Utqiaġvik in the fall compared to spring, whereas ozone mole ratios
were higher in spring than in fall at Oliktok Point. At Alert, Canada, Gautrois
et al.115 observed annual minimum hydrocarbon mole ratios (e.g., methane, n-
hexane, benzene) in July and August. At Villum Research Station, Greenland,
Pernov et al.116 found signicant VOC contributions from biomass burning in the
fall, the marine cryosphere (e.g., emissions during snowmelt) in the summer, and
Arctic haze in the spring. Although studies have shown seasonal cycles of VOCs in
the remote Arctic,115,116 detailed measurements of VOC emissions from oil and gas
activities are necessary to assess their relative contribution to local and regional
VOC mole ratios, as well as their potential to form ozone.
3.2 Springtime ozone depletion events

Ozone was frequently depleted at Utqiaġvik and Oliktok Point during springtime
(Fig. 1a). From 2017–2021, a total of 58 springtime ODEs (range of 9–14 per year,
annual median of 11) were identied at Utqiaġvik, while 60 ODEs (8–16 per year,
annual median of 10) were identied at Oliktok Point. It is worth noting that the
spring 2021 data used in this study ends on 20 April, likely missing some
springtime ODEs for that year. For context, 1–5 ODEs occurred between 20 April
and 15 May during previous years. Ozone at Utqiaġvik was depleted (as dened in
Section 2.2) for 35% of the springtime data considered in this study, ranging from
18–56% of the data during individual years. Oliktok Point experienced more
ozone depletion overall, with ODEs covering 40% of all springtime data (24–61%
for individual years). The prevalence of ODEs along the north coast of Alaska
indicates frequent, regional ozone depletion. In comparison, Halfacre et al.31
272 | Faraday Discuss., 2025, 258, 265–292 This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00166d


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
9 

N
ov

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/1

4/
20

26
 4

:1
4:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reported observations of ozone-depleted air for ∼60–65% of springtime at buoys
in the Arctic Ocean.

Observations of springtime ODEs occurring at both Utqiaġvik and Oliktok
Point simultaneously informs ODE spatial extents. Example ODEs from spring
2020 are shown in Fig. 2, demonstrating concurrent ozone depletion at both sites.
Of all observed ODEs, 60 ± 20% (±95% condence interval; range of 40–92% per
year) occurred concurrently at the two sites located ∼260 km apart. The potential
for some ODEs to occur concurrently could not be determined due to missing
data at either site. In such cases, the corresponding ODEs were included in the
total ODE counts at each site but not in the comparison of concurrent ODEs.
When one site experienced multiple ODEs over the duration of one ODE at the
other site, they were counted as multiple concurrent ODEs. In Fig. 2b, for
example, ozone mole ratios at Utqiaġvik recovered above 20 ppb for only 11 hours
on March 4, meaning that the full period from March 1–6 constitutes one ODE
according to the denitions used in this study. At Oliktok Point, however, there
were two ODEs as ozone recovered above 20 ppb for 13 h. Therefore, as dened,
this example was counted as two concurrent ODEs. Six instances of ODEs were
observed at one site, while ozone was slightly reduced with similar temporal
variability at the opposite site, but not so much as to satisfy the 15 ppb ODE
threshold used in this study. For ve of these six ODEs, Oliktok Point experienced
an ODE, whereas ozone did not fall below the 15 ppb ODE threshold at Utqiaġvik,
likely due to the lower average ozone mole ratios at Oliktok Point, as discussed in
Section 3.1. If we consider these instances as concurrent “ODEs”, then 70 ± 20%
(range of 44–92% per year) of the ODEs at the two sites occurred concurrently. For
non-concurrent ODEs, smaller spatial scales cannot necessarily be inferred since
extensive ODEs may only impact one site (e.g., an ODE may impact Utqiaġvik but
extend much farther west rather than east toward Oliktok Point). While smaller
spatial scales have been previously reported (e.g., Mickle et al.44), the prevalence of
concurrent ozone depletion at Utqiaġvik and Oliktok Point supports that larger
ODE spatial scales of at least ∼260 km are more common. These observations are
Fig. 2 Hourly ozone mole ratios (ppb) and calculated ozone depletion timescales (sO3
) at

Utqiaġvik and Oliktok Point for two example coincident ODEs with (a) multi-day ozone
depletion timescales, indicative of local bromine chemistry initiating the ODE,27–30 and (b)
short timescales (<24 h), indicative of air mass transport of ozone-depleted air.5,31–33 The
timescales reported in the figure correspond to the ODEs initiated on 20 February and 1
March in panels (a) and (b), respectively.
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in agreement with the estimated median spatial scale of ∼877 km reported by
Halfacre et al.31 and modelled widespread ozone depletion across the NSA re-
ported by Cao et al.117

