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Abstract. Previous assessments on modelling Arctic tropospheric ozone (O3) have shown that most atmo-
spheric models continue to experience difficulties in simulating tropospheric O3 in the Arctic, particularly in cap-
turing the seasonal variations at coastal sites, primarily attributed to the lack of representation of surface bromine
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chemistry in the Arctic. In this study, two independent chemical transport models (CTMs), DEHM (Danish Eu-
lerian Hemispheric Model) and GEM-MACH (Global Environmental Multi-scale — Modelling Air quality and
Chemistry), were used to simulate Arctic lower-tropospheric O3 for the year 2015 at considerably higher hor-
izontal resolutions (25 and 15 km, respectively) than the large-scale models in the previous assessments. Both
models include bromine chemistry but with different mechanistic representations of bromine sources from snow-
and ice-covered polar regions: a blowing-snow bromine source mechanism in DEHM and a snowpack bromine
source mechanism in GEM-MACH. Model results were compared with a suite of observations in the Arctic,
including hourly observations from surface sites and mobile platforms (buoys and ships) and ozonesonde pro-
files, to evaluate models’ ability to simulate Arctic lower-tropospheric O3, particularly in capturing the seasonal
variations and the key processes controlling these variations.

Both models are found to behave quite similarly outside the spring period and are able to capture the observed
overall surface O3 seasonal cycle and synoptic-scale variabilities, as well as the O3 vertical profiles in the Arctic.
GEM-MACH (with the snowpack bromine source mechanism) was able to simulate most of the observed spring-
time ozone depletion events (ODEs) at the coastal and buoy sites well, while DEHM (with the blowing-snow
bromine source mechanism) simulated much fewer ODEs. The present study demonstrates that the springtime
O3 depletion process plays a central role in driving the surface O3 seasonal cycle in central Arctic, and that the
bromine-mediated ODEs, while occurring most notably within the lowest few hundred metres of air above the
Arctic Ocean, can induce a 5 %—7 % of loss in the total pan-Arctic tropospheric O3 burden during springtime.
The model simulations also showed an overall enhancement in the pan-Arctic O3 concentration due to northern
boreal wildfire emissions in summer 2015; the enhancement is more significant at higher altitudes. Higher O3 ex-
cess ratios (AO3/ACO) found aloft compared to near the surface indicate greater photochemical O3 production
efficiency at higher altitudes in fire-impacted air masses. The model simulations further indicated an enhance-
ment in NO,, in the Arctic due to wildfires; a large portion of NO,, produced from the wildfire emissions is found
in the form of PAN that is transported to the Arctic, particularly at higher altitudes, potentially contributing to

O3 production there.

1 Introduction

Tropospheric ozone (0O3) is a greenhouse gas (GHG) and,
near the surface, an air pollutant harmful for human health
(Fleming et al., 2018; US Environmental Protection Agency,
2013; World Health Organization, 2013) as well as affect-
ing crop and ecosystem productivity (Ainsworth et al., 2012;
Mills et al., 2011, 2018). It also plays a central role in tropo-
spheric chemistry, owing to its role in the initiation of photo-
chemical oxidation processes via direct reaction, photolysis,
and the subsequent reactions of the photoproducts to form
the hydroxyl (OH) radical (Monks et al., 2015a). The Arc-
tic is an area currently undergoing warming 4 times faster
than the rest of the world (Rantanen et al., 2022), and, as
a result, changes in local anthropogenic and natural sources
of O3 precursors and in the patterns of transport of O3z and
its precursors from lower latitudes as well as increased ver-
tical mixing are to be expected. For increasing confidence
in the projection of future Arctic tropospheric O3z from dif-
ferent anthropogenic and/or natural perturbations, it is im-
portant to have a modelling capability for simulating the
observed present-day Arctic tropospheric O3, including its
spatial-temporal variability and its sources, sinks, and the as-
sociated atmospheric processes.

The tropospheric O3 budget in the Arctic has contribu-
tions from long-range transport from mid-latitudes, photo-
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chemical production from anthropogenic and natural pre-
cursors either locally (within the Arctic) or transported to
the Arctic, and transport from the stratosphere (Hirdman et
al., 2010; Law et al., 2014). In turn, the transport of Arctic
ozone-poor and halogen-rich air masses through polar front
intrusions toward lower latitudes reduce ozone in the north-
ern mid-latitudes (Fernandez et al., 2024). Processes con-
tributing to tropospheric O3 loss or removal from the Arc-
tic atmosphere include photochemical destruction via HO,
chemistry involving hydroperoxyl (HO;) and OH radicals
(Arnold et al., 2015; Wang et al., 2003), reactions with
halogen species (e.g., Barrie et al., 1988; Simpson et al.,
2007; Skov et al., 2004; Wang et al., 2019), direct reaction
with biogenic volatile organic compounds (BVOCs; primar-
ily isoprene) under low-NO, conditions, and surface removal
through dry deposition (Clifton et al., 2020; Helmig et al.,
2007; Van Dam et al., 2016). These processes vary with geo-
graphical locations and have distinct seasonal patterns, which
give rise to the seasonal variations in Arctic tropospheric Os.
Long-term ground-based observations in the Arctic show dis-
tinctively different surface O3 seasonal cycles depending on
whether the sites are located near the coast, inland, or at
high elevation (Whaley et al., 2023). For example, Whaley
et al. (2023) showed that coastal sites have springtime min-
ima due to halogen chemistry causing O3z depletion events
(ODEs) and maxima during the winter, while inland sites
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near the Arctic Circle in the European subarctic boreal re-
gion have seasonal cycles, with maxima in spring (April) and
minima in summer (August), resembling the seasonal cycles
at remote European locations. At the high-elevation Summit
site (located in Greenland at ~ 3000 ma.s.l.), the observed
O3 seasonal cycle has a late spring (May) maximum and an
early fall (September) minimum, which is consistent with the
seasonal cycle of free-tropospheric O3 based on long-term
ozonesonde observations in the Arctic (Christiansen et al.,
2017).

The ability of models to simulate Arctic tropospheric O3
has been evaluated in several previous and recent studies
(e.g., Monks et al., 2015b; Shindell et al., 2008; Whaley
et al., 2023) involving largely global models. These stud-
ies have found that there were large variabilities amongst the
model simulations and that the models performed particu-
larly poorly in capturing the observed surface O3 seasonal
cycles at coastal sites. In a recent assessment on Arctic tro-
pospheric O3, Whaley et al. (2023) suggested that, despite
the model development and updates over the past decade
or so, model results are still highly variable and have not
increased in accuracy for representing Arctic tropospheric
O3. The poor model performance during spring found in
these studies has been linked to the missing representation
of halogen chemistry in the models. A recent study using a
global chemistry—climate model has highlighted the need to
add halogens in a global model to reproduce Arctic ozone
seasonality (Fernandez et al., 2024). Springtime ODEs have
been primarily attributed to catalytic destruction of O3z by
reactive bromine (Barrie et al., 1988; Hausmann and Platt,
1994; Simpson et al., 2007; Skov et al., 2004; Wang et al.,
2019) released from snowpacks (Custard et al., 2017; Pratt
et al.,, 2013) and blowing snow (Jones et al., 2009; Yang
et al., 2008) over sea ice via photochemical reactions in/on
snow particles and cycled through heterogeneous reactions
on aerosol surfaces (Fan and Jacob, 1992; Michalowski et
al., 2000; Peterson et al., 2017; Toyota et al., 2014). Mecha-
nisms to represent polar springtime bromine explosions and
ODE:s have been developed and tested in various atmospheric
models, by considering both blowing snow (e.g., Yang et al.,
2008, 2010, 2020; Huang and Jaeglé, 2017; Huang et al.,
2020; Marelle et al., 2021; Swanson et al., 2022) and snow-
packs (e.g., Toyota et al., 2011; .Falk and Sinnhuber, 2018;
Marelle et al., 2021; Swanson et al., 2022), with varying de-
grees of success when compared with observations of reac-
tive bromine and O3 in the Arctic (and Antarctic). In addi-
tion, Fernandez et al. (2019) implemented a different param-
eterization for the source terms of inorganic gaseous halo-
gens (chlorine, bromine, and iodine) on polar sea ice in their
global chemistry—climate model. Clearly, our understanding
of the mechanisms and dynamics controlling the ODEs in
the Arctic springtime is still evolving, as a recent study sug-
gested that iodine radical chemistry may also contribute sig-
nificantly to Arctic O3 destruction during the extended sun-
lit period, not only in summer but also substantially during
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ODEs in spring (Benavent et al., 2022; Raso et al., 2017),
with effects far south of the Arctic area (Fernandez et al.,
2024).

Aside from locations where air masses are persistently in
contact with sea ice (e.g., Bottenheim et al., 2009; Botten-
heim and Chan, 2006; Van Dam et al., 2013), Arctic surface
O3 concentrations are often lowest during summer (Whaley
et al., 2023), which can be associated with reduced trans-
port from lower latitudes, photochemical degradation, and
increased surface removal (Barrie, 1986; Law et al., 2014).
However, spatiotemporal variabilities in the biogenic emis-
sions of volatile organic compounds (VOCs) (e.g., Aaltonen
etal., 2011; Angot et al., 2020; Junninen et al., 2022; Pernov
et al., 2021) and the dry deposition of O3 (e.g., Helmig et
al., 2007, 2009; Van Dam et al., 2016) are still insufficiently
studied for the quantification of their impacts on the summer-
time Arctic surface O3. On the other hand, there is increasing
evidence that biomass burning (boreal wildfires) is an impor-
tant source of pollutants in the Arctic during late spring to
fall (Law et al., 2014). The estimate of their impact on Arc-
tic ozone is challenged by uncertainties in characterizing the
net effects of simultaneously emitted aerosols, nitrogen ox-
ides (NO,), and VOCs in the perturbations of photochemical
and heterogeneous surface reactions within fire plumes (Jaffe
and Wigder, 2012). While the ARCTAS-B aircraft campaign
found that boreal fire emissions only had negligible impact
on tropospheric ozone profiles in summer 2008 over Alaska
and Canada (Alvarado et al., 2010; Moeini et al., 2020; Singh
etal., 2010), a multi-model study by Arnold et al. (2015) sug-
gests that emissions from biomass burning lead to large-scale
enhancement in high-latitude NO,, and tropospheric O3 dur-
ing summer.

In this study, model simulations for the year 2015 from
two different models, GEM-MACH (Global Environmen-
tal Multi-scale — Modelling Air quality and Chemistry) and
DEHM (Danish Eulerian Hemispheric Model), were con-
ducted over the Arctic, at relatively high resolution (15 and
25 km, respectively). Both models include atmospheric reac-
tive bromine chemistry, but the two models employ differ-
ent bromine source mechanisms over sea ice in the Arctic,
namely a snowpack-sourced mechanism (in GEM-MACH)
and a blowing-snow-sourced mechanism (in DEHM). The
model results are compared with a range of observations in
the Arctic, including surface sites, mobile platforms (buoys,
ship, and airborne), and ozonesondes, to evaluate the models’
ability to simulate the Arctic lower-tropospheric O3, partic-
ularly in capturing the seasonal cycles of surface and lower-
tropospheric O3 in the Arctic. Sensitivity simulations turn-
ing off bromine chemistry were conducted by both mod-
els, allowing an in-depth examination of the representation
of bromine sources and reactions on modelled ODE:s in the
Arctic. Additional sensitivity simulations turning off wild-
fire emissions were also undertaken (using GEM-MACH)
to assess the impact of boreal fire emission on Arctic Os.
To our knowledge, this study is a first attempt in simulating
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Arctic lower-tropospheric O3z seasonal variability using re-
gional models at much higher spatial resolution (~ 20km)
than global models. The study aims to address the following
questions:

— How well can current state-of-the-art regional models
simulate the observed Arctic surface O3 seasonal cycle?

— What are the key processes driving the Arctic surface O3
seasonal cycle, and how well are these processes repre-
sented in the models?

— How do the different processes contribute to the Arctic
lower-tropospheric O3 budget, and in particular, what is
the impact of spring ODEs on Arctic lower-tropospheric
O3, locally and Arctic-wide?

