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Oil and gas production is a substantial source of nitrogen oxides to the atmosphere, with

significant impacts particularly in remote regions without other large local NO
x
sources. In

the Arctic, these emissions impact regional halogen and HO
x
chemistry, altering the

oxidation of atmospheric pollutants. In this work we utilize Multiple Axis Differential

Optical Absorption Spectroscopy (MAX-DOAS) NO2 and BrO measurements at

Utqiaġvik, Alaska, from 2012 to 2016. During the spring months when atmospheric

bromine chemistry is most prevalent, we find 8% of observations are impacted by

observed NO2 differential slant column densities (dSCDs) over 5 × 1015 molecules per

cm2, which we classify as polluted. Of this fraction, approximately half can be attributed

to sources outside the immediate vicinity of Utqiaġvik. During these polluted times,

observed BrO lower tropospheric column densities (LT-VCDs) are 60% lower on

average than those retrieved during non-polluted times. During times when the local

wind direction corresponds with a large collection of oil and gas extraction facilities

approximately 300 km southeast of Utqiaġvik, observed BrO LT-VCDs were 30% lower

than clean air times. These observations show that current oil and gas operations in the

Arctic are impacting the natural atmospheric photochemical processes.

1 Introduction

Snowpack-driven atmospheric bromine chemistry is a prominent natural feature

of the springtime Arctic.1 This chemistry is responsible for the episodic depletion

of boundary layer ozone to near-zero levels, commonly referred to as ozone

depletion events or ODEs,2 and altered oxidation of atmospheric pollutants like
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mercury.3 Molecular halogens, including Br2, are photochemically produced in

the snowpack with the return of sunlight in the polar spring.4,5 The photolysis of

Br2 leads to the production of bromine atoms which then rapidly react with ozone

to form BrO.6 While BrO will photolyze to regenerate ozone and bromine atoms, it

can also react with itself (R1–R3), or other oxides, leading to the depletion of

ozone.6

Br2 + hn/ 2Br (R1)

Br + O3/ BrO + O2 (R2)

BrO + BrO/ Br2 + O2 (R3)

Alternatively, BrO can also react to form HOBr which, under acidic conditions,

can then react with bromide on the snowpack4 or aerosol particles contributing to

the further release of Br2
7 and enabling the transport of reactive bromine beyond

its source.8,9

BrO + HO2/ HOBr + O2 (R4)

HOBr + Br−(aq) + H+
(aq)/ Br2 + H2O (R5)

NOx (NO + NO2) can also play an important role in this chemistry.10 While it reacts

directly with BrO, decreasing the rates of R3 and R4 to slow gas phase bromine

chemistry, the product, BrONO2 can also contribute to recycling in the same

manner that HOBr does in R5.6,7,11,12

BrO + NO2/ BrONO2 (R6)

BrONO2 + Br−(aq)/ Br2 + NO3
−

(aq) (R7)

BrONO2 + H2O/ HOBr + HNO3 (R8)

The relative importance of these competing effects and the overall impact on

atmospheric bromine chemistry are highly dependent on the concentrations of

NOx.
10 NOx mole fractions are typically quite low in the remote Arctic, below 100

pmol mol−1, with the primary source being production in the snowpack.13,14

However, in populated areas or regions with ongoing resource extraction, these

mole fractions can be much higher due to local NOx emissions. Given ongoing

warming and summer sea ice extent declines in the Arctic,15 it is expected that

shipping activity and resource extraction, and their associated NOx emissions,

will increase.16 Thus, understanding the interplay between anthropogenic NOx

emissions and naturally occurring halogen chemistry is an increasingly key need.

Multi-year ground-based observations have provided an important tool to

study this bromine chemistry across the Arctic in Eureka, Canada,17 on sea ice

tethered buoy networks,18–21 and at Utqiaġvik,19–21 USA. Utqiaġvik is the largest city

on the North Slope of Alaska, and thus has a substantial amount of local

anthropogenic emissions that impact concentrations of key atmospheric

constituents. Transported emissions from other sources have also been identied

as a key contributor to local air pollution, including for NOx,
22–24 methane,23,25 and
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aerosol particles.26–28 Prudhoe Bay, one of several oil elds on the North Slope of

Alaska, is approximately 300 km SE of Utqiaġvik and one of the largest oil

producing regions in North America, and has a large number of oil and gas

extraction facilities.