Wind directions at the sampling sites can provide insights into the regional air
masses driving concurrent ODEs. In addition, non-concurrent ODEs at Utqiaġvik
and Oliktok Point may be partially explained by sea ice lead-induced vertical
mixing, where convection mixes ozone-depleted surface-level air with non-
depleted air masses alo, occurring immediately upwind of only one of the
sites, as has been previously observed.23,24 Wind directions during ODE periods
were generally similar to wind directions during all of spring (Fig. S5†). Wind
directions at Utqiaġvik during ODEs typically originated from the east and
northeast, in the direction of the frozen Beaufort Sea (Fig. S5c†). This observation
differs from that of Koo et al.32 who reported ozone-depleted air masses arriving at
Utqiaġvik from the Chukchi Sea to the northwest and a lack of ozone depletion in
air masses from the Beaufort Sea in April 2008. Using backward air mass trajec-
tories for ODEs observed at buoys in the Arctic Ocean north of Utqiaġvik from
2009–2011, Halfacre et al.31 found ODEs primarily originated from the north
(∼39%), followed by the east (∼33%) then the west (∼22%). Different observa-
tions may simply be from differences between the time periods and locations of
open sea ice leads, which terminate ODEs by downward mixing of background
ozone-containing air,23,24 or active bromine chemistry, which depends on
a number of environmental factors, including surface snow pH.118 Sea ice cover is
rapidly thinning, with multiyear sea ice replaced by rst year sea ice,119–122 which
has been correlated with reactive bromine chemistry.34–37 During ODEs at Oliktok
Point, the wind similarly came from the northeast, with moderate contributions
(∼25% of the time) from the southwest, in the direction of the tundra and some
oil drilling operations (Fig. S5h†). These typical wind directions support that both
Utqiaġvik and Oliktok Point typically sampled air masses from similar regions,
explaining the observation of frequent concurrent ODEs.

Due to the∼260 km separation, Utqiaġvik and Oliktok Point sampled the same
air masses at different times depending on the air mass arrival timing. While
daily ozonemole ratios were positively correlated between the two sites (R2= 0.62;
Fig. S4†), correlations on shorter timescales (<24 h) were weaker due to time
offsets based on the onset of ozone depletion and subsequent recovery at each
site. In Fig. 2, the average wind direction during the two example ODEs at Oliktok
Point were from the southwest and southeast for the ODEs on 20 February 2020
and 1 March 2020, respectively. At Utqiaġvik, the average wind directions were
from the east and southeast for the ODEs during the same time periods,
respectively. HYSPLIT backward air mass trajectories (Fig. S7†) suggest that the
air masses associated with these example ODEs broadly originated from the
southwest over the tundra and otherwise followed similar trajectories before
arriving at each site. Therefore, HYSPLIT analysis supports that both Utqiaġvik
and Oliktok Point were impacted by the same air masses during these example
ODEs. These westerly air masses are expected to reach Utqiaġvik rst, yielding
ozone depletion sooner than at Oliktok Point, in agreement with observations
showing ozone depletion and recovery ∼6 h sooner at Utqiaġvik compared to
Oliktok Point (Fig. 2).

Ozone depletion timescales provide ODE kinetic information and inform
whether ozone depletion was initiated by local bromine chemistry.27–31 Observed
274 | Faraday Discuss., 2025, 258, 265–292 This journal is © The Royal Society of Chemistry 2025
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timescales of ozone depletion ranged from ∼2 h to ∼5 days at Utqiaġvik and <1 h
to ∼2.5 days at Oliktok Point (Fig. S8†). Based on typically observed BrOc mole
ratios and rate coefficients, ozone depletion via local bromine chemistry is esti-
mated to occur on timescales of a day or longer.27–30 Therefore, to compare the
prevalence of these timescales, we separate short (#24 h) and long (24–48 h)
ozone depletion timescales (sO3

), indicative of transport of ozone-depleted air and
ozone depletion initiated by local bromine chemistry, respectively. Most ODEs
occurred on short timescales at both sites: on average 76% (range of 62–91%
during individual years) of ODEs at Utqiaġvik and 82% (72–94%) at Oliktok Point.
An average of 19% (9–38% each year) and 15% (0–25%) of ODEs occurred on long
(24–48 h) timescales at Utqiaġvik and Oliktok Point, respectively. Longer ODE
timescales (>48 h) occurred at most once during any given year at each site and are
indicative of poor mixing with ozone-rich air.25,31 The median ODE timescales
observed at Utqiaġvik and Oliktok Point were 11 h and 9 h, respectively, in
agreement with the 11 h median reported by Halfacre et al.31 using buoy
measurements over the Arctic Ocean. The prevalence of shorter timescales
supports the concurrent transport of ozone-depleted air masses to these sites, as
has been previously observed at Utqiaġvik.32 Concurrent ODEs observed at these
sites with similar timescales also support the large spatial scales of ozone
depletion previously predicted by Halfacre et al.31 through backward air mass
trajectories. Utqiaġvik and Oliktok Point shared ODEs with short ozone depletion
timescales (Fig. 2b), suggesting widespread ozone depletion upwind. They also
shared ODEs on longer timescales (Fig. 2a), suggesting widespread active
bromine chemistry, in agreement with observations of elevated BrOc across broad
snow-covered regions of the Arctic during spring.32,123–125