In what follows, we will first provide a brief description
of the study methodology including model configuration and
simulation setup as well as measurement data used (Sect. 2).
We will then discuss model simulations and comparison with
observations (Sect. 3), including an examination of modelled
seasonal distributions of lower-tropospheric O3 in the Arc-
tic and an evaluation against surface and ozonesonde ob-
servations. In Sect. 4, we will examine the model simula-
tion of the Arctic springtime ODEs in detail, including the
roles of different bromine sources in ODEs, uncertainty in
the parameterization of snowpack bromine source mecha-
nism, and comparative roles of snowpack bromine emission
and atmospheric bromine production through heterogeneous
cycling on aerosol surfaces. We will also examine the im-
pact of boreal wildfires on summertime Arctic O3, as well as
how different processes contribute to the pan-Arctic lower-
tropospheric O3 budget. The findings from this study are
summarized in Sect. 5, with outlooks on modelling the Arctic
lower-tropospheric Os.

2 Study method

2.1 Models and simulation setup

Two chemical transport models were used in this study,
DEHM (the Danish Eulerian Hemispheric Model) and GEM-
MACH (Global Environmental Multiscale model — Mod-
elling Air quality and Chemistry). Brief descriptions of the
two models and their setup for the year 2015 simulations are
provided in this section. Key model features and configura-
tions are summarized in Appendix A (Table Al). The year
2015 was selected on the basis that it was one of the years
featured in the recent AMAP (Arctic Monitoring and As-
sessment Program) assessment of short-lived climate forcers
(AMAP, 2021) and a reference year for the ECLIPSE (Eval-
uating the Climate and Air Quality Impacts of Short-Lived
Pollutants) v6b emission dataset, which was used by all the
models that participated in the AMAP assessment (Whaley
et al., 2022) as well as by the two models in this study.
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2.1.1 DEHM

DEHM is a three-dimensional atmospheric chemistry trans-
port model used to study the long-range transport of air pol-
Iution in the Northern Hemisphere to the Arctic originated
from anthropogenic and natural sources outside the Arctic
(Brandt et al., 2012; Christensen, 1997; Eckhardt et al., 2015;
Heidam et al., 2004; Massling et al., 2015; Skov et al., 2020).
DEHM has been used for many years to study the transport
of air pollution from the mid-latitudes, presented in many
articles (e.g., Barrie et al., 2001; .Christensen et al., 2004;
Hansen et al., 2008; Hole et al., 2009; Thomas et al., 2022),
and has contributed to many of the assessments in the Arctic
Monitoring and Assessment Program (AMAP) since its first
assessment in 1998 (Kéamidri et al., 1998).

In this study the model was set up with two nested
model domains: an outer domain of 300 x 300 grid points
with a horizontal resolution of 75 km x 75 km (polar stereo-
graphic projection, true at 60° N) covering the whole North-
ern Hemisphere and a nested domain covering the whole
Arctic down to approximately 50° N at a higher resolution
of 25 km x 25 km; both model domains have the North Pole
at the centre of the grid (the core high-resolution domain
is shown in Fig. 1a). In the vertical, there are 29 unevenly
distributed layers that extend up to 100 hPa, approximately
15 km above sea level (a.s.l.), with the finest resolution in the
atmospheric boundary layer (lowest model layer of ~20m,
3—4 model layers below the lowest 100 m). DEHM is driven
by meteorological fields from the numerical weather predic-
tion model WRF v4.1 (Skamarock et al., 2008), where the
model grid setup is identical to that of the DEHM system
both horizontally and vertically, so that the 2 and 3d WRF
data can be directly mapped onto the DEHM grids without
needing interpolation. The WRF model is driven by global
data from the ERAS reanalysis from ECMWF (Hersbach et
al., 2020). The WREF data were archived with 1 h resolution
and interpolated in time within DEHM.

The basic chemical scheme in DEHM includes 89 dif-
ferent species and is based on the scheme by Strand and
Hov (1994), with modifications based on the chemical
scheme in the EMEP model (Simpson et al., 2012) and
ACDEP model (Hertel et al., 1995). The chemical scheme
has been extended with a detailed description of the inor-
ganic heterogeneous ammonia chemistry and a Volatility Ba-
sis Set (VBS)-based scheme to describe the formation of
secondary organic aerosols (SOAs) (Bergstrom et al., 2012).
Furthermore, reactions concerning the wet-phase production
of sulfate have been included, based on Jonson and Isak-
sen (1993). The basic chemistry module is extended with
bromine chemistry based on the work by Yang et al. (2010)
with bromine emissions from blowing snow, sea salt, and
CHBr3 and CH,Br, from open oceans (see Sect. 2.1.3). The
model setup used describes concentration fields of 75 photo-
chemical compounds (including NO,, SO,, VOC, NH,, CO,
and O3), 12 species for the SOA part, and several classes of
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particulate matter as EC, primary OM, primary ash/dust and
sea salt. All aerosol components are modelled with a sin-
gle bulk representation with a particle diameter of 0.33 um
for the fine fraction and 4.8 um for the coarse fraction. The
anthropogenic emissions from the ECLIPSE v6b dataset at
0.5° x 0.5° resolution (Klimont et al., 2017) are used for the
portion of the model domain outside Europe, while for the
areas over Europe the emissions from the European Monitor-
ing and Evaluation Programme (EMEP) expert database with
0.1° x 0.1° resolution are used (see https://www.ceip.at/, last
access: 9 May 2025). Furthermore, the biomass burning
emissions are obtained from the Global Fire Assimilation
System (GFAS) from ECMWF (Kaiser et al., 2012); they
have a horizontal resolution of a 0.1° x 0.1° on a daily time
basis. The calculation of the dry deposition velocity is based
on the resistance method; for land surface and sea ice it is
based on Simpson et al. (2012), while for open ocean it is
based on Hertel et al. (1995), where the surface resistance
takes into account the solubility and reactivity in the water.
The parameterization of wet deposition is based on a simple
scavenging ratio formulation with in-cloud and below-cloud
scavenging coefficients for both gas and particulate phases
(see Simpson et al., 2012, and Huang et al., 2010).

2.1.2 GEM-MACH

GEM-MACH is the Environment and Climate Change
Canada (ECCC) air quality prediction model. It consists of
an online tropospheric chemistry module embedded within
ECCC’s GEM numerical weather forecast model (Charron
et al.,, 2012; Coté et al., 1998a, b). The chemistry mod-
ule includes a comprehensive representation of air qual-
ity processes, such as gas-phase chemistry, aqueous-phase
chemistry, and aerosol chemical thermodynamics and mi-
crophysical processes (e.g., Gong et al., 2015; Makar et
al., 2015b, a; Moran et al., 2018). Specifically, gas-phase
chemistry is represented by a modified ADOM-II mecha-
nism with 47 species and 114 reactions (Lurmann et al.,
1986); inorganic aerosol thermodynamics is parameterized
by a modified version of the ISORROPIA algorithm of Nenes
et al. (1999), as described in detail in Makar et al. (2003);
SOA formation is parameterized using a two-product, over-
all, or instantaneous aerosol yield formation (Odum et al.,
1996; Jiang, 2003; Stroud et al., 2018); aerosol microphys-
ical processes, including nucleation and condensation (sul-
fate and SOA), hygroscopic growth, coagulation, and dry de-
position and sedimentation, are parameterized as in Gong
et al. (2003); and the representation of cloud processing of
gases and aerosols includes uptake and activation, aqueous-
phase chemistry, and wet removal (Gong et al., 2006, 2015).
Aerosol chemical composition is represented by eight com-
ponents: sulfate, nitrate, ammonium, elemental carbon (EC),
primary organic aerosol (POA), secondary organic aerosol
(SOA), crustal material (CM), and sea salt; aerosol parti-
cles are assumed to be internally mixed. A sectional ap-
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proach is used for representing aerosol size distribution. For
the current 2015 pan-Arctic simulations, a 12-bin (between
0.01 and 40.96 pm in diameter, logarithmically spaced: 0.01—
0.02, 0.02-0.04, 0.04-0.08, 0.08-0.16, 0.16-0.32, 0.32—
0.64, 0.64—1.28, 1.28-2.56, 2.56-5.12, 5.12-10.24, 10.24—
20.48, and 20.48-40.96 um) configuration is used.

The Arctic implementation of GEM-MACH includes sev-
eral upgrades: the inclusion of dimethyl sulfide (DMS) from
oceanic sources and its oxidations in the atmosphere as de-
scribed in Ghahreman et al. (2019), updated ozone dry de-
position velocity over ice and snow (Gong et al., 2018;
Helmig et al., 2007), a parameterized representation of
iodide-mediated ozone deposition on seawater based on Sar-
war et al. (2015), an updated particle dry deposition scheme
based on Emerson et al. (2020) from the original Zhang et
al. (2001) scheme, and updated particle wet removal param-
eterization with consideration for the Wegener—Bergeron—
Findeisen (WBF) process in mixed-phase clouds (Gong et
al., 2025).

For this study, the model’s ADOM-II gas-phase chemi-
cal mechanism was extended to include bromine chemistry
and a snowpack bromine source mechanism, based on Toy-
ota et al. (2011), and was also adapted in the representation
of odd nitrogen chemistry. The bromine chemistry extension
constitutes additional 26 reactions, including the heteroge-
neous aerosol surface reactions involving HOBr, BrONO,,
and HBr, for 7 inorganic bromine species (Br, BrO, Br,
BrNO», and the three aforementioned species). One differ-
ence from the earlier study is the inclusion of the gas-phase
association of Br and NO> to form BrNO; and its loss via
photolysis and the reaction with Br (Burkholder et al., 2019;
Orlando and Burkholder, 2000). In addition, the uptake co-
efficients on aerosol surfaces are revised for each of HOBr
(Wachsmuth et al., 2002), BrONO; (Hanson et al., 1996),
and HBr (Schweitzer et al., 2000). The model representa-
tions of bromine source mechanisms in the Arctic will be
described in the next section (Sect. 2.1.3). The adaptation of
odd nitrogen chemistry contains the following changes in the
ADOM-II mechanism: (1) introducing the photolytic decom-
position of peroxyacetyl nitrate (PAN) and N>Os5 neglected
previously and (2) replacing the kinetic representation for the
hydrolysis of N>Os into HNO3 and of NO; into HONO and
HNO3 from binary gas-phase reactions with water vapour
to heterogenous surface reactions on size-resolved aerosols
simulated online in GEM-MACH using uptake coefficients
for N,O5 and NO» from McDulffie et al. (2018) and Jaeglé
et al. (2018), respectively. Version 2.2.3 of the Kinetic Pre-
Processor (Sandu and Sander, 2006) was used to generate
the Fontran90 source code from our revised set of chemical
species and reactions to carry out the numerical integration
of photochemical tendencies for the concentrations of chemi-
cal species. Actinic fluxes and photolysis rates are calculated
online by the photolysis module JVAL (Sander et al., 2014)
implemented in GEM-MACH.

Atmos. Chem. Phys., 25, 8355-8405, 2025
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The GEM-MACH pan-Arctic limited-area model (LAM)
domain is set on a rotated latitude—longitude grid, at
0.1375° x 0.1375° (or ~15km) horizontal resolution,
covering the Arctic (> 60° N) and extending to the southern
US—Canadian border (see Fig. 1). Anthropogenic emis-
sions used are based on a combination of North American
emission inventories, specifically, the 2016 US National
Emission Inventories (EPA, 2025), 2015 Canadian National
Air Pollutant Emission Inventories (Environment and
Climate Change Canada, 2025), and 2015 MEIT Canadian
marine shipping emission inventories (Environment and
Climate Change Canada, 2015), and global ECLIPSE v6b
2015 baseline emissions. North American wildfire emissions
were processed using the Canadian Forest Fire Emission
Prediction System (CFFEPS) from satellite-detected fire
hotspot data (MODIS, AVHRR, and VIIRS). CFFEPS
consists of a fire growth model, a fire emissions model, and a
thermodynamic-based model to predict the vertical penetra-
tion height of a smoke plume from fire energy (see Chen et
al., 2019, for details). For wildfires outside North America,
Fire INventory from NCAR (FINN; Wiedinmyer et al.,
2011) v1.5 data were used, in which case the plume heights
were estimated based on the global satellite retrieval statis-
tics from Val Martin et al. (2018). Biogenic emissions were
calculated online in GEM-MACH based on the algorithm
from BEIS version 3.7 with BELD4-format vegetation land
cover for North America and GLC2000 global land cover for
elsewhere. Modelled sea salt emissions were based on Gong
et al. (2003). The 6-hourly chemical lateral boundary con-
ditions were from the ECMWF Atmospheric Composition
Reanalysis 4 (EAC4) (https://ads.atmosphere.copernicus.eu/
datasets/cams-global-atmospheric-composition-forecasts?
tab=overview, last access: 9 May 2025; Inness et al., 2019).
The meteorology was initialized daily (at 00:00 UTC) using
the Canadian Meteorological Centre’s global objective anal-
yses, while the chemistry is continuous (i.e., the chemistry
fields are cycled from the previous day integration).