In this work we utilize measurements of BrO and NO2 collected over a ve year

period in conjunction with Stochastic Time-Inverted Lagrangian Transport

(STILT) modeling29 to determine the frequency of impacts to Utqiaġvik from

Prudhoe Bay oil eld emissions, and assess the impacts on atmospheric bromine

chemistry observed in the polar spring.

2 Methods
2.1 MAX-DOAS

Multiple Axis Differential Optical Absorption Spectroscopy (MAX-DOAS)30 was

utilized to measure BrO and NO2 from the top of the Barrow Arctic Research

Consortium (BARC) building, located 6 km NE of Utqiaġvik (71.325 N°, 156.668°

W) from March of 2012 through June of 2018. Details about the instrument and

retrieval methods are described in detail in prior work.31,32 Briey, differential

slant column densities (dSCDs) for BrO, O4, and NO2 were measured at nominal

−2,−1, 0, 1, 2, 3, 5, 10, and 20° elevation angles. A zenith spectrum collected with

each scan was used as reference spectrum. The retrieval of BrO proles from

dSCDmeasurements is a two step process. First, the measured O4 dSCDs are used

to retrieve a vertical prole of aerosol particle extinction,33 which can also be

integrated to provide aerosol optical thickness. This retrieved prole is then used

as an additional input to constrain light scattering in the next step of the retrieval,

where BrO dSCDs are used to retrieve vertical proles of BrO using optimal

estimation.33–36

Because the retrieved BrO proles generally have only 2–3 degrees of freedom,

rather than utilizing the retrieved proles, we reduced them to two reported

quantities,37 the average mole fraction in the lowest 200 m, the lower tropospheric

vertical column density (LT-VCD) which represented the total column of BrO

between 0 and 2 km. These two quantities are also used to calculate the f200, the

fraction of BrO in the lowest 200 m of the atmosphere.31 While measurements

exist over a wider time frame, given our intent to examine impacts on bromine

chemistry active in the polar spring, we only utilize data collected from polar

sunrise to June 1st for all years, a time span which encompasses all snow melt

onset dates observed at Utqiaġvik during the study period.20 BrO LT-VCDs were

below detection limits outside of this period.

2.2 Identication of oil and gas eld inuenced periods

Stochastic Time-Inverted Lagrangian Transport (STILT) modeling29was utilized to

determine the footprint of sensitivity to upwind emissions of Utqiaġvik over the

course of the study (Fig. 1). These footprint calculations rely on 1° meteorological

elds derived from National Centers for Environmental Prediction Global Data

Assimilation System (GDAS). To determine the degree to which a given observa-

tion was inuenced by emissions from oil and gas extraction activities on the

North Slope of Alaska, we summed the calculated footprint over the Prudhoe Bay

and adjacent oil elds, indicated by the black box in Fig. 1, and designated times
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when the value of this summed footprint exceeded 0.1 m2 s ppm mmol−1 (units

of ppm enhancement per unit of ux) as Prudhoe Bay inuenced.

2.3 CIMS

During the spring 2016 Photochemical Halogen and Ozone Experiment: Mass

Exchange in the Lower Troposphere (PHOXMELT) campaign, HO2NO2 and HNO3

were measured at 1 m above the snowpack at a tundra site (71.275°N, 156.641°W),

located ve km south of the BARC building across at tundra.24 The iodide–water

cluster chemical ionization mass spectrometry measurements38 were conducted

and calibrations performed as described by McNamara et al.24 Hourly average

HO2NO2 mole fractions and HNO3 mole fractions are reported here,39 with

uncertainties of 30% + 4 pmol mol−1 (1 h LOD). HO2NO2 data were available from

Mar 4th to May 20th 2016. HNO3 was only quantied from April 8th to May 20th

due to high background signal earlier in the study.

2.4 Other datasets

Ozone data used in this work were provided by the National Oceanic and Atmo-

spheric Administration (NOAA) Earth Systems Research Laboratory/Global

Monitoring Division (ESRL/GMD).40 Wind speed and direction measurements

were also provided by NOAA.