Once ozone is depleted, atmospheric oxidative capacity is reduced for the
duration of the ODE. Both sites experienced a similar distribution of ODE dura-
tions from 2017–2021 (Fig. S9†). Durations of ODEs ranged from 12–292 h
(median of 51 h) and 12–296 h (median of 55 h) at Utqiaġvik and Oliktok Point,
respectively, over the study period (2017–2021). In comparison, Halfacre et al.31

reported a median duration of ∼70 h for buoy measurements in consolidated sea
ice of the Arctic Ocean. In comparison, our study utilized coastal sites that are
likely more impacted by open sea ice leads that cause recovery of ozone back-
ground levels through enhanced atmospheric mixing.23,24 Each site experienced
a similar number of ODEs with durations of less than 2 days (27 total ODEs during
the study period at both sites; 4–6 and 3–7 per year at Utqiaġvik and Oliktok Point,
respectively) as the number of ODEs with durations of 2–4 days (31 total ODEs
during the study period, 3–12 per year, at Utqiaġvik; 31 total ODEs, 4–10 per year,
at Oliktok Point). A smaller number of ODEs, 6 at Utqiaġvik and 7 at Oliktok
Point, lasted longer than a week, with the longest ODE being sustained over 12
days. All ODEs with long durations occurred concurrently at both sites. In
comparison, the longest ODE reported by Halfacre et al.31 lasted for ∼14.5 days.
For some ODEs in our study, ozone was able to recover above 20 ppb briey (<24
h) before initiating a separate ODE. In a subset of these cases, either site would
experience one long ODE, while the other experienced two shorter ODEs. These
long periods of depleted ozone suggest a combination of poor mixing on these
timescales and large ODE spatial scales as the depleted air masses are transported
over the sites.
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 265–292 | 275
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Following long-term observations of Arctic ODEs, Tarasick and Bottenheim126

proposed that low temperatures (<−20 °C) may be necessary to initiate ODEs.
HOBr is efficiently taken up by frozen surfaces (<−20 °C) to regenerate Br2 via
R4,127 and increasing BrOc mole ratios have been correlated with decreasing
temperatures below −15 °C.128 In contrast, Peterson et al.42 found no clear trend
between temperature and BrOc mole ratios during an airborne campaign near
Utqiaġvik; however, ambient temperatures only reached a maximum of −20 °C.
Custard et al.12 reported enhanced snowpack Br2 emissions at air temperatures up
to −14 °C compared to higher temperatures, but noted that the corresponding
snowpack temperatures were likely lower. For the current study, the distributions
of ambient temperatures during ODEs (averaged from ODEstart to ODEstop) at each
site were similar to those distributions for all of spring (Fig. S9†). However,
average hourly temperatures (±95% condence intervals) during ODEs (−19.2 ±

0.5 °C at Utqiaġvik and −20.4 ± 0.7 °C at Oliktok Point) were statistically lower
compared to the spring averages (−17.3± 0.2 °C and−18.3± 0.2 °C) at both sites.
ODEs were observed at ambient temperatures ranging from −38.5 ± 0.6 °C to
−2.2 ± 0.2 °C (median of −19.0 ± 0.3 °C) across both sites. However, the
temperature of the airmass at the time of measurement could be different from
the temperature when ozone was actively depleted by bromine chemistry upwind.
When only considering ODEs on moderate timescales (24–48 h; indicative of local
bromine chemistry),27–30 temperatures were over the same range (−38.5 ± 0.6 °C
to −2.2 ± 0.2 °C; median of −18.56 ± 0.01 °C), representing an insignicant
difference from the distribution of all ODEs. Moreover, Halfacre et al.31 reported
no signicant difference between ambient temperatures measured at their
measurement sites (buoys in the Arctic Ocean) and the average temperature of
isobaric backward air mass trajectories, most of which remained near the surface
(<200 m). These observations are in agreement with many studies reporting ODEs
occurring at warmer temperatures (>−20 °C) and not being restricted to only the
lower temperature range.31,32,34,129

Reactive bromine chemistry has been associated with low wind speeds
(<8 m s−1) with stable boundary layer conditions in which the bromine explosion
cycle is efficient,14 as well as high wind speeds (>8 m s−1) with bromine release
suggested from sublimated blowing snow.124,130,131 Swanson et al.130 observed
ODEs during both calm winds and blowing snow at Utqiaġvik and on buoys in the
Arctic Ocean from 2009–2015, but found an average wind speed of 5.6 m s−1,
which falls in the calm wind regime. Additional studies have also observed
elevated near-surface reactive bromine (Br2, HOBr, BrOc) during periods of calm
winds (e.g., Helmig et al.,132 Peterson et al.,133 Wang et al.11). For the current study,
median wind speeds during all ODEs were 5.0 ± 0.2 m s−1 at Utqiaġvik and 5.6 ±