2.1.3 Model representations of bromine source
mechanisms in the Arctic

In the Arctic, the snowpack over sea ice and terrestrial sur-
faces near the coast serves as an extensive reservoir of bro-
mide anions of seawater origin (Krnavek et al., 2012; Pe-
terson et al., 2019; Simpson et al., 2005). Its exposure to
gaseous oxidants and actinic radiation coming through the
atmosphere is a main driver for the oxidation of bromide to
photoactive volatile forms such as Br, and BrCl (Oum et al.,
1998; Foster et al., 2001; Adams et al., 2002; Pratt et al.,
2013; Custard et al., 2017). While molecular diffusion per-
petually mediates the mass transfer of gaseous reactants and
products between porous snowpacks and ambient air, the rate
of mass exchange is enhanced under windy conditions due to
the reduced aerodynamic resistance in the surface boundary
layer (Toyota et al., 2014), the pumping of air within the pore
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space of snowpacks (Albert and Shultz, 2002), and the lofting
of bromide-containing ice grains detached from the surface
of snowpacks into the ambient air (i.e., blowing snow) and
aerosol particles formed as residues from the sublimation of
the blowing snow (Jones et al., 2009; Yang et al., 2010).

For simulating springtime ODEs in the polar regions, the
following two approaches have been adopted most com-
monly among chemical transport models (CTMs) so far: a
snowpack-sourced mechanism, based on Toyota et al. (2011),
and a blowing-snow-sourced mechanism, based on Yang et
al. (2010). Toyota et al. (2011) developed a semi-empirical
parameterization to represent Br, emission from the sur-
face snowpacks via autocatalytic bromine explosion arising
from the dry deposition of HOBr and BrONO; produced in
the ambient air (Lehrer et al., 2004) as well as via the net
outcome of multiphase reactions within bromide-containing
porous ice substrates exposed to O3 and actinic radiation
(e.g., Pratt et al., 2013). The bromine source strength mod-
elled with this scheme is also influenced by the effectiveness
of heterogeneous cycling of bromine species on atmospheric
aerosols (Michalowski et al., 2000). This snowpack-sourced
mechanism has been adopted and tested in several CTMs
(e.g., Falk and Sinnhuber, 2018; Marelle et al., 2021; Her-
rmann et al., 2021; Swanson et al., 2022; Zhai et al., 2023)
with reasonable success in simulating springtime bromine
explosion and ODEs in the Arctic and Antarctic boundary
layer. Yang et al. (2008, 2010) proposed that salty snow
lying on sea ice can be an important source for sea salt
aerosols in the polar boundary layer during blowing-snow
events, which can subsequently release bromine contributing
to the spring bromine explosion and ODEs. Using a phys-
ical parameterization for the sublimation of blowing snow
combined with assumed snow salinity levels based on avail-
able field data, this scheme estimates sea salt aerosol produc-
tion and bromine release during blowing-snow events. It was
shown that by including bromine release from the sea salt
aerosols during blowing-snow events, the model was able to
simulate some of the bromine explosion events in polar re-
gions during spring (Yang et al., 2010). This approach has
also been incorporated and tested in a number of modelling
studies (e.g., Huang and Jaeglé, 2017; Huang et al., 2020;
Marelle et al., 2021; Swanson et al., 2022; Yang et al., 2020).
Finally, we should add that Fernandez et al. (2019) conceived
a more empirical approach than the approaches of Toyota et
al. (2011) and Yang et al. (2008, 2010) for modelling the
source terms of inorganic gaseous halogens on sea ice in
their global chemistry—climate model. Unlike the Toyota et
al. (2011) and Yang et al. (2010) models, this approach in-
cluded the chemistry of chlorine and iodine along with that
of bromine where the emissions of gaseous chlorine (BrCl
and Cly) and iodine (Ip) species from sea ice were also pa-
rameterized.
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Figure 1. Model domain: (a) DEHM — northern hemispheric (75 x 75 km) and nested Arctic (25 x 25 km) domains. (b) GEM-MACH-Arctic
domain (at 15 km resolution), along with surface and ozonesonde sites, as well as locations of buoys and ship observations used in this study.

Representation of bromine source in GEM-MACH

In this study, GEM-MACH employs the snowpack-sourced
bromine mechanism following Toyota et al. (2011) with a
few minor adaptations. The production of reactive bromine
Br, from snowpacks consists of two components: the pro-
duction of Br; from deposited HOBr and BrONO; on snow-
packs reacting with bromide (Br™) present and the produc-
tion of Bry from O3z-mediated bromide oxidation in snow
grains under sunlight (Pratt et al., 2013). The calculation of
bromine flux upon the dry deposition of HOBr and BrONO,
on first-year (FY), multi-year (MY) sea ice and terrestrial
surfaces (including over inland water surfaces) follows ex-
actly as in Toyota et al. (2011). As for the O3-mediated Bry
production from snowpacks, given the inadequate process-
level understanding, Toyota et al. (2011) adopted a heuristic
approach, where a fraction of the dry deposition flux of O3
was converted to the emission flux of Br, on the model snow-
packs (or a molar yield ®1). The molar yield (¥;) was ad-
justed until a reasonable agreement was reached between the
model and observations for the timing and magnitude of sur-
face O3 depletions and enhanced BrO vertical column den-
sities (VCDs) across the high Arctic. In that study, Toyota
et al. (2011) selected Br; yields of 7.5% and 0.1 % from
the O3 loss via dry deposition for solar zenith angles not
greater than 85° (sunlit condition) and greater than 85° (dark
condition) over snowpacks on FY sea ice only. In the cur-
rent study, greater Bry yields from O3 deposition on sea ice
were selected, namely, 15.0 % and 1.0 % for sunlit and dark
conditions, respectively, over FY sea ice. The higher yields
were selected primarily to compensate for the potential un-
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derrepresentation of heterogeneous cycling of bromine on
aerosol surfaces due to the model underprediction of Arc-
tic haze aerosols (see Gong et al., 2024). In addition, non-
zero Br, yields from O3 deposition over MY sea ice (half of
the yields over FY sea ice) were used in this study. Krnavek
et al. (2012) found bromide presence in snow samples col-
lected from both FY and MY sea ice over the Arctic Ocean
off Alaska (albeit with large variability in bromide content).
Peterson et al. (2019) measured concentrations of chloride,
bromide, and sodium in snow samples collected during po-
lar spring over MY and FY sea ice north of Greenland and
Alaska, as well as over the central Arctic Ocean, and found
that surface snow over MY sea ice regions was more often
depleted of bromide, indicating that it may have served as a
source of bromine to the atmosphere. Swanson et al. (2022)
further made an assumption that all snow has a uniform abil-
ity to produce molecular bromine, effectively assuming an
infinite bromide reservoir with Brp production limited only
by the deposition flux in the implementation of the snow-
pack bromine source mechanism of Toyota et al. (2011).
The uncertainty in the parameter selections for the snow-
pack bromine source mechanism will be discussed later in
Sect. 4.1.

Other adaptations from Toyota et al. (2011) in the param-
eterization of the snowpack Br, production for this study
include (1) raising the temperature threshold to permit the
snowpack Bry production to 272.15K (Oum et al., 1998),
(2) assuming the deactivation (without possibility for reacti-
vation afterwards) of the snowpack’s ability to form Br; after
a snowmelt event diagnosed by the continuous occurrence
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over 6h of surface air temperature at 273.15K or higher
(Burd et al., 2017; Jeong et al., 2022), and (3) setting the
minimum snow depth at 5cm to permit the Br, production
from snowpacks (e.g., Swanson et al., 2022).

For discriminating the age of sea ice between FY and MY,
the EASE-Grid Sea Ice Age Version 4 dataset (https://nsidc.
org/data/nsidc-0611/versions/4, last access: 9 May 2025),
available from the National Snow and Ice Data Center at
a weekly temporal resolution and a spatial resolution of
12.5km x 12.5 km (Tschudi et al., 2020), was used. Daily to-
tal (FY +MY) sea ice concentrations are obtained from the
Canadian Global Ice Ocean Prediction System data (Smith
et al., 2016), which are used also as surface boundary con-
ditions for our host meteorological model simulation. Since
the EASE-Grid Sea Ice Age data do not cover areas near the
coastlines and within narrow channels of the sea, we fill in
the data gaps using a monthly climatology of sea ice thick-
ness, taken again from the surface boundary condition data
for the host meteorological model simulation, as a proxy for
the age of sea ice. Here, MY sea ice is assumed where the cli-
matological sea ice thickness for the meteorological model
input is greater than 3.5 m. The spatial distributions of sea
ice age from the data used by the GEM-MACH simulation
are shown as monthly mean for each month of March to May
2015 in the Supplement (Fig. S1)

Representation of bromine sources in DEHM

DEHM includes the representation of bromine release from
open-ocean sea salt and the blowing-snow sea salt follow-
ing Yang et al. (2008, 2010, 2020). The release of bromine
from sea salt aerosols is thought to involve the heterogeneous
uptake of gaseous inorganic bromine on sea salt aerosols
and subsequent reaction with bromide (Fan and Jacob, 1992;
Yang et al., 2005). Given that the details of the bromine
release mechanisms are not completely known, Yang et
al. (2005, 2008, 2010) proposed a parameterization to esti-
mate bromine release flux from sea salt aerosols, Egr, (SSA)
based on sea salt flux, which can be from either open-ocean
(OO) or blowing-snow (BLSN) production, the Br/NaCl
mass ratio (R,), and a bromine depletion factor (DFs):

Epr, (SSA) = R, x Essa(OOBLSN) x DF. (1

For open-ocean sea salt production, two different source
functions are used: for the sea salt aerosols with dry diame-
ters less than 1.25 um, a source function based on Martens-
son et al. (2003) is used, while for those with sizes greater
than 1.25 um, the source function of Monahan et al. (1986) is
applied (see Soares et al., 2016, for details).

For blowing-snow production of sea salt, Yang et al. (2008,
2010) made use of a blowing-snow sublimation rate, which is
a complex function of wind speed (at 10 m), air temperature,
relative humidity, snow age, etc. For the implementation in
DEHM, the formulations of the temperature-dependent wind
speed threshold for lifting snow and the attenuation factor,
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which reduces the lifting of snow as a function of the age of
snow, are the same as described in Yang et al. (2008). Simi-
lar to the implementation in Yang et al. (2010), the age of the
snow is estimated as the number of hours since the last snow-
fall events in the WRF model output of hourly accumulated
snow fields. It does not consider horizontally transported
snow from one grid cell to another, which could change the
age of the surface snow. For this study, the size-dependent
salinity of snow in Yang et al. (2008) was scaled to a mean
salinity for the Arctic of 0.93 psu for snow on FY sea ice,
which is 3 times the Antarctic mean salinity of 0.31 psu as
given in Frey et al. (2020), and the salinity of the snow on
MY sea ice was assumed to be half of that on FY sea ice.
It was assumed that a single sea salt particle is produced per
snowflake as in Yang et al. (2008, 2010). Monthly bromine
depletion factors (DFs) for the Northern Hemisphere follow-
ing Yang et al. (2020) were used to estimate the bromine re-
lease from blowing-snow sea salt.