3 Results and discussion
3.1 Air mass categorization

Air masses were categorized using observed NO2 dSCDs, local wind direction

measurements, and STILT footprints. Observations were categorized as being

inuenced by recent anthropogenic pollution if the observed 2° NO2 dSCD was in

excess of 5 × 1015 molecules per cm2.21 Wind direction and NO2 measurements

were utilized to categorize air masses into three categories, as illustrated in Fig. 2.

Clean air (275–55° east of north) refers to the traditional clean air sector that is

determined to be free of local emission inuence.25 Non-local refers to

Fig. 1 Example STILT footprint is shown overlain on map of northern Alaska. The black

box encompasses oil fields on the North Slope of Alaska, including Prudhoe Bay. Individual

emission sources that report to the US Environmental Protection Agency Greenhouse Gas

Reporting Program are marked with a black ×. These data are plotted on a log scale to

enhance contrast.
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measurements outside the clean air sector that are not in the direction of

Utqiaġvik (55–145° east of north), but exhibit enhancements in observed NO2. Of

these non-local air masses, those determined to be impacted by oil and gas

extraction activities using STILT footprints were then placed in a separate cate-

gory labeled Prudhoe Bay. Measurements where the wind was blowing from the

city of Utqiaġvik (145–275° east of north) are labeled as Utqiaġvik.

Of the resulting categorized BrO data set, 27% of observations were clean air,

36% were not attributable to Utqiaġvik or Prudhoe Bay, 18% were inuenced by

Prudhoe Bay, and 19% were impacted by local emissions from Utqiaġvik. 8% of

BrO observations were determined to be inuenced by recent anthropogenic

pollution using NO2 dSCD measurements. Of these observations, 42% were

impacted by Prudhoe Bay and 35% were impacted by Utqiaġvik, illustrating that

these areas are responsible for the majority (77%) of NOx enhancements observed

at Utqiaġvik.

3.2 Effectiveness of STILT as a quantitative metric

Prior efforts to identify impacts of oil and gas extraction activities on Utqiaġvik

have relied on wind speed and direction22,23 and/or HYSPLIT backward air mass

trajectory modeling,24,27,28 which result in a binary classication of these impacts.

Here we utilize STILT footprints to quantify the degree to which an observed air

mass is impacted by long range transport from Prudhoe Bay. Given that NO2 has

a relatively short lifetime, and is generally indicative of fresh anthropogenic air

pollution, the magnitude of NO2 enhancements will be highly dependent on the

time for an air mass to be transported from Prudhoe Bay to Utqiaġvik. Assuming

a distance of 300 km and utilizing wind speed measurements to estimate

a transport time suggests a range of between six and forty hours for air masses in

the Prudhoe category over the course of this study. Thus, utilizing measurements

of NOx reservoir species (i.e.NOz) like those utilized in prior work by Jaffe et al.23 is

a preferable approach to evaluating this method to identify impacted times. Since

NOzmeasurements were not available over the whole study period, we utilized the

NOz components HO2NO2 and HNO3 made during the 2016 PHOXMELT

Fig. 2 Plot of NO2 dSCDs plotted as a function of wind direction centered on the BARC

building. This plot shows the wind directions associated with NO2 observations in excess

of 5 × 1015 molecules per cm2. The North Slope of Alaska oil fields are outlined with

a rectangle and individual emission sources that report to the US Environmental Protection

Agency Greenhouse Gas Reporting Program are marked with a black ×.
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campaign to examine the impacts of these upwind emissions. Excluding obser-

vations from the Utqiaġvik sector, both species mole fractions exhibit positive

correlations with the summed STILT footprint (Fig. 3), with HNO3 having

a stronger correlation (R = 0.69) than HO2NO2 (R = 0.43) during March–May of

2016. This nding potentially reects the shorter atmospheric lifetime of

HO2NO2, which is on the order of minutes41 compared to HNO3 which can have

a lifetime on the order of days,42 although this lifetime is highly dependent on

mixing height, with shallower boundary layers leading to increased dry deposition

rates.43 These ndings suggest this method is able to generally quantify the degree

of inuence from oil and gas elds on the North Slope on observations at

Utqiaġvik even without accounting for temporal and spatial variations in NOx

emissions in these extraction areas.