0.2 m s−1 at Oliktok Point, and most ODEs (83% at Utqiaġvik and 79% at Oliktok
Point) occurred during calm winds below 8 m s−1 (Fig. 3). For ODEs with 24–48 h
timescales, consistent with local bromine-driven ozone depletion, 75% had
average wind speeds below 8m s−1 (range of 1.14± 0.08 m s−1 to 10.7± 0.2 m s−1;
median of 5.3 ± 0.2 m s−1). Wind speeds were not statistically different (95%
condence) between the two sites during ODEs, but ODE wind speeds were
signicantly slower compared to all of spring, on average, by 0.4 m s−1 at
Utqiaġvik and 0.7 m s−1 at Oliktok Point. As with the temperature comparison,
the wind speeds at the measurement site may not be representative of the wind
speeds at the time of ozone depletion in the air mass. ODE observations presented
276 | Faraday Discuss., 2025, 258, 265–292 This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Normalized histograms of hourly averaged wind speeds measured at (a) Utqiaġvik
and (b) Oliktok Point for all springtime data and all springtimeODE data. Wind speeds were
grouped into 2 m s−1 bins. ODE wind speeds were averaged across the duration of each
ODE (ODEstart to ODEstop). SinceODEs represent a smaller subset of spring, the histograms
are normalized to better compare the distributions. For both sites, wind speeds were
slower during ODEs (95% confidence).
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here and reported elsewhere support that blowing snow is not required for ODEs,
and that near-surface ozone depletion and reactive bromine chemistry during
calm wind conditions are more prevalent.31,130,132

3.3 Inuence from anthropogenic NOx from Arctic oil eld extraction
emissions

The Oliktok Point eld site is surrounded by drilling platforms within 2 km to the
east, southeast, and south, with other sites slightly farther away in all directions
including offshore platforms to the north. Unfortunately, no NOx measurements
were available at Oliktok Point during this study period. However, Oliktok Point
experiences constant inuence from oil eld emissions, including NOx, and few
periods of “clean”, non-polluted air.71 Utqiaġvik also experiences intermittent
NOx pollution, transported from the town of Utqiaġvik, ∼5 km to the southwest,
as well as the NSA oil elds, ∼300 km to the southeast.62,73–75 Therefore, ozone
titration by NOc (R5) likely contributes to lower ozone mole ratios at Oliktok Point
compared to Utqiaġvik.

While daily ozonemole ratios were correlated between the two sites during this
study, ozone at Oliktok Point was typically a few ppb lower than at Utqiaġvik
(Fig. S1 and S4†). When comparing seasons, average ozone mole ratios (±95%
condence intervals) were statistically lower at Oliktok Point by 3.8 ± 0.1 ppb in
winter, 2.9 ± 0.3 ppb in spring, 3.5 ± 0.2 ppb in summer, and 6.1± 0.2 ppb in fall
(Fig. 1a). The two sites most closely agreed in February (ozone mole ratio differ-
ence of 2.4± 0.5 ppb,∼9% lower ozone at Oliktok Point; Fig. 1b), likely due to the
prevalence of halogen chemistry controlling ozone mole ratios as opposed to NOx.
The largest difference was observed in August (6.8 ± 0.3 ppb, ∼27% lower ozone
at Oliktok Point), potentially related to iodine or VOC chemistry, in addition to
NOx inuence, as discussed in Section 3.1. At Utqiaġvik, Jaffe et al.73 reported
pollution events with NOx up to ∼14 ppb nearly 300 km downwind from the NSA
oil elds. Thus, given that Oliktok Point is within the oil elds, it is expected that
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 265–292 | 277
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local NOcmole ratios are sufficient to titrate∼3–7 ppb ozone (R5) and account for
this observed ozone difference compared to Utqiaġvik.

Ozone titration by NOc (R5) and the lower average ozone mole ratios at Oliktok
Point in spring also inuenced ODE characteristics (Section 3.2). With lower
average ozone mole ratios, ozone was slower to recover above the 20 ppb
threshold used to signify an ODE end time. Therefore, a greater proportion of
spring was considered ozone depleted at Oliktok Point (40%) compared to
Utqiaġvik (35%). ODEs at Oliktok point also tended to have a longer duration
(Fig. S9†). While both sites experienced a similar number of ODEs, a greater
fraction of ODEs at Oliktok Point happened on shorter ozone depletion time-
scales (#24 h; Fig. S8†). Frequent, short-term ozone variability at Oliktok Point
coinciding with a lack of variability at Utqiaġvik (Fig. 4) suggests local rather than
regional inuences with some ODEs induced by local NOc titration, potentially
alongside local bromine chemistry. Similar short-term ozone titration was
observed at Utqiaġvik when NOx pollution was transported from the town or the
NSA oil elds to the measurement site,62,75 but less frequently. Hourly ozone
observations were most correlated between Utqiaġvik and Oliktok Point during
spring, when bromine-driven ozone depletion is most active (R2 = 0.56, as
compared to 0.36, 0.31, 0.14 in fall, summer, and winter, respectively). Given the
stronger correlation during spring with active bromine chemistry, the short-term
ozone reductions at either site are less likely to have occurred due to local-scale
bromine chemistry. Weaker correlations during other seasons, with reduced or
no active bromine chemistry, point toward differences in other local factors, such
as NOc titration, driving short-term ozone reductions.