2.2 Observations used in this study

Ozone observations from multiple platforms were used for
comparison with model simulations in this study, includ-
ing surface O3 observations from 8 Arctic ground sites, 7
buoys, and a research vessel over the Arctic Ocean, as well
as O3 vertical profile observations from ozonesondes and re-
search aircraft. In addition, observations of bromine monox-
ide (BrO) vertical column density (VCD) obtained from mul-
tiple axis differential optical absorption spectroscopy (MAX-
DOAS) measurements were also used to compare with model
results. Table 1 lists all the sites and observational data used
in this study.

2.2.1 Arctic ground sites

Hourly O3 mixing ratio data for the year 2015 from 8 long-
term ground-based monitoring sites in the Arctic were ob-
tained from the EBAS database infrastructure (https://ebas.
nilu.no, last access: 9 May 2025) hosted by NILU, which
handles data submitted to AMAP (Arctic Monitoring As-
sessment Programme), EMEP (European Monitoring Evalu-
ation Programme), and GAW-WDCRG (Global Atmosphere
Watch — World Data Centre for Reactive Gases). These
are the only ground sites with available O3 observations
in 2015. The 8 sites (marked on Fig. 1) include 3 coastal
sites (Utqiagvik, Villum, Tiksi), a coastal mountain site (Zep-
pelin), 3 inland sites (Pallas, Esrange, and Tustervatn), and a
high-elevation site (Summit) on the Greenland plateau. Sur-
face O3 measurements at these monitoring stations are all
undertaken using UV-absorption-based instrumentation.

The Utgiagvik site (71.3°N, 156.6°W; 11.0ma.s.l.),
the NOAA Global Monitoring Laboratory’s Barrow Atmo-
spheric Baseline Observatory, is located on the northernmost
shore of Alaska, about 8 km northeast of the community of
Utqgiagvik (formerly Barrow) and 3 km away from the Arctic
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Table 1. Sites and types of observational data used in this study (latitudes are given in degrees north; longitudes are in degrees east (E) or
west (W); elevations are given in metres above mean sea level, ma.s.l.).

Site/platform  Location

(lat, long; elev)

Data coverage/frequency

Data source

Ground sites (O3, met)

Utqiagvik (71.3°N, 156.6° W; 11.0) Full year 2015/hourly
Villum (81.58°N, 16.64° W; 31.0) 10 months in 2015 (missing
Jan—Feb 2015)/hourly EBAS
Tiksi (71.6°N, 128.9°E; 8.0) 11 months in 2015 (missing f:::p;cé /z:fsg' ‘i\j‘[t:'“;louz'?)’/ Default.aspx,
Dec 2015)/hourly oAy
Zeppelin (78.9°N, 11.9°E; 474.0) Full year 2015/hourly
Pallas (67.97°N, 24.12° E; 565.0) Full year 2015/hourly
Esrange (67.88°N, 21.07° E; 475.0) Full year 2015/hourly
Tustervatn (65.83°N, 13.92°E; 439.0) 11 months in 2015 (missing
Feb 2015)/hourly
Summit (72.58°N, 38.48°W; 3238.0) 8 months in 2015 (missing mid
July-late Oct 2015)/hourly
Buoys (03)
O-buoy 8 East Siberian Sea 5 Sep 2015 to TOAR-II Ozone over the Ocean Focus
14 Feb 2016%/hourly Working Group database (Kanaya et
al., 2025); original data source:
O-buoy 11 Beaufort Sea ;701? 20215‘12‘;}1 1 https://doi.org/10.18739/A2WDAW,
e oury last access: 9 May 2025 (Simpson et
O-buoy 12 Beaufort Sea 11 Oct 2014 to al., 2009)
18 Apr 2015/hourly
O-buoy 13 Beaufort Sea 28 Sep 2015 to
28 Apr 2016/hourly
O-buoy 14 Beaufort Sea 1 Oct 2015 to
30 Sep 2017/hourly
O-buoy 15 East Siberian Sea 12 Sep 2015 to 22 Feb 2016
/hourly
Ship (O3)
R/V Mirai Bering Strait & Chukchi Sea 4 Sep 2015 to TOAR-II Ozone over the Ocean Focus

5 Oct 2015°/hourly

Working Group database (Kanaya et
al., 2025); original data source:
https://www.godac.jamstec.go.jp/
darwin_cruise/view/metadata?key=
MR15-03_leg1&lang=en, last access:
9 May 2025
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Site/platform Location Data coverage/frequency Data source
(lat, long; elev)

Ozonesondes

Alert (82.49°N, 62.34° W; 66.0) Weekly to bi-weekly launches
(no launches in Jan and Dec TOAR-II/HEGIFTOM database
2015) (https://hegiftom.meteo.be/datasets/

Eureka (79.98°N, 85.93°W; 10.0)  Weekly, with additional ozonesondes, last access: 9 May 2025)

. (Van Malderen et al., 2025)

launches in March (no
launches in June 2015)

Resolute (74.70° N, 94.96° W; 64.0) Mostly weekly launches (no

launches in June 2015)

Ny-Alesund (78.92°N, 11.92°E; 11.0)

Weekly launches (additional

launches during Jan—March
and Nov—Dec 2015)

Scoresbysund (70.48°N, 21.97° W; 68.0) Mostly weekly launches
(reduced launches in Aug and
Sept 2015)
Sodankyld (67.37°N, 26.65°E; 179.0) Mostly weekly launches
Aircraft
NETCARE (AWI/Polar 6) Canadian Arctic Archipelago 9 research flights, 7 to TOAR-II Ozone over the Ocean Focus

13 Apr 2015

Working Group database (Kanaya et
al., 2025); original data source:
Government of Canada Open Data
portal
(https://open.canada.ca/data/en/dataset,
last access: 31 Jul 2024)

MAX-DOAS (BrO)

O-buoy 10 Beaufort Sea 21 Apr to 10 Jun 2015/hourly NSF Arctic Data Center
(https://doi.org/10.18739/A2XD0QZ0X,

O-buoy 11 Beaufort Sea 21 Apr to 10 Jun 2015/hourly https://doi.ore/10.18739/A2X921K6B,

O-buoy 12 Beaufort Sea 21 Apr to 22 May 2015/hourly ~ https://doi.org/10.18739/A2SJ19S3P,
last access: 5 Jan 2017)

BARC (Utqgiagvik) (71.3°N, 156.7° W) 21 Feb to 10 Jun 2015 NSF Arctic Data Center

(https://doi.org/10.18739/A29882N5H,
last access: 24 Nov 2023)

@ Dates shown are the start and end date of deployment for each of the O-buoys. Note, however, O3 measurements were not always available for the full deployment period, and
only the data within 2015 were used in this study. Also note that the end date of the deployment for O-buoy 14 was not available, but the buoy was active beyond the end of 2015.

b This is the period when R/V Mirai was north of 60° N.

Ocean. The site, with its east-northeasterly prevailing winds
off the Beaufort Sea, is characterized as having an Arctic
maritime climate affected by variations of weather and sea
ice conditions in the central Arctic. Villum Research Sta-
tion (Villum) is in northeast Greenland (81.58° N, 16.64° W;
31.0ma.s.l.) on a small peninsula of 20 x 15 km on lowland
plain and 750 m from the coast, at the military outpost Sta-
tion Nord. The sea around the peninsula is frozen about 11
months of the year. Tiksi (Tiksi International Hydrometeoro-
logical Observatory) is located in northern Siberia (71.6° N,
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128.9°E; 8.0ma.s.l.) on the shore of Laptev Sea (Uttal et
al., 2013, 2016). The Zeppelin station is located on the
top of Zeppelin Mountain (78.9°N, 11.9°E; 474.0ma.s.l.)
on Spitsbergen in the Svalbard archipelago, surrounded by
glaciers, mountains, and the sea. Due to its location, for most
of the time the station is above the local inversion layer and
hence not impacted by local emissions (Platt et al., 2022).
The 3 inland sites are all located in the European subarctic
boreal forest region close to the Arctic circle. The Pallas site
(67.97°N, 24.12°E; 565.0ma.s.l.) is located in the Pallas-
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Yllastunturi National Park on top of a fjeld. The site is part
of the Pallas Global Atmospheric Watch (GAW) station oper-
ated by the Finnish Meteorological Institute (Hatakka et al.,
2003). The Esrange site (67.88°N, 21.07°E; 475.0 ma.s.l.),
at a similar latitude to the Pallas site but on the Swedish
side, is part of the EMEP monitoring network. Tustervatn
(65.83°N, 13.92°E; 439 ma.s.l.), located in northern Nor-
way just south of the Arctic circle, is also an EMEP regional
monitoring site. The high-elevation site Summit (72.58° N,
38.48° W; 3238.0m a.s.l.), operated by the National Science
Foundation (NSF) and the NOAA Global Monitoring Labo-
ratory, is located at the top of the Greenland Ice Sheet. Given
its geographical location and high elevation, measurements
at this site are particularly influenced by free-troposphere
long-range transport to the Arctic.

2.2.2 Surface mobile platforms (ship and buoys)

Surface O3 observations from mobile platforms were used
to compare with model simulations. Hourly data were ob-
tained from the Tropospheric Ozone Assessment Report
— Phase Two (TOAR-II) Ozone Over the Ocean Focus
Working Group database (Kanaya et al., 2025), including
from the O-Buoy Project (Simpson et al., 2009; https://
arcticdata.io/catalog/view/doi:10.18739/A2WD4W, last ac-
cess: 22 July 2025) and the R/V Mirai cruise (Kanaya et al.,
2019).

As part of the Arctic Observing Network program, a series
of autonomous ice-tethered buoy systems (O-buoys) capable
of year-round measurement of O3, CO;, and BrO were de-
ployed over the Arctic Ocean during 2011-2016 (Knepp et
al., 2010; Halfacre et al., 2014; Burd et al., 2017). O3 mea-
surements were available from 6 O-buoys during 2015; they
are listed in Table 1 with their deployment dates and the ar-
eas of deployment (also see Fig. 1 for their tracks). The time
and duration of the O3 measurement varied between these
buoys; e.g., O-buoy 11 and 12 covered the first half of 2015,
while O-buoy 8, 13, 14, and 15 covered the latter half (start-
ing in September). In all, the O-buoy O3 measurement cov-
erage extends nearly the full year of 2015 (with a gap in Au-
gust), although measurements over the winter months (Jan-
uary, February, November, and December) were sparse.

In addition to buoy measurements, O3 measurement (us-
ing a UV-absorption instrument) on board the R/V Mirai of
the Japan Agency for Marine—Earth Science and Technol-
ogy (JAMSTEC) was available from its Arctic cruise in 2015
(MR15-03; Kanaya et al., 2019). MR15-03 took place in the
fall of 2015. The cruise started from Mutsu, Japan, in late Au-
gust and sailed through the North Pacific, the Bering Strait,
and the Chukchi Sea; around the northern coast of Alaska to
Utqgiagvik; and then back through the Bering Strait, ending at
Dutch Harbour, Alaska, in early October. During the month
of September 2015, the R/V Mirai was north of 60° N in Arc-
tic waters (see Fig. 1 for R/V Mirai’s track in the Arctic).
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2.2.3 0Ozonesondes

Ozonesonde data from six Arctic sites (Alert, Eureka, Reso-
lute, Ny Alesund, Scoresbysund, and Sodankyld) were used
to evaluate the modelled seasonal variations of O3 between
0 and Skma.s.]l. (Fig. 1 and Table 1). Alert (82.49°N,
62.34° W) is located on the northeastern shore of Ellesmere
Island, the northernmost island of the Canadian Arctic
Archipelago (CAA), facing the vast area of perennial sea ice
on the Arctic Ocean. Eureka (79.98° N, 85.93° W) is located
on the coast of an inlet of the Arctic Ocean along Nansen and
Eureka Sounds, penetrating over 200 km from the northwest-
ern coast of Ellesmere Island. Resolute (74.70° N, 94.96° W)
is located on the southern shore of Cornwallis Island in the
central part of the CAA. Alert, Eureka, and Resolute are lo-
cated where arriving air masses may have experienced pro-
longed contact with sea ice on the Arctic Ocean and within
the CAA. Ny Alesund (78.92°N, 11.92°E) is located on the
northwestern shore of the bay of Kongsfjord on Spitsbergen,
Svalbard, a Norwegian archipelago in the marginal ice zone
of the Arctic Ocean. The launch site is situated at the foot
of the Zeppelin Mountain, the site of the Zeppelin station.
Scoresbysund (70.48°N, 21.95° W) is located on the east-
ern shore of Greenland along a deep inlet of the Greenland
Sea. Sodankyld (67.36°N, 26.62°E) is in the boreal forest
region of northern Finland and is the only site located inland
amongst the six ozonesonde sites selected for this study. The
ozonesondes were launched mostly on a weekly schedule at
these sites with some variations as noted in Table 1. The
homogenized ozonesonde time series dataset was obtained
from the TOAR-II Harmonization and Evaluation of Ground
Based Instruments for Free Tropospheric Ozone Measure-
ments (HEGIFTOM) project (Van Malderen et al., 2025;
https://hegiftom.meteo.be/datasets/ozonesondes, last access:
9 May 2025). The vertical resolution of the ozonesonde
data varies between a few metres and a few tens of metres
(< 50 m) over the lowest 5 km of the atmosphere.