Utilization of STILT shows that measurements at Utqiaġvik are impacted by

the North Slope oil elds 18% of the time which is much higher than indicated by

local NO2 measurements, which only indicated impacts from these regions 3% of

the time. When examining the three initial categories selected based solely on

wind sector (Fig. 2), each of the initial sector assignments is impacted to varying

degrees by oil and gas extraction emissions. 23% of the observations with winds

corresponding to the non-local sector are impacted by oil and gas extraction

emissions, 11% of the clean air sector observations are impacted, and 16% of the

Utqiaġvik observations are also impacted by these emissions.

3.3 Impacts on BrO

Fig. 4 shows that BrO LT-VCDs generally decrease with increasing inuence of

Prudhoe Bay emissions. Any observed enhancements of NO2 are also generally

associated with near-zero BrO LT-VCDs, suggesting a conversion of BrOx to

BrONO2 or BrNO2. This nding is consistent with prior airborne observations over

Fig. 3 Hourly HO2NO2 (left) and HNO3 (right) mole fractions plotted as a function of the

amount of time the observed air mass spent over oil fields on the North Slope of Alaska as

determined by summed STILT footprint for all measurements outside the Utqiaġvik sector.

The line of best fit is shown with a purple line and linear correlation coefficients for both

species are indicated along with the line of best fit. The LOD (4 pmol mol−1) for both

measurements is indicated with a black line.
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Prudhoe Bay by Custard et al.10 that showed an anti-correlation between NO2 and

BrO. However, most observations, even those with a large degree of inuence

from North Slope oil and gas eld emissions, are marked by low NO2 (dSCD < 5 ×

1015 molecules per cm2), reecting the short lifetime of NOx and its conversion to

other species like HO2NO2 and HNO3 (Fig. 3).

The distribution of BrO observations across categories is shown in Fig. 5. A one

way analysis of variance indicates all differences between categories are statisti-

cally signicant with the exception of aerosol optical thickness. The clean air

sector exhibited both the highest median BrO LT-VCD (median = 1.6 × 1013

molecules per cm2) and lowest median ozone (13 nmol mol−1). The fraction of

Fig. 4 Hexagonally binned scatter plot of BrO LT-VCDs plotted as a function of the

amount of time the observed air mass spent over Prudhoe Bay as determined by summed

STILT footprint for all observations designated as impacted by Prudhoe Bay. The color

scale denotes the average NO2 observation in each bin.

Fig. 5 Box and whisker plots of ozone (a), BrO LT-VCD (b), BrO mole fractions in the

lowest 200 m (c), and aerosol optical thickness (d) binned by air mass categorization. The

whiskers extend from the 5th to 95th percentile and the black box bins the 25th to 50th

percentile. Means and medians for each bin are indicated with green triangles and lines

respectively. On panel (a), blue shading indicates ozone values less than 15 nmol mol−1

indicating an ODE.18 Aerosol optical thickness retrievals from MAX-DOAS observations do

not differentiate between aerosols and clouds, leading to higher AOTs. All plots show the

median for the overall data set with a dashed line.
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ozone observations below 15 nmol mol−1, was also highest in this sector,

consistent with prior studies of ODEs at Utqiaġvik.44 BrO LT-VCDs were generally

lower for observations not attributed to the clean air sector, with the lowest

median BrO LT-VCDs being observed when observations were impacted by

Utqiaġvik or Prudhoe Bay (median = 6.4 × 1012 molecules per cm2). Median

ozone mole fractions were higher and few ozone observations at levels consistent

with ODEs were observed in these impacted categories. These increased ozone

mole fractions also potentially reect the production of ozone due to the oxida-

tion of volatile organic compounds co-emitted with NOx in these regions.45,46

While BrO observations are highest in the clean air sector, BrO LT-VCDs in the top

quartile (>2 × 1013 molecules per cm2) of the ve year period and instances of

ozone depletion events were observed for all four categories shown in Fig. 5. The