Periods of depleted ozone were also observed throughout the year at both
Utqiaġvik and Oliktok Point (e.g., outliers in Fig. 1a). As discussed in Section 2.2,
the term “ODE” is associated with springtime, bromine-driven ozone depletion,
and, therefore, we do not use this term when referring to periods of depleted
ozone during other seasons. During the summer months, ozone was depleted
Fig. 4 Hourly ozone mole ratios during winter–spring in 2018–2019 at (a) Utqiaġvik and
(b) Oliktok Point. The grey shaded regions represent the polar night at each site (nighttime
> 24 h), and the red dashed lines represent the threshold used to identify ODEs.
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during 18 and 29 periods according to the same denitions used to identify
springtime ODEs (Section 2.2) at Utqiaġvik and Oliktok Point, respectively, with
median timescales of 15 h and 11 h and median durations of 45 h and 52 h.
During the fall months, there were 20 periods of depleted ozone at Utqiaġvik
(median timescale of 14 h, duration of 39 h) and 50 periods at Oliktok Point
(median timescale of 12 h, duration of 48 h). As with observations of springtime
ODEs, periods of depleted ozone tended to happen on faster timescales and last
longer at Oliktok Point. In contrast to spring, when ODEs occurred at similar
frequencies at both sites, Oliktok Point experienced many more periods of
depleted ozone during other seasons compared to Utqiaġvik. As such, local
inuences such as NOx are the likely drivers for ozone depletion at Oliktok Point.

Depleted ozone was also observed at Oliktok Point during the polar night (22
November–18 January), in the absence of photochemistry. Using the same de-
nitions as for the spring ODEs, four instances of ozone depletion were observed at
Oliktok Point (e.g., Fig. 4b), but none were identied at Utqiaġvik. The corre-
sponding ozone depletion timescales were 1.60 ± 0.03 h, 2.9 ± 0.7 h, 3.1 ± 0.2 h,
and 9 ± 3 h, with durations of 6 h, 4 h, 8 h, and 12 h, respectively. Wind primarily
originated from the northeast and southwest, in the direction of active drilling
platforms. Wind speeds were slower during these periods, on average (±95%
condence interval) 5 ± 1 m s−1 compared to 7.38 ± 0.09 m s−1 during all of
winter at Oliktok Point. However, wind data were not available during two of the
four periods. The slow wind speeds suggest poor mixing of the pollution plumes
with the surrounding background ozone in air masses prior to reaching the
sampling site, allowing for substantial ozone titration. Using a less stringent
denition (if ozone is depleted below 15 ppb for only 1 h), there were 14 instances
of depleted ozone during the polar night at Oliktok Point and still none at
Utqiaġvik. These observations are notable as ozone is typically at a maximum
during the winter months due to the lack of halogen photochemistry and ozone
photolysis chemistry.6,7,94 Although comparisons to springtime ODE characteris-
tics are difficult considering the few depleted periods during polar night, the
shorter timescales and durations, in combination with a lack of photochemistry,
indicate ozone titration by local NOc emissions from the NSA oil eld operations.

4 Conclusions

An understanding of the factors affecting regional and local levels of the green-
house gas ozone is especially important in the Arctic, where snow- and ice-albedo
feedback amplies radiative forcing and contributes to an increased rate of
warming compared to the rest of the world.134,135 To improve understanding of
ODE characteristics, including spatial scales, we analyzed continuous ozone
measurements from fall 2016 to spring 2021 at two sites, separated by ∼260 km,
along the North Slope of Alaska: Utqiaġvik and Oliktok Point. Ozone was corre-
lated between the two sites, demonstrating similar seasonal behavior to previous
studies at Utqiaġvik. Springtime ozone depletion on the North Slope of Alaska
during this study can be broadly described as follows:

(i) ODEs frequently impacted Utqiaġvik and Oliktok Point concurrently (40–
92% of observed ODEs each year), indicating ODE spatial scales exceeding ∼260
km. While smaller ODE spatial scales occur (e.g., Mickle et al.44), larger spatial
scales appear to be more common, in agreement with other studies reporting
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 265–292 | 279
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larger spatial scales45,46 and the estimated median spatial scale of ∼877 km re-
ported by Halfacre et al.31

(ii) The majority of ODEs occurred on short timescales (<24 h) due to air mass
transport of ozone-depleted air from upwind, typically from the direction of the
frozen Beaufort Sea to the northeast. However, some ODEs occurred on longer
timescales (24–48 h), indicating ODE initiation via local bromine chemistry
occurring on a regional scale, consistent with previous satellite and aircra BrOc
measurements.42,47,48,63

(iii) Ozone was depleted for long durations (>48 h) and for substantial fractions
of the Arctic spring (35% at Utqiaġvik and 40% at Oliktok Point).

(iv) ODEs typically occurred during low wind speeds (<8 m s−1; median wind
speeds of 5.0 ± 0.2 m s−1 and 5.6 ± 0.2 m s−1 at Utqiaġvik and Oliktok Point,
respectively), promoting a stable boundary layer conducive to bromine explosion
chemistry.