2.2.4 Aircraft data (2015 NETCARE-Polar6)

During the 2015 spring field campaign of the NETCARE
project (Network on Climate and Aerosols: Addressing Key
Uncertainties in Remote Canadian Environments; Abbatt et
al., 2019), airborne measurements were conducted with the
Polar 6 aircraft, a Basler BT-67 (converted DC-3) owned and
operated by the Alfred Wegener Institute (Aliabadi et al.,
2016; Leaitch et al., 2016). O3 mixing ratios were measured
through UV photometry with a Thermo Scientific 49i ana-
lyzer (time resolution 10s, 0.2 ppbv). Supporting meteo-
rological parameters were provided by an AIMMS-20 pack-
age (Aventech Research Inc., Canada). All data from NET-
CARE are available on the Government of Canada Open
Data Portal (https://open.canada.ca/data/en/dataset, last ac-
cess: 31 July 2024). Nine research flights were conducted
around Ellesmere Island in the Canadian Arctic Archipelago
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between 7 and 13 April 2015, including profiling through
the lowest 6 km of the atmosphere (Bozem et al., 2019). As
shown later in Sect. 4.1, many of these profiling flights cap-
tured ODEs prevalent at the time in the area.

2.2.5 MAX-DOAS BrO VCD data

To evaluate modelled bromine chemistry in the Arctic, mea-
surements of bromine monoxide (BrO) vertical column den-
sities (VCDs) using multiple-axis differential optical ab-
sorption spectroscopy (MAX-DOAS) from several platforms
were obtained from a repository at the NSF Arctic Data Cen-
ter (https://arcticdata.io/; see Table 1). MAX-DOAS instru-
ments were mounted on the aforementioned O-buoys de-
ployed in the Arctic Ocean (Swanson et al., 2020). The
MAX-DOAS BrO measurements on O-buoys were only
available during spring after polar sunrise and when enough
O-buoy solar power was gained to defrost the MAX-DOAS
view port (usually some time in April), until summer when
most of the O-buoys were destroyed by being crushed be-
tween ice fragments on the Arctic Ocean (Swanson et al.,
2022). During 2015, BrO measurements were available from
O-buoy 11 and 12, as well as O-buoy 10 (Table 1). BrO
measurements were also available from a MAX-DOAS in-
strument of the same type (as those installed on O-buoys)
deployed at the Barrow Arctic Research Center (BARC,
Utqiagvik) (Simpson, 2018; Simpson et al., 2017). The
MAX-DOAS at BARC was able to operate much earlier
in the year than those MAX-DOAS instruments on the O-
buoys, as it was powered by local utilities and was able to
defrost the MAX-DOAS viewport much earlier (Table 1).

3 Model simulations and comparison with
observations

3.1 Seasonal distribution of lower-tropospheric Oz in
the Arctic

Arctic lower-tropospheric O3 is influenced by transport
from lower latitudes, photochemical production from anthro-
pogenic and biogenic ozone precursors of both local and
distant origins and atmospheric removal processes (such as
dry deposition and (photo-)chemical loss through reactions
with biogenic VOCs and surface sourced reactive halogens),
as well as stratospheric—tropospheric exchange. All of these
sources and processes, which are represented in the models
in this study at varying degrees of complexity (see Sect. 2
above), vary seasonally, which gives rise to the seasonal vari-
ations of Arctic O3z. Figure 2 shows the model-simulated
monthly mean O3 concentrations over the Arctic for January,
April, July, and October (representative of each of the four
seasons) at three model levels, the lowest (surface level), near
900 hPa, and near 700 hPa (GEM-MACH simulation shown
in Fig. 2a and DEHM simulation in Fig. 2b). The GEM-
MACH-model-simulated O3 over the Arctic shows distinc-
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tively different seasonal patterns near the surface and aloft
and between the central Arctic Ocean and subarctic regions.
Over the central and western Arctic Ocean (Eurasian and
North American side) close to the surface, this model com-
putes the lowest O3 in spring as a result of the O3 depletion
events (ODEs) from the prevalence of bromine explosions
during this period, in broad agreement with an earlier report
of a full-year of surface ozone measurements over the central
Arctic Ocean (Bottenheim et al., 2009). The highest ozone
from the GEM-MACH simulation is found in fall (October).
In contrast, at higher altitudes, O3 is highest in springtime.
The same is also true for the inland subarctic regions. The
springtime ozone maximum is thought to be driven by trans-
port from the stratosphere, since intrusion events are more
frequent during this season, and by photochemical produc-
tion from the NO, released from thermal decomposition of
PAN (Walker et al., 2012). The model-simulated O3 over
subarctic boreal regions also displays a spring maximum.
The model-simulated low O3z over summer in these regions
can be attributed to both the loss through O3 reactions with
biogenic VOCs (e.g., isoprene) under low-NO, conditions
and enhanced dry deposition. The DEHM-simulated O3 over
the Arctic does not show a clear springtime minimum at the
lowest model level. The model simulation shows a general
spring maximum over the Arctic throughout the lower tro-
posphere, except for over the very centre of the Arctic Ocean
(> 80° N) where the modelled (April) monthly mean O3 con-
centration is slightly lower than surrounding areas at the low-
est model level. The DEHM-simulated monthly mean O3
for July shows clear enhancement at elevated levels (partic-
ularly at the near 900 hPa level) over northern Alaska and
Chukchi Sea, extending into central Arctic Ocean, which is
likely contributed by boreal wildfires (see discussions later
in Sect. 4.2). Except near the surface and during spring, the
two models are quite consistent with each other in simulat-
ing O3 over the Arctic particularly during winter (January)
and fall (October). The two models also behaved similarly in
simulating O3 at higher altitude (e.g., near the 700 mb level).
Both models simulated low surface O3 concentrations over
northern Eurasia and northern Europe during winter. The
low ozone can be argued to be attributable to reduced photo-
chemical production and enhanced titration by NO emissions
from local sources within the darker and shallower boundary
layer during winter, as well as dry deposition. Both model
simulations also show low O3 over subarctic boreal regions
in summer, but the low O3 simulated in GEM-MACH ex-
tends to a deeper layer compared to the DEHM simulation.
On the other hand, the DEHM-simulated surface O3 concen-
trations over the Arctic Ocean during summer are higher than
those in the GEM-MACH simulation, which is also the case
at higher altitudes (i.e., near the 900 and 700 mb levels).
Figure 3 shows the spatial distributions of the times when
the annual maximum and minimum monthly mean O3 con-
centrations occur at the three model levels seen in Fig. 2
(left panels from the GEM-MACH simulation; right pan-
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Figure 2. Modelled monthly mean O3 concentration (from left to right) for the month of January, April, July, and October, at the lowest model
level (top row), model level near 900 hPa (middle row), and model level close to 700 hPa (bottom row): (a) GEM-MACH and (b) DEHM.

els from the DEHM simulation). At the 700 hPa level, the
two models are consistent with each other in showing that
the annual O3 maximum occurs in spring months (April and
May) over the Arctic, while the annual O3 minimum occurs
in winter (December and January) and late fall (November),
with the exception over the Beaufort Sea and the Canadian
Northwest Territories where the GEM-MACH-simulated an-
nual O3 minimum occurs in late summer months (July and
August). Near the surface, the two models differ over the
Arctic Ocean stemming from the model’s differing ability
to simulate the springtime ODEs which are prevalent over
the Arctic Ocean sea ice (Bottenheim et al., 2009). The

https://doi.org/10.5194/acp-25-8355-2025

GEM-MACH simulation shows annual minimum monthly
O3 in spring months (April and May), due to modelled strong
ODE:s (see discussion later in Sects. 3.2 and 4.1), and maxi-
mum in fall (October), while DEHM simulates annual maxi-
mum monthly O3 in spring over the Arctic (much like the up-
per levels) due to considerably fewer ODEs simulated by the
model (see Sects. 3.2 and 4.1). It is evident that the spring-
time O3 depletion process plays a central role in driving the
O3 seasonal cycle at low altitude levels over the high Arc-
tic in the GEM-MACH simulation. Away from the Arctic
Ocean and the Canadian Archipelago overland, the two mod-
els are again consistent in producing an annual maximum O3
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in spring and minimum O3 in late summer and early fall over
Alaska, Northwest Territories, and the eastern Russian Arc-
tic.

3.2 Annual Oz time series comparison with
observations

To evaluate the models’ ability to simulate Arctic boundary
layer O3, the modelled surface (or lowest model level) O3
concentrations are compared with observations from ground-
based monitoring sites and surface mobile platforms (O-
buoys and Mirai cruise). To do this, the modelled O3 concen-
trations are extracted at the ground-based sites and following
buoy tracks and ship paths from the nearest model grid cells
and hours and compared with hourly observations. Existing
model evaluations related to tropospheric ozone assessment
(e.g., Monks et al., 2015b; Whaley et al., 2023; Young et al.,
2018) have been mostly performed on long-term annual and
monthly averages. With the two regional models used in this
study run at much higher spatial resolutions, as compared to
the global models employed in the previous assessment stud-
ies, we can examine model simulations and compare with
observations at much finer temporal resolutions (e.g., hourly)
here.

Figure 4 shows the O3 time series comparisons at the
eight Arctic monitoring sites described in Sect. 2.2.1. Over-
all, both DEHM and GEM-MACH simulations captured the
observed O3 seasonal as well as synoptic-scale variations
at these Arctic ground sites. The three Arctic coastal sites,
Utqgiagvik, Villum, and Tiksi, are strongly influenced by the
spring ODEs, which are captured reasonably well by the
GEM-MACH simulation. DEHM was less successful in cap-
turing the springtime ODEs at these sites. The modelling of
ODE:s will be examined in more detail later in Sect. 4.1. The
seasonal variation in the observed O3 at the subarctic inland
sites (Tustervatn, Pallas, and Esrange) follows the typical pat-
tern of a maximum in spring and minimum in summer, with
greater variability in summer and fall. The model simulations
from both DEHM and GEM-MACH follow the observed
O3 variations closely throughout the year. The GEM-MACH
simulation shows a larger low bias at the two northern Eu-
ropean boreal sites (Pallas and Esrange) particularly during
the spring and summer seasons, while the DEHM performed
better (particularly at Esrange); this will be discussed further
in the statistical model evaluation below.

The two high-elevation sites (Zeppelin and Summit) ex-
hibit somewhat different O3 seasonal patterns. The Zeppelin
site, situated at 474 m above the Arctic Ocean, is situated ap-
proximately half of the time above the top of the atmospheric
boundary layer (Dekhtyareva et al., 2018). The observed O3
time series in 2015 displays an overall maximum in April and
a minimum in July, in contrast to the Arctic coastal sites. This
is consistent with the seasonal patterns based on longer-term
(multi-year) observations (e.g., Whaley et al., 2023). How-
ever, it is evident from the time series in Fig. 4 that the site
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is sporadically impacted by springtime ODEs during April
and May in 2015. Previous observations of ODEs at this site
have been reported by others (e.g., Berg et al., 2003; Eneroth
et al., 2007; Lehrer et al., 1997; Solberg et al., 1996). The
O3 observation at Summit has a gap between the end of July
and the end of October in 2015. The incomplete observed
O3 time series shows no clear trend over the first 5 months
(January—May) of 2015 before increasing over June to reach
a maximum in July. This is a departure from the seasonal
trend shown in Whaley et al. (2023) based on multi-year
data (2003-2018), which showed a maximum in May. Both
Zeppelin and Summit surface observations display high O3
events in July 2015. As will be discussed later in Sect. 4.2,
there is an indication that these events may be associated with
transport of wildfire plumes in the free troposphere. Again,
model simulations from both DEHM and GEM-MACH com-
pare well with the observations at these sites, capturing the
observed seasonal and synoptic-scale variations (also evident
from the statistical evaluation shown in Table 2), though nei-
ther model simulation was able to fully capture the July high
O3 events observed at Summit.