relationship between BrO and ozone observed in this study across categories are

consistent with prior work highlighting the role of bromine in ODEs.2,47

The nding of bromine chemistry being most active in the clean air sector

potentially reects the large role snow covered sea ice regions play in halogen

activation chemistry,19,48 and air masses arriving from this sector having spent the

majority of their time in snow-covered sea ice regions. Prior work showed that air

masses observed at Utqiaġvik that spend less than six hours of time in sea ice

regions have an average BrO LT-VCD of 5.5 × 1012 molecules per cm2, but also

showed that the effects of time spent in sea ice regions on BrO are limited aer

∼36 hours.19 While observations in other sectors may not have the same degree of

sea ice inuence, the coastal snowpack is still an effective enabler of bromine

chemistry4,5 and this chemistry has been observed over snowpacks 200 km south

of Utqiaġvik.49 Additionally, given the prevailing regional sea ice conditions in the

polar spring, the majority of observations are of air masses that have spent more

than six hours over sea ice regions regardless of sector. Thus, variations in the

degree of sea ice inuence, while a factor, likely cannot explain the entirety of the

differences in observed BrO columns between sectors.

Oil elds on the North Slope of Alaska and the city of Utqiaġvik are both

characterized by anthropogenic NOx emissions that can consume BrOx through

direct reaction with NO2 to form BrONO2 and BrNO2. These reactions serve as

termination steps for BrOx, shortening the bromine radical chain length, in turn

slowing the rate of ozone depletion.50 The observation of decreased BrO LT-VCDs

in both of these sectors as compared to other sectors (Fig. 5) is consistent with this

hypothesis. During the 2016 PHOXMELT campaign, we also observed increases in

HO2NO2 and HNO3 (Fig. 3), which are consistent with upwind NOx emissions

slowing BrOx chemistry, and continuing to impact the observed BrO at Utqiaġvik.

The more pronounced decrease in BrO mole fractions and ODE frequency for air

masses directly impacted by fresh NOx emissions from Utqiaġvik also supports

the idea that NO2 is acting to terminate ozone depletion chemistry driven by BrOx.

3.4 Alterations to the vertical distribution of BrO

For both the clean air and non-local wind sectors, the distribution of BrO f200 is

relatively constant with median values of roughly 30% being in the lowest 200 m

of the atmosphere (Fig. 6). In contrast, air masses that are inuenced by Utqiaġvik

have a median f200 of 10%, suggesting the impacts of local emissions on BrO

observations are predominantly conned to the lowest 200 m, consistent with the
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typically stable boundary layer conditions as well as the short time for vertical

mixing or transport. Observations associated with the Prudhoe Bay sector lie

between these two cases, with a median f200 of 23%. Median BrO mole fractions

retrieved for observations impacted by Prudhoe Bay are 85% lower than those in

the clean air sector, compared to a 60% decrease in the overall LT-VCD. The

vertical distribution of BrO observed at Utqiaġvik depends on many factors

including atmospheric stability,31 the presence of nearby leads which enhance

convective mixing in the immediate vicinity,32,51 and the presence of aerosol

particles alo enabling the propagation of reactive bromine alo.9,32,35 Given the

location of Utqiaġvik at the northernmost point in Alaska, it is unlikely that there

is substantial variability in synoptic scale sea ice conditions. Evaluations of wind

speed (Fig. 6) only show a statistically signicant difference from the overall

dataset in the non-local sector which has a similar BrO f200 to the clean air sector.

This suggests differences in wind speed are not responsible for the differences

observed in the BrO f200. An analysis of aerosol optical thickness retrieved as part

of the BrO retrieval (Fig. 5d) also did not show any sector specic dependence,

however it should be noted that these retrievals do not provide any information

on the chemical composition or mixing state of the aerosol particles which does

vary between sectors.27,28,52

The depletion of BrO near the surface reected in a low f200 has also been

attributed to a repartitioning of BrOx under low ozone conditions in prior studies.