(v) ODEs occurred over a wide range of temperatures (−39 °C to −2 °C); low
temperatures (<−20 °C) were not necessary to allow ozone depletion chemistry.

Ozone mole ratios were lower throughout the year at Oliktok Point, with
ODEs happening more frequently, on faster ozone depletion timescales, and for
longer durations compared to Utqiaġvik. Oliktok Point also experienced periods
of depleted ozone during the polar night in the absence of photochemistry,
while Utqiaġvik did not. These observations all point to the greater ozone
titration by NOc (R5) emitted from the oil and gas facilities surrounding the
Oliktok Point site.

While not independent from bromine chemistry,55,62,63,75 NOx presents
a different, poorly constrained pathway for ozone depletion in the Arctic. Law
et al.136 reported increasing surface-level ozone in the Arctic during winter from
1993–2019, attributing this increase to decreasing NOx emissions in Europe and
North America, resulting in reduced ozone titration at mid-latitudes137 prior to
transport to the Arctic.138 However, there are substantial NOx emissions from
existing oil and gas infrastructure in the Arctic,67,68 and the Arctic is home to 30%
and 13% of the world’s undiscovered gas and oil resources, respectively.139

Increasing development and anthropogenic emissions from resource extraction
and shipping in the Arctic are expected with the warming climate and melting sea
ice.76,77 Future studies should take advantage of satellite remote sensing to
quantify and assess the extent of anthropogenic NO2 emissions from oil and gas
extraction activities across the Arctic, as has been done by van der A et al.67 for
natural gas compressor stations in Siberia and by Ialongo et al.68 for gas aring in
Siberia. VOC oxidation in the presence of NOx also plays an important role in the
production of ozone downwind of pollution sources,114,140 so detailed measure-
ments of VOC emissions from Arctic oil and gas extraction activities are necessary
to fully comprehend the impact of these activities on a regional scale. New
insights into the role of anthropogenic NOx and VOC emissions in the rapidly
changing Arctic are crucial to the development of accurate climate and chemistry-
transport models,94 as well as the overall understanding of Arctic atmosphere.
This study demonstrates the role of NOx emissions from oil and gas extraction
activities on local ozone and informs the impact of current and future resource
extraction across the Arctic.
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E. J. Boone, D. Pöhler, J. Zielcke, S. General, P. B. Shepson, U. Frieß,
U. Platt and B. H. Stirm, The role of open lead interactions in atmospheric
ozone variability between Arctic coastal and inland sites, Elem. Sci. Anth.,
2016, 4, 000109.

25 C. Strong, J. D. Fuentes, R. E. Davis and J. W. Bottenheim, Thermodynamic
attributes of Arctic boundary layer ozone depletion, Atmos. Environ., 2002,
36, 2641–2652.

26 H.-W. Jacobi, S. Morin and J. W. Bottenheim, Observation of widespread
depletion of ozone in the springtime boundary layer of the central Arctic
linked to mesoscale synoptic conditions, J. Geophys. Res.:Atmos., 2010, 115,
D17302, DOI: 10.1029/2010JD013940.

27 M. Hausmann and U. Platt, Spectroscopic measurement of bromine oxide
and ozone in the high Arctic during Polar Sunrise Experiment 1992, J.
Geophys. Res.:Atmos., 1994, 99, 25399–25413.

28 M. Piot and R. von Glasow, The potential importance of frost owers,
recycling on snow, and open leads for ozone depletion events, Atmos.
Chem. Phys., 2008, 8, 2437–2467.

29 M. Piot and R. von Glasow, Modelling the multiphase near-surface chemistry
related to ozone depletions in polar spring, J. Atmos. Chem., 2009, 64, 77–105.

30 M. Tuckermann, R. Ackermann, C. Gölz, H. Lorenzen-Schmidt, T. Senne,
J. Stutz, B. Trost, W. Unold and U. Platt, DOAS-observation of halogen
radical-catalysed arctic boundary layer ozone destruction during the
ARCTOC-campaigns 1995 and 1996 in Ny-Ålesund, Spitsbergen, Tellus, Ser.
B: Chem. Phys. Meteorol., 1997, 49, 533–555.

31 J. W. Halfacre, T. N. Knepp, P. B. Shepson, C. R. Thompson, K. A. Pratt, B. Li,
P. K. Peterson, S. J. Walsh, W. R. Simpson, P. A. Matrai, J. W. Bottenheim,
S. Netcheva, D. K. Perovich and A. Richter, Temporal and spatial
characteristics of ozone depletion events from measurements in the Arctic,
Atmos. Chem. Phys., 2014, 14, 4875–4894.