Statistical evaluations of model performance were con-
ducted on the hourly time series. Table 2 shows selected sea-
sonal and annual model performance scores at the 8 Arc-
tic ground sites, including normalized mean bias (NMB),
Pearson correlation coefficient (), and unbiased root-mean-
square-error (URMSE), while the corresponding monthly
scores are shown in the Supplement (Fig. S2). The seasonal
scatter plots (colour-coded for each month separately) of
model versus observations at the 8 surface sites are shown in
Fig. S3. The evaluation (Table 2) shows that both models un-
derpredict wintertime Arctic surface ozone at all sites, with
GEM-MACH having a greater negative bias at Utqiagvik,
Villum, Pallas, and Esrange. At coastal sites, DEHM has
significant positive bias during the spring months due to
its under-representation of the springtime ODESs, while the
GEM-MACH model has considerably better performance
scores. It is interesting to note the significant positive bias
in both models during the summer months at the coastal
sites, except for a small negative bias in GEM-MACH at Vil-
lum, which is largely driven by the month of June values;
see Fig. S3b. Neither DEHM nor GEM-MACH currently in-
cludes iodine chemistry, which can play a prominent role in
ozone destruction over polar oceans during (as well as after)
the time of springtime bromine explosions (Benavent et al.,
2022; Fernandez et al., 2024; Mahajan et al., 2010; Raso et
al., 2017; Wittrock et al., 2000).

At the two northern European boreal sites, Pallas and Es-
range, the models are generally biased low throughout the
year. GEM-MACH has the greatest difficulty in simulating
surface ozone accurately at these two sites, particularly dur-
ing summer, as evident by the relatively poor performance
scores shown in Table 2 (and Fig. S3) compared to other
sites, while DEHM performed considerably better at these
sites. This may be partly attributable to the difference in mod-
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Figure 3. Timing of modelled annual maximum and minimum monthly mean O3 concentration at the three model levels as in Fig. 2:
GEM-MACH - left panels (a, b, e, f, i, j); DEHM - right panels (c, d, g, h, k, ).

elled O3 dry deposition velocities over the boreal land cover
between GEM-MACH and DEHM. Clifton et al. (2023) ex-
amined O3 dry deposition velocity formulations across con-
temporary regional chemical transport models, including the
formulations used in GEM-MACH (based on Wesely, 1989)
and DEHM (as in Simpson et al., 2012). They showed that
the formulation used in GEM-MACH (“GEM-MACH We-
sely”) significantly overestimated O3 dry deposition veloc-
ities over the European boreal forest during summer com-
pared to an estimate based on ozone flux measurements. In
contrast, the formulation used in DEHM (“DO3SE”) was
shown to produce O3 dry deposition velocities in much closer
agreement with those derived from observations over the
summertime European boreal forest.

Overall, the two regional models seem to demonstrate
better skill in capturing the observed seasonal variations in
the Arctic surface ozone, compared to the large-scale global
atmospheric chemistry models reported in previous assess-
ments (e.g., Law et al., 2023; Whaley et al., 2023; Young et
al., 2018) where the models showed a large spread in simu-
lated surface O3 concentrations and inability to reproduce the
observed seasonal cycles at some of the Arctic sites. Besides
the implementation of the processes involved in springtime
ODE:s in the Arctic, the better performance from the two in-
dependent regional models in this study can be attributed,
at least in part, to better resolved atmospheric dynamics and
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boundary layer processes modelled at finer spatial and tem-
poral scales.

The model simulations are also compared with buoy and
ship observations in Fig. 5. As described in Sect. 2.2.2, the
O3 observations were available from the six O-buoys (8, 11,
12, 13, 14, and 15) and the Japanese research vessel Mirai
for different time periods in 2015 with their tracks over var-
ious parts of the Arctic Ocean (Fig. 1). In Fig. 5, the time
series of O3 from different platforms are collated into single
plots for observations and two model results, respectively, to
illustrate that the composite O3 seasonal patterns shown in
the observations over the Arctic Ocean are virtually consis-
tent with those observed at the Arctic coastal sites; i.e., the
spring period is dominated by ODEs followed by a brief re-
bound before decreasing to its summer minimum and then
recovery in the fall. Like the observations, the modelled O3
time series along the buoys and ship tracks are also consis-
tent with those modelled at the Arctic coastal site (Utqiagvik
shown, as an example, in Fig. 5). The similarity between O3
observations over the Arctic Ocean and the coastal sites was
also found in other studies (e.g., He et al., 2016; Sommar
et al., 2010; Bottenheim et al., 2009) with the exception of
springtime. The model-observation comparisons for individ-
ual buoys and ships, including time series, scatter plots, and
statistical scores (i.e., normalized mean bias, NMB; Pearson
correlation coefficient, r; and unbiased root-mean-square er-
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Table 2. Selected seasonal and annual model performance scores (NMB, r, and URMSE) based on hourly time series at the 8 Arctic ground sites.

NMB? (%) 7 b 7 URMSE (ppbv)©
DIE  MAM JJA  SON Annual | DJFE MAM JJA SON Annual | DIF MAM JJA SON  Annual
Utgiageie DEHM  —1492 2722 2017 —12.37 283 | 062 003 021 075 0.09 | 330 1209 586 3.40 9.09
PagvI® G.M —23.90 —1250 1190 —512 589 | 081 065 076 059 069 | 3.03 861 287 271 4.42
Villum DEHM —1605  66.64 2221 —12.84  17.80 | 0.58 032 029 049 —0.09 | 290 1424 532 229 12,5
GM  —2270 —3600 —405 —944 —18.00 | 0.77 046 037 055 048 | 272 925 427 217 5.29
Tiksi DEHM —3044 4415 2273 —1043 725 | 063 —038 043 062 —0.18 | 426 1672 516 470 12.3
st G-M  —30.90 6.85 1650 —1.95 022 | 070 079 070 0.64 071 | 296 591 295 335 3.87
Jeoneli;  DEHM  —16.48 427 1116 —1093 =361 | 070 052 045 045 041 | 3.04 717 515 3.81 6.31
ppelt G-M ~1320  —971 1130 —265 —1.53 | 091 077 069 0.65 073 | 173 434 298 212 3.10
Pallas DEHM —26.66 —17.51 —1458 —18.04 —19.30 | 0.82 052 055 0.73 074 | 342 508 562 475 5.16
G-M  —3500 -25.60 —3420 -2000 -28.10 | 066 056 035 061 053 | 396 424 5.15 4.94 4.63
B DEHM —1933 -936 —0.12 —528 —9.13 |08 064 070 0.70 076 | 3.54 478 488 573 5.45
STANEC  G.M —3630 —24.80 —29.00 —1830 —27.10 | 0.62 051 044 0.57 053 | 399 457 551 594 5.00
Tuserva; DEHM  —2473  —1524 420 —1239 —13.90 | 069  0.60 049 052 062 | 333 409 654 569 5.86
GM  —1420 —12.00 —480 321 —694 | 078 066 077 0.77 074 | 212 334 336 335 3.04
Summit  DEHM  —IL55 843  —675 —1357 —417 | 059 036 056 072 040 | 328 470 676 3.07 5.99
G-M  —10.40 502 —641 357 —361 | 074 059 025 0.66 058 | 1.87 358 597 251 333
Nuy.o.—S"Ny. 5N . Ny, N p.
2 Normalized mean bias (NMB): NMB = 100 x MUQS.\Q;.: Pearson correlation coefficient (r): r = 2y Mi0iZy ) Midy Oi/N where M = Ly Mi and O = 2 O . ¢ Un-biased root-mean-square-error
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Figure 4. Observed and modelled 2015 annual surface ozone time series at selected Arctic sites: observation — black line, DEHM — magenta

line, GEM-MACH - red line.

ror, URMSE), are provided in the Supplement (Fig. S4). The
two models generally track the buoys and ship observations
well, particularly for the latter half of the year. The GEM-
MACH model was able to simulate the observed ODEs (O-
buoy 11 and 12) during spring. Outside the spring period,
the two models exhibit a similar performance in simulating
surface O3 over the Arctic Ocean compared against obser-
vations on the buoys (O-buoy 8, 13, 14, and 15) and the
ship (R/V Mirai), as indicated in the statistical evaluation
(Fig. S4). Similar to the comparisons at the coastal sites in
Fig. 4, the model-simulated surface O3 is biased low over
the winter season along the buoy tracks (e.g., O-buoy 11
and 12 over January and February, O-buoy 8, 13, 14, and
15 over November and December; Fig. S4). It is notable that
both models simulated the O3 observations on the R/V Mirai
cruise (September 2015) very well (Fig. S4), which is in con-
trast to a previously identified challenge in simulating the O3
observations from the multi-year (2013-2018) Mirai cruises
in the Arctic (all during September) where global models
significantly underpredicted the surface O3 concentrations
(Kanaya et al., 2019). Kanaya et al. (2019) suggested that the
dry deposition of O3 over the ocean may be overrepresented

https://doi.org/10.5194/acp-25-8355-2025

in their model (a dry deposition velocity of ~0.04cms™!

over open ocean was used in their case), which may be re-
sponsible for the model under-prediction of O3. As men-
tioned earlier, GEM-MACH in this study uses a parameter-
ization representing iodide-mediated O3 deposition over the
open ocean (Sarwar et al., 2015) for the Arctic simulation,
which can result in a dry deposition velocity smaller than
the original GEM-MACH’s fixed value of 0.03cms™! over
high-latitude open oceans, while the O3 dry deposition veloc-
ity of ~0.05cms™! over open ocean is used in DEHM (see
Appendix 1). This suggests that the model representation of
O3 dry deposition may only be partially responsible for the
global model underprediction of O3 over the Arctic Ocean in
the earlier study.