The ozone mole fractions required to alter the partitioning between Br atoms and

BrO are generally less than 3 nmol mol−1.6 However, both of these sectors have

higher median observed ozone and only a small number of observations are low

enough to be considered depleted (Fig. 5). Thus, re-partitioning of BrOx driven by

low ozone is unlikely to be responsible for the observed changes in BrO vertical

distribution in sectors more impacted by NOx emissions. The impacts of NOx

emissions being conned to the lower part of the observed column is also

consistent with observations of enhanced BrCN, a product of the reaction of

Fig. 6 Box and whisker plots of the fraction of BrO in the lowest 200 m (a), and wind

speed (b) binned by air mass categorization. The whiskers extend from the 5th to 95th

percentile and the black box bins the 25th to 50th percentile. Means and medians for each

bin are indicated with green triangles and lines respectively. All plots show the median for

the overall data set with a dashed line.
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reactive bromine with reduced nitrogen compounds,53 in the polar boundary

layer. These ndings suggest that NOx emissions, and potentially concurrent

particulate matter emissions, are likely responsible for the altered vertical prole

of BrO observed in the Prudhoe Bay and Utqiaġvik categories. This NOx driven

alteration of the BrO prole was also observed during the 2012 Bromine Ozone

Mercury EXperiement (BROMEX) during a ight over Prudhoe Bay.10 This work

conrms the behavior observed on this ight day is typical and that these impacts

persist 300 km downwind in Utqiaġvik.

4 Conclusions

Five years of springtime BrO observations at Utqiaġvik Alaska show clear impacts

of both local and non-local NOx emissions on the atmospheric bromine chemistry

that is a prevalent feature of the springtime Arctic. These impacts include

increases in boundary layer ozone due to less active bromine chemistry, as re-

ected in the decrease in the observed BrO LT-VCD when air masses have inter-

acted with Utqiaġvik or upwind oil and gas extraction facilities. Both ndings are

consistent with a decreasing chain length and slowed bromine chemistry. These

ndings also reect the conversion of BrOx into other species that cannot be

constrained with remote sensing like BrONO2 and BrNO2. The vertical distribu-

tion of the observed BrO columns shows that these impacts are predominantly

observed in the lowest part of the column, with a greater fraction of BrO being

observed alo during these impacted time periods. While this work focuses on

the impacts of oil and gas extraction on the North Slope of Alaska on BrO

observations at Utqiaġvik, these activities are prevalent across the Arctic,54 and are

expected to increase.55

Given the key role satellite based observations of BrO play in informing our

understanding of the basin scale impacts of atmospheric bromine chemistry, it is

imperative to understand how these NOx emissions impact BrO observations, and

the degree to which the impacted BrO observations reect the total amount of

reactive bromine species in the boundary layer on a regional scale. These ndings

suggest BrO observations downwind of these NOx emissions could be a less

effective constraint of active bromine chemistry in modeling studies if these NOx

emissions are not accounted for. While this work focuses on bromine, and other

studies have shown the impacts of NOx emission on downwind chlorine chem-

istry,24 relatively little information exists on the interactions with iodine and NOx

emissions. Given the role of iodine in ozone depletion chemistry,56,57 studies with

a focus on iodine are needed to improve our understanding of the coupling

between halogen radical chemistry and NOx cycles. In addition to new measure-

ments, a reexamination of prior halogen measurements in light of these ndings

may further improve our understanding of the impact of these emissions on

naturally occurring photochemical processes across the Arctic and how they may

evolve going forward.

Data availability

The CIMS and MAX-DOAS datasets supporting the ndings of this study are

archived at the National Science Foundation's Arctic Data Center at https://
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doi.org/10.18739/A2ZC7RT62 (CIMS) and https://doi.org/10.18739/A29882N5H

(MAX-DOAS).

Author contributions

Peter Peterson: conceptualization, methodology, formal analysis, writing – orig-

inal dra preparation; Kerri Pratt: supervision, data curation, writing – review and

editing; Paul Shepson: supervision, writing – review and editing; William Simp-

son: data curation, writing – review and editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

Financial support for collection of the measurement datasets utilized in this work

was provided by the National Science Foundation Arctic Natural Sciences program

(PLR-1417668, PLR-1417906, ARC-1023118) and the National Aeronautics and

Space Administration Cryospheric Sciences Program. The authors gratefully

acknowledge the NOAA GMD for their work on the ozone measurements at
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