32 J.-H. Koo, Y. Wang, T. P. Kurosu, K. Chance, A. Rozanov, A. Richter,
S. J. Oltmans, A. M. Thompson, J. W. Hair, M. A. Fenn, A. J. Weinheimer,
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 265–292 | 283

https://doi.org/10.1029/2011JD016641
https://doi.org/10.1029/2011GL049229
https://doi.org/10.1029/2011GL049229
https://doi.org/10.1029/2010JD013940
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00166d


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
9 

N
ov

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/1

4/
20

26
 4

:1
4:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
T. B. Ryerson, S. Solberg, L. G. Huey, J. Liao, J. E. Dibb, J. A. Neuman,
J. B. Nowak, R. B. Pierce, M. Natarajan and J. Al-Saadi, Characteristics of
tropospheric ozone depletion events in the Arctic spring: analysis of the
ARCTAS, ARCPAC, and ARCIONS measurements and satellite BrO
observations, Atmos. Chem. Phys., 2012, 12, 9909–9922.

33 S. Morin, G. Hönninger, R. M. Staebler and J. W. Bottenheim, A high time
resolution study of boundary layer ozone chemistry and dynamics over the
Arctic Ocean near Alert, Nunavut, Geophys. Res. Lett., 2005, 32, L08809,
DOI: 10.1029/2004GL022098.

34 J. W. Bottenheim, S. Netcheva, S. Morin and S. V. Nghiem, Ozone in the
boundary layer air over the Arctic Ocean: measurements during the TARA
transpolar dri 2006–2008, Atmos. Chem. Phys., 2009, 9, 4545–4557.

35 J. B. Gilman, J. F. Burkhart, B. M. Lerner, E. J. Williams, W. C. Kuster,
P. D. Goldan, P. C. Murphy, C. Warneke, C. Fowler, S. A. Montzka,
B. R. Miller, L. Miller, S. J. Oltmans, T. B. Ryerson, O. R. Cooper, A. Stohl
and J. A. de Gouw, Ozone variability and halogen oxidation within the
Arctic and sub-Arctic springtime boundary layer, Atmos. Chem. Phys., 2010,
10, 10223–10236.

36 P. K. Peterson, W. R. Simpson and S. V. Nghiem, Variability of bromine
monoxide at Barrow, Alaska, over four halogen activation (March–May)
seasons and at two on-ice locations, J. Geophys. Res.:Atmos., 2016, 121,
1381–1396.

37 W. R. Simpson, D. Carlson, G. Hönninger, T. A. Douglas, M. Sturm,
D. Perovich and U. Platt, First-year sea-ice contact predicts bromine
monoxide (BrO) levels at Barrow, Alaska better than potential frost ower
contact, Atmos. Chem. Phys., 2007, 7, 621–627.

38 I. Bougoudis, A.-M. Blechschmidt, A. Richter, S. Seo, J. P. Burrows, N. Theys
and A. Rinke, Long-term time series of Arctic tropospheric BrO derived
from UV–VIS satellite remote sensing and its relation to rst-year sea ice,
Atmos. Chem. Phys., 2020, 20, 11869–11892.

39 L. Kaleschke, A. Richter, J. Burrows, O. Afe, G. Heygster, J. Notholt,
A. M. Rankin, H. K. Roscoe, J. Hollwedel, T. Wagner and H.-W. Jacobi,
Frost owers on sea ice as a source of sea salt and their inuence on
tropospheric halogen chemistry, Geophys. Res. Lett., 2004, 31, L16114, DOI:
10.1029/2004GL020655.

40 T. Zeng, Y. Wang, K. Chance, E. V. Browell, B. A. Ridley and E. L. Atlas,
Widespread persistent near-surface ozone depletion at northern high
latitudes in spring, Geophys. Res. Lett., 2003, 30, 2298, DOI: 10.1029/
2003GL018587.

41 T. Zeng, Y. Wang, K. Chance, N. Blake, D. Blake and B. Ridley, Halogen-driven
low-altitude O3 and hydrocarbon losses in spring at northern high latitudes, J.
Geophys. Res.:Atmos., 2006, 111, D17313, DOI: 10.1029/2005JD006706.

42 P. K. Peterson, D. Pöhler, J. Zielcke, S. General, U. Frieß, U. Platt,
W. R. Simpson, S. V. Nghiem, P. B. Shepson, B. H. Stirm and K. A. Pratt,
Springtime Bromine Activation over Coastal and Inland Arctic Snowpacks,
ACS Earth Space Chem., 2018, 2, 1075–1086.

43 B. Van Dam, D. Helmig, J. F. Burkhart, D. Obrist and S. J. Oltmans,
Springtime boundary layer O3 and GEM depletion at Toolik Lake, Alaska, J.
Geophys. Res.:Atmos., 2013, 118, 3382–3391.
284 | Faraday Discuss., 2025, 258, 265–292 This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1029/2004GL022098
https://doi.org/10.1029/2004GL020655
https://doi.org/10.1029/2003GL018587
https://doi.org/10.1029/2003GL018587
https://doi.org/10.1029/2005JD006706
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00166d


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
9 

N
ov

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/1

4/
20

26
 4

:1
4:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
44 R. E. Mickle, J. W. Bottenheim, W. R. Leaitch and W. Evans, Boundary layer
ozone depletion during AGASP-II, Atmos. Environ. (1967-1989), 1989, 23,
2443–2449.