3.3 Ozone vertical profiles comparison with
ozonesondes

To evaluate the models’ abilities to simulate the vertical dis-
tribution of O3 over the Arctic, the modelled vertical O3 pro-
files at the Arctic ozonesonde sites (see Sect. 2.2.3) are com-
pared with the ozonesonde observations. For the comparison,
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Figure 5. Observed (a) and modelled (GEM-MACH - b, DEHM - ¢) surface ozone time series along the O-buoy and Mirai 2015 cruise
paths. Also plotted (in grey lines) are the observed (in the top panel) and modelled (GEM-MACH and DEHM, respectively; in the lower two
panels) surface O3 at Utqiagvik site, to illustrate the similarity in seasonal patterns at the buoy and ship locations (over the Arctic Ocean)
and coastal sites (e.g., Utqiagvik) shown in both observations and the two models.

both modelled and observed (ozonesondes) profiles were in-
terpolated at 10 m resolution and binned to 100 m intervals.
The vertical profiles of model data were extracted over the
grid cells nearest to the ozonesonde launching sites and at
the hours closest to the launch times. We focus on the low-
est Skma.s.]. altitude range in this study. Figure 6 includes
the seasonal comparisons at the six Arctic sites: Alert, Eu-
reka, Resolute, Ny Alesund, Scoresbysund, and Sodankyld
(observations in black, GEM-MACH in red, and DEHM in
purple). For the lowest 5 km, the model simulations and ob-
servations are in overall good agreement. The spring (MAM)
ozonesonde profiles at Alert, Eureka, and Resolute over the
Canadian Archipelago are strongly influenced by the ODEs
below 1 to 1.5kma.s.l. The GEM-MACH model was more
successful in capturing the ODEs at these sites, though the
modelled ODEs were not as strong as the observations close
to the surface. The vertical depths of the ODEs, mostly lim-
ited to the lowest 1km, were simulated well. The DEHM
simulation did not capture the observed ozone depletion
close to the surface. However, above the boundary layer
(~ 1.5km), the modelled O3 profiles from the two models
do agree well and are in good agreement with observations.
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The model-simulated ozone profiles (from both models) are
biased low compared to the ozonesonde measurements over
the winter months (DJF) at most of the sites, consistent with
the model low bias shown at the surface sites. In the case of
GEM-MACH, the overall model low bias in winter could, at
least in part, be attributable to the chemical lateral bound-
ary condition from the ECMWF-CAMS reanalysis. Both In-
ness et al. (2019) and Wagner et al. (2021) have found that
the CAMS reanalysis (for the period of 2003 to 2018) tends
to have a negative bias in surface and tropospheric ozone
over the winter season at high latitudes, particularly after
2012/2013, which was linked to a switch in data assimila-
tion procedure. At the Sodankyld site, located in the Euro-
pean boreal region (in close proximity with two of the surface
observation sites, Pallas and Esrange), the GEM-MACH-
simulated ozone has a significant negative bias throughout
the lowest 5 km during summer (JJA). The DEHM simula-
tion also shows a similar negative bias above 1.5 km but re-
covers in the lowest 1.5km layer, where the modelled O3
concentrations are much closer to those observed. The mod-
elled ozone profiles at Ny Alesund and Scoresbysund also
show similar negative biases at altitudes above 2—-3 km dur-
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ing JJA months. This may be indicative of insufficient trans-
port in the free troposphere in both models, but the GEM-
MACH model’s underprediction of ozone close to the surface
at the Sodankylé site could be attributed to the model’s over-
representation of the O3z dry deposition over the European
boreal region, as discussed earlier in Sect. 3.2, and possibly
to an over-predicted emissions (and hence concentrations) of
biogenic olefins such as isoprene reacting rapidly with O3
(e.g., Gong et al., 2022).

Whaley et al. (2023) compared model-simulated vertical
profiles (using monthly mean model output) from 12 dif-
ferent large-scale models to the ozonesonde measurements
at the same group of sites as we examined here (see their
Figs. 8 and S1). We have plotted the profiles of seasonal
relative difference between model simulations and observa-
tions (or NMB) in Fig. S5, which can be compared with the
results shown in Whaley et al. (2023). Again, the two re-
gional models here show better skills in simulating the ob-
served O3 vertical profiles over the lowest 5 km of the atmo-
sphere examined (having considerably smaller biases, gener-
ally well within £ 25 %, compared to the large spread of rel-
ative difference, &= 50 %, in the same altitude range amongst
the large-scale global models).

Monthly statistical evaluations for three altitude ranges,
0-1, 1-2, and 2-5km, are presented in Fig. 7, compar-
ing monthly mean, maximum, minimum, and interquar-
tile range between model and ozonesondes at the six Arc-
tic ozonesonde sites. Note that there were no ozonesonde
launches in January and December 2015 at Alert and in
June 2015 at Resolute and Eureka. Here, again, the distinc-
tively different ozone seasonal patterns between the lowest
altitude range (0-1km) and the higher altitude range in the
free troposphere (2-5 km) are evident at all three ozonesonde
sites in the Canadian archipelago (Alert, Eureka, and Reso-
lute). The springtime ozone minimum, occurring in May at
Alert and in April at Resolute and Eureka, is prominently
seen in the lowest 1 km range, driven by the ODEs. The in-
fluence of ODEs can be seen in the 1-2 km altitude range also
at these sites. In contrast, ozone in the 2-5 km altitude range
exhibits a maximum in late spring (in the month of May) at
all sites. The ozonesonde observations in the lowest 1 km al-
titude range also indicate a maximum in October at the three
ozonesonde sites over the Canadian Archipelago, consistent
with the GEM-MACH model results shown in Figs. 2 and
3. It is also interesting to notice that the usual summer O3
minimum observed at the surface sites (see Fig. 4) is evident
at lower altitudes (below 2 km) but less evident in higher al-
titudes (e.g., 2-5km) from the ozonesonde observations at
these Arctic sites. The statistical evaluation shows generally
good agreement between the models and the ozonesonde ob-
servations for the three selected altitude ranges at most of the
sites. Larger discrepancies between the GEM-MACH model
and observations are seen in June and July at the Sodankyla
site, consistent with the model’s underprediction of summer-
time O3 at the surface sites in the European boreal region (as
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discussed above). Again, overall, the two models are seen
to have good skills in reproducing the observed O3 vertical
distribution and seasonal cycles over the Arctic (except for
the coastal sites where DEHM was unable to reproduce the
observed O3 influenced by ODE:s in spring).

4 Discussions

4.1 Modelling springtime ODEs: sensitivities to process
representations and their uncertainty

As shown from the observations and model results presented
in Sect. 3, the springtime ODEs play an important role in
driving the Arctic surface O3 seasonal cycles. The main un-
certainty in modelling the springtime ODE:s is in quantifying
the sources for reactive bromine in the Arctic boundary layer.
As described in Sect. 2.1.3, the two models included in this
study, DEHM and GEM-MACH, consider different sources
of reactive bromine: GEM-MACH adopted a representation
of a snowpack bromine source mechanism following Toy-
ota et al. (2011), while DEHM implemented a representation
of sea-salt-aerosol-sourced bromine from blowing-snow and
open-ocean sea spray following Yang et al. (2010).

In Figs. 8 to 11, we examine model simulations of ODEs
at the 4 coastal sites (Utqiagvik, Villum, Tiksi, and Zeppelin)
in more detail; these are the only Arctic coastal sites under
the strong influence of ODEs with surface O3 data available
for 2015. Included in Figs. 8 to 11 are the time series of ob-
served and modelled (DEHM and GEM-MACH) surface O3
for March, April, and May. Along with the O3 time series
are the modelled O3 deficit (or depletion) due to bromine
chemistry (computed from the difference between the mod-
elled surface O3 concentration with and without the snow-
sourced brominel), modelled surface BrO, and modelled and
observed wind speed and direction at these sites. Note that
the modelled O3 deficit (or depletion) due to bromine chem-
istry shown in Figs. 8—11 can be a result of the photochemi-
cal O3 loss having occurred either locally or regionally, i.e.,
transport of ozone-depleted air mass from elsewhere, and
their combination. Similar to those reported previously, the
observed ODEs at these coastal sites are highly variable with
time and dependent on local and synoptic meteorological
conditions that can promote or diminish the accumulation
of O3-destroying bromine species sourced from the surface
and can also facilitate the concentration recovery of O3 via
vertical and horizontal air mass exchanges (Halfacre et al.,
2014; Jacobi et al., 2010; Moore et al., 2014; Oltmans et al.,
2012; Pernov et al., 2024; Simpson et al., 2007). Most of
the ODEs observed at these Arctic sites occurred between

In the case of GEM-MACH, a sensitivity run was conducted
with the snowpack bromine flux turned off, which effectively turned
off the bromine chemistry in the simulation. In the case of DEHM,
a sensitivity run was conducted by turning off the blowing-snow-
sourced bromine, while the bromine sourced from open-ocean sea
spray remained active.

Atmos. Chem. Phys., 25, 8355-8405, 2025
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Figure 6. Comparisons between modelled and observed ozone vertical profiles at Arctic ozonesonde sites: Alert (a), Eureka (b), Resolute
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mid-March and early June. There were a few brief episodes
of depletion in early March observed at Utgiagvik (Fig. 8)
when surface O3 concentrations decreased by about 20 ppbv
from the background level of 3040 ppbv to about 10 ppbv,
which may well be associated with bromine chemistry given
its relatively southern location (71.32° N, hence having more
than 10h daylight by early March) (Frie§} et al., 2011) and
its proximity to FY sea ice. The release of reactive bromine
from snowpacks at this location during early spring is sup-
ported by observations (e.g., Custard et al., 2017; Simpson et
al., 2018). The GEM-MACH simulation was able to repro-
duce these episodes, while the DEHM simulation produced
a minor depletion of an order of 5 ppbv (Fig. 8). Both model
simulations showed the notable presence of BrO during this
period, an indication of active bromine chemistry. Note that
in Fig. 8 the GEM-MACH-simulated surface BrO from both
the grid nearest to the Utqiagvik site and a neighbouring grid
(red dashed line) is plotted (third row). The lower BrO sim-
ulated at the Utqiagvik grid (compared to the neighbouring
grid) is due to the higher NO; from local sources, which de-
pletes BrO (to form BrONO,) efficiently. In contrast, Tiksi
(Fig. 10) did not experience any significant depletion events
until late March and into April (except for one event at the be-
ginning of March that is captured by the GEM-MACH sim-
ulation), despite its relatively southern location (71.59° N).
It is worth noting that the local winds at this site were pre-
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dominantly south-westerly, i.e., from the land, over most of
March, while during the months of April and May, the winds
were relatively light and variable with a large onshore com-
ponent (from the Arctic Ocean), coinciding with the obser-
vation of more frequent ODEs (Fig. 10). The close associa-
tion between ODEs and onshore winds is evident at all three
coastal sites shown in Figs. 8, 9, and 10, which is consis-
tent with the finding from a recent observation-based anal-
ysis (Pernov et al., 2024). The Zeppelin site on Svalbard is
at 474 m above sea level, and the observations at this site
are less influenced by the surface and often representative of
the air above the stable polar boundary layer above the ice-
covered ocean (Dekhtyareva et al., 2018). Compared to other
coastal surface sites, ODEs were observed less frequently
during the spring O3 depletion season at this site (Fig. 11).
The GEM-MACH model with a representation of snowpack
bromine source mechanism (as described in Sect. 2.1.3) was
able to simulate the observed ODEs reasonably well at each
of the sites shown in Figs. 8 to 11. In comparison, DEHM
with a representation of the blowing-snow sea salt bromine
source mechanism (see Sect. 2.1.3) captured fewer ODEs
and generally produced weaker ozone depletions, though it
sometimes reproduced the ODEs reasonably well, such as at
the Zeppelin site in April (Fig. 11). The DEHM-simulated
ODEs (and the accompanied enhancements in surface BrO)
are more episodic (short duration) and are often associated
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Figure 7. Statistical evaluation of modelled O3 profiles against ozonesonde observations at Alert (a), Eureka (b), Resolute (c), Ny—Alesund
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with high wind periods consistent with possible blowing-
snow events. This is particularly evident at the Utqiagvik and
Villum sites (Figs. 8 and 9). On the other hand, while GEM-
MACH generally simulated the observed ODEs at the Villum
site well, reproducing the multiple ODEs over late March and
April and the extended low O3 period (well below the back-
ground level) during the entire month of May, the modelled
ODEs do not always temporally coincide with the observed
ODEs. This can be linked to the poor agreement between the
modelled and the observed wind at this site, which is partic-
ularly evident during the first half of April when the mod-
elled and observed O3 time series are out of phase during the
periods when the modelled wind directions are also out of
phase with the observations, switching between onshore and
offshore. The discrepancy between modelled and observed
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winds at this site appears to be largely due to the poor model
representation of the local topography that is dominated by
the Flade Isblink ice sheet south of Villum Research Station.
It is worth noting that DEHM did capture a deep ODE at
Villum on 23 April, though the duration of this modelled
ODE is much shorter than the observed ODE. DEHM also
captured a few ODEs observed at Zeppelin in late April.
Overall, it seems that the inclusion of the snowpack-sourced
bromine is more successful in simulating the spring Arctic
ODEs, while the blowing-snow-sourced bromine alone is in-
sufficient in reproducing the observed springtime ODEs in
the Arctic. This is in line with the findings from recent stud-
ies (Huang et al., 2020; Marelle et al., 2021; Swanson et al.,
2022). Swanson et al. (2022) compared their model simu-
lations with only the snowpack bromine source mechanism

Atmos. Chem. Phys., 25, 8355-8405, 2025
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Figure 8. Model simulated spring ODEs at the Utqiagvik site for March (left panel), April (middle panel), and May (right panel). In each
panel: top row — time series of modelled surface O3 (GEM-MACH in red and DEHM in purple) compared with observation (in black);
second row: time series of modelled O3 deficit (depletion) due to bromine, or the difference between model-simulated surface O3 with snow-
sourced bromine (i.e., snowpack-sourced bromine in the case of GEM-MACH, and blowing-snow-sourced bromine in the case of DEHM)
and the model simulation without the snow-sourced bromine (red shade — GEM-MACH; purple shade — DEHM); third row: time series of
the modelled surface BrO concentrations (red - GEM-MACH, purple — DEHM); fourth row: time series of the modelled and observed wind
speed (black — observation, red —- GEM-MACH, purple — DEHM); fifth (bottom) row: comparison of modelled and observed wind direction
(shown as scaled vectors) (black — observation, red — GEM-MACH, purple — DEHM). The meteorological observation data at the Utqiagvik
site were collected by NOAA Global Monitoring Laboratory (GML) and obtained from https://gml.noaa.gov/data/data.php?site=brw (last

access: 27 November 2024).

and with both snowpack and blowing-snow bromine sources
and found that, while both sources are needed for simulating
the springtime ODE:s in their study, the snowpack-sourced
bromine plays a major role. This is perhaps understandable,
as the snowpack bromine source mechanism triggered by
the dry deposition of O3, HOBr, and BrONO; can be sus-
tained continually under a variety of meteorological condi-
tions, while the blowing-snow bromine source mechanism
triggered by high wind conditions tends to be more episodic.
Indeed, both Halfacre et al. (2014) and Pernov et al. (2024)
have found that the ODEs observed in the Arctic tend to
be more associated with calm wind conditions and a stable
boundary layer.