45 W. R. Leaitch, L. A. Barrie, J. W. Bottenheim and S. M. Li, Airborne
observations related to ozone depletion at polar sunrise, J. Geophys.
Res.:Atmos., 1994, 99, 25499–25517.

46 B. A. Ridley, E. L. Atlas, D. D. Montzka, E. V. Browell, C. A. Cantrell,
D. R. Blake, N. J. Blake, L. Cinquini, M. T. Coffey, L. K. Emmons,
R. C. Cohen, R. J. DeYoung, J. E. Dibb, F. L. Eisele, F. M. Flocke, A. Fried,
F. E. Grahek, W. B. Grant, J. W. Hair, J. W. Hannigan, B. J. Heikes,
B. L. Lefer, R. L. Mauldin, J. L. Moody, R. E. Shetter, J. A. Snow,
R. W. Talbot, J. A. Thornton, J. G. Walega, A. J. Weinheimer, B. P. Wert and
A. J. Wimmers, Ozone depletion events observed in the high latitude
surface layer during the TOPSE aircra program, J. Geophys. Res.:Atmos.,
2003, 108, 4109.

47 U. Platt and T. Wagner, Satellite mapping of enhanced BrO concentrations in
the troposphere, Nature, 1998, 395, 486–490.

48 S. Seo, A. Richter, A.-M. Blechschmidt, I. Bougoudis and J. P. Burrows, First
high-resolution BrO column retrievals from TROPOMI, Atmos. Meas. Tech.,
2019, 12, 2913–2932.

49 S. Sillman, The relation between ozone, NOx and hydrocarbons in urban and
polluted rural environments, Atmos. Environ., 1999, 33, 1821–1845.

50 A. Dekhtyareva, M. Hermanson, A. Nikulina, O. Hermansen, T. Svendby,
K. Holmén and R. G. Graversen, Springtime nitrogen oxides and
tropospheric ozone in Svalbard: results from the measurement station
network, Atmos. Chem. Phys., 2022, 22, 11631–11656.

51 S. Morin, J. Savarino, M. M. Frey, N. Yan, S. Bekki, J. W. Bottenheim and
J. M. F. Martins, Tracing the Origin and Fate of NOx in the Arctic
Atmosphere Using Stable Isotopes in Nitrate, Science, 2008, 322, 730–732.

52 S. Morin, J. Erbland, J. Savarino, F. Domine, J. Bock, U. Friess, H.-W. Jacobi,
H. Sihler and J. M. F. Martins, An isotopic view on the connection between
photolytic emissions of NOx from the Arctic snowpack and its oxidation by
reactive halogens, J. Geophys. Res.:Atmos., 2012, 117, D00R08, DOI: 10.1029/
2011JD016618.

53 L. Cao, H. Sihler, U. Platt and E. Gutheil, Numerical analysis of the chemical
kinetic mechanisms of ozone depletion and halogen release in the polar
troposphere, Atmos. Chem. Phys., 2014, 14, 3771–3787.

54 M. J. Evans, D. J. Jacob, E. Atlas, C. A. Cantrell, F. Eisele, F. Flocke, A. Fried,
R. L. Mauldin, B. A. Ridley, B. Wert, R. Talbot, D. Blake, B. Heikes, J. Snow,
J. Walega, A. J. Weinheimer and J. Dibb, Coupled evolution of BrOx-ClOx-
HOx-NOx chemistry during bromine-catalyzed ozone depletion events in the
arctic boundary layer, J. Geophys. Res.:Atmos., 2003, 108, 8368, DOI:
10.1029/2002JD002732.

55 S. Wang and K. A. Pratt, Molecular Halogens Above the Arctic Snowpack:
Emissions, Diurnal Variations, and Recycling Mechanisms, J. Geophys.
Res.:Atmos., 2017, 122, 11991–12007.

56 A. Aguzzi and M. J. Rossi, Heterogeneous Hydrolysis and Reaction of BrONO2

and Br2O on Pure Ice and Ice Doped with HBr, J. Phys. Chem. A, 2002, 106,
5891–5901.
This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 265–292 | 285

https://doi.org/10.1029/2011JD016618
https://doi.org/10.1029/2011JD016618
https://doi.org/10.1029/2002JD002732
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00166d


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
9 

N
ov

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/1

4/
20

26
 4

:1
4:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
57 D. R. Hanson, Reactivity of BrONO2 and HOBr on sulfuric acid solutions at
low temperatures, J. Geophys. Res.:Atmos., 2003, 108, 4239, DOI: 10.1029/
2002JD002519.

58 D. R. Hanson, A. R. Ravishankara and E. R. Lovejoy, Reaction of BrONO2 with
H2O on submicron sulfuric acid aerosol and the implications for the lower
stratosphere, J. Geophys. Res.:Atmos., 1996, 101, 9063–9069.

59 T. Thorp, S. R. Arnold, R. J. Pope, D. V. Spracklen, L. Conibear, C. Knote,
M. Arshinov, B. Belan, E. Asmi, T. Laurila, A. I. Skorokhod, T. Nieminen
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