While there are relatively abundant surface observations of
the Arctic springtime ODEs from the ground-based monitor-
ing sites and mobile platforms (e.g., buoys and research ves-
sels) in the Arctic Ocean (Bottenheim et al., 2009), observa-
tions on the vertical structure of ODEs are relatively scarce.
Using a differential absorption lidar, Seabrook et al. (2011)
observed the vertical structure of springtime ODEs over the

Atmos. Chem. Phys., 25, 8355-8405, 2025

Arctic Ocean off the south coast of Banks Island. They found
that the observed ODEs were largely confined within the
lowest 200-600 m of the atmosphere and were associated
with air masses being in contact with sea ice for an extended
period of time. Oltmans et al. (2012) analyzed the verti-
cal profiles from the near-daily ozonesonde measurements
conducted during 2008 and 2009 spring periods at Barrow
(Utgiagvik) and found that the depletion was confined to ap-
proximately the lowest 1000 m, with an average height of the
top of the layer at ~ 500 m.

During the 2015 NETCARE spring field campaign, O3
measurements were made on board the Alfred Wegener Insti-
tute Polar-6 aircraft. Figure 12 shows the ozone vertical pro-
files taken by the aircraft during the 2015 NETCARE field
campaign over the Canadian archipelago (around Ellesmere
Island over an ice-covered sea surface) along with the mod-
elled profiles (from GEM-MACH and DEHM) extracted
at the flight profiling location and time. Also included are
the modelled profiles from the runs with the snow-sourced
bromine emissions turned off. The segments of the flight
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Figure 9. Same as Fig. 8 but at the Villum site.
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Figure 10. Same as Fig. 8 but at the Tiksi site.
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Figure 11. Same as Fig. 8 but at the Zeppelin site.

tracks during profiling are shown in the inserted map. A
shallow ozone depletion layer, with depth ranging between
about 500 m and about 1km can be seen from the profiles
taken over the Arctic Ocean off the west side of Ellesmere Is-
land (2015-04-07, 2015-04-08_2, 2015-04-11_2, and 2015-
04-13_2). The profiles taken over the Nares Strait (2015-04-
08_1 and 2015-04-09) and over Ellesmere Island (2015-04-
10 and 2015-04-11_1) all show a deeper layer, ~2km, of
depleted O3, likely due to transport and vertical mixing of
the near-surface bromine-mediated O3 depletion. In partic-
ular, over the interior of Ellesmere Island, a much deeper
layer, up to 4km, can be impacted by the ODEs due to en-
hanced mixing (comparing between the model-simulated O3
profiles with and without bromine corresponding to the flight
on 10 April). As shown, the GEM-MACH simulation with
snowpack-sourced bromine was able to simulate the verti-
cal structure of the depletion layer reasonably well. There
are cases where the model was not able to fully simulate
the observed depletion close to the surface (e.g., 2015-04-07,
2015-04-08_2, and 2015-04-10), which may be attributable,
at least in part, to model resolution (15km) and the very
shallow mixing height of the Arctic atmosphere (e.g., Gryn-
ing et al., 2023). Brockway et al. (2024) describe that BrO
(and thus reactive bromine that depleted O3) over the Alaska
North Slope region and over the Beaufort Sea snow-covered
sea ice occurred in a shallow, very stable boundary layer up
to just a few hundred metres. Occasionally they observed
some lofted bromine, but mostly that was below 300 m. The
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DEHM simulation with the blowing-snow-sourced bromine
was not able to reproduce the observed near-surface deple-
tion, although for several flights (e.g., 2015-04-10, 2015-04-
11_1, 2015-04-11_2, and 2015-04-13_2), the DEHM simu-
lations do show some modest ozone loss from the blowing-
snow-sourced bromine (comparing the two DEHM runs with
and without the blowing-snow bromine). It is interesting to
notice that the DEHM-simulated vertical O3 profiles are in
close agreement with the GEM-MACH-simulated O3 verti-
cal profiles without bromine, and all the modelled profiles
are in reasonably good agreement with the observed pro-
files above the atmospheric boundary layer, within the lowest
Skm.

To evaluate the modelled bromine levels, the modelled
bromine monoxide vertical column densities (BrO VCDs)
are compared to the MAX-DOAS measurements available
at the Utqgiagvik site and on O-buoy 10, 11, and 12 dur-
ing spring 2015. Figure 13 shows the comparison in terms
of monthly statistics while the hourly time series compar-
isons are shown in the Supplement (Fig. S6). The monthly
stats for both measured and modelled BrO VCDs were cal-
culated based on the data entries with available measure-
ment. The difference between the two modelled BrO fields is
largely due to the bromine sources considered in each model,
i.e., snowpack-sourced bromine (based on Toyota et al.,
2011) in GEM-MACH and open-ocean- and blowing-snow-
sourced bromine (based on Yang et al., 2010) in DEHM. At
the Utqiagvik site, the monthly BrO VCDs simulated with

https://doi.org/10.5194/acp-25-8355-2025
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Figure 12. Modelled ozone profiles compared to observations from the Polar-6 flights conducted during the 2015 NETCARE spring cam-
paign around Ellesmere Island, Canada, in April 2015: observations (black dots), GEM-MACH in red, DEHM in purple. Also plotted are
modelled profiles from the no-bromine GEM-MACH run (red dashed lines) and from the DEHM run with blowing-snow bromine turned off
(dashed purple lines). Model profiles were extracted from the grid containing the average lat—long locations of the aircraft profiling flight

segment.

the snowpack-sourced bromine (GEM-MACH) tracked the
MAX-DOAS measurement well over the period when the
measurement was available (21 February to 10 June 2015).
The modelled monthly BrO VCDs with open-ocean- and
blowing-snow-sourced bromine (DEHM) were considerably
lower than the measurements for the month of March and
April. The MAX-DOAS measurements on O-buoys were
available for much shorter periods in 2015, 21-10 June for
O-buoy 10 and 11 and 21 April-22 May for O-buoy 12.
The GEM-MACH-simulated monthly BrO VCDs with the
snowpack-sourced bromine were considerably higher than
the measured BrO VCDs on Buoy 10 in April, mostly driven
by an event at the beginning of the measurement period
(Fig. S6). On the other hand, the DEHM-simulated BrO
VCDs with open-ocean- and blowing-snow-sourced bromine
were significantly lower than the measurements on the buoys.
These findings are consistent with the results from Swanson

https://doi.org/10.5194/acp-25-8355-2025

et al. (2022) where simulations using the GEOS-Chem model
were conducted for a 10-month period (March—November)
in 2015 with different snow-sourced bromine mechanisms
(i.e., snowpack and/or blowing snow). The DEHM-simulated
BrO VCDs are comparable to those from the Swanson et al.
simulation with the blowing-snow bromine mechanism alone
(their “BLOW” run). Their study also showed much higher
BrO VCDs obtained from the simulations with the snow-
pack bromine mechanism alone (their “PACK” and “PHO-
TOPACK?” runs, the latter considering an enhanced bromine
molar yield from snowpack upon O3 deposition under sunlit
conditions as in Toyota et al., 2011) compared to that with the
blowing-snow mechanism alone. The comparison between
the GEM-MACH-simulated BrO VCDs from this study with
those from Swanson et al. (2022) snowpack-only simula-
tions varies. For example, the GEM-MACH-simulated BrO
VCDs compared well with the MAX-DOAS measurement

Atmos. Chem. Phys., 25, 8355-8405, 2025
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at Utqiagvik, while both simulations with snowpack-sourced
mechanism (“PACK” and “PHOTOPACK”) from Swanson
et al. (2022) produced much higher BrO VCDs than the mea-
surement, particularly from the run with enhanced bromine
molar yield for sunlit conditions (“PHOTOPACK”). On the
other hand, the GEM-MACH-simulated BrO VCDs at the
buoy locations are more comparable to those from the two
snowpack runs in Swanson et al. (2022). This is partly due
to the parameters selected (e.g., the bromine molar yields;
see Sect. 2.1.3) for the snowpack bromine source mecha-
nism in the different studies. Also worth mentioning is the
dependency of bromine production on O3z deposition in the
snowpack bromine source mechanism of Toyota et al. (2011).
GEM-MACH employs a reduced O3 dry deposition velocity
over ice and snow surfaces, 0.01 cms~! (following Helmig
et al., 2007), while a much higher O3 dry deposition veloc-
ity over the Arctic sea ice, between 0.02 and 0.1 cm s ! was
used in Swanson et al. (2022). The uncertainty in the param-
eterization of the snowpack bromine source mechanism is
examined next.

The current model representations of bromine source
mechanisms are highly parameterized, and there are large un-
certainties in some of the parameters employed by these pa-
rameterizations due to a lack of constraints by available lab or
field experiments. Some of the studies adopting the approach
of Toyota et al. (2011) for the snowpack bromine source
mechanism have chosen parameters in variation to those rec-
ommended by Toyota et al. (2011). For example, Swanson
et al. (2022) chose to make no distinction between FY and
MY sea ice in treating snowpack Br, production. Herrmann
et al. (2021) considered an enhancement factor 8 (> 1.0), to
account for non-flat surfaces such as ice or snow and frost
flowers, in computing fluxes from Br, surface production.
As mentioned in Sect. 2.1.3, in this study, the molar yields
for Bry production from snowpacks over FY and MY sea ice
upon dry deposition of O3 (®;) were set at 0.15 and 0.075,
respectively, under sunlit conditions, and at 0.01 and 0.005,
respectively, under dark conditions in the GEM-MACH sim-
ulation presented so far. These are larger than the original
values used in Toyota et al. (2011). They were chosen to
partly compensate for the possible under-representation of
the Bry production from reactive bromine cycling via aerosol
heterogeneous chemistry due to under-predicted Arctic haze
aerosols in the model (see Gong et al., 2024). To explore the
sensitivity to the Brp molar yields associated with O3 dry de-
position on snowpacks (®1) and the role of reactive bromine
cycling through aerosol heterogeneous chemistry, two addi-
tional sensitivity runs with GEM-MACH were conducted for
the spring period (February to May, where February was a
spin-up period). The parameter settings for various GEM-
MACH runs are specified in Table 3.

Figure 14 shows the modelled O3 time series from the
various GEM-MACH simulations compared to observations
at three coastal sites that were most impacted by ODEs
(Utqiagvik, Villum, and Tiksi) as well at O-buoy 11 (the only
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buoy with observations during the entire spring O3 depletion
season); plots for additional sites are included in the Sup-
plement (Fig. S7). The Sens-Phil run used the molar yields
®; close to the values recommended by Toyota et al. (2011),
i.e., 0.075 and 0.001 for FYI, under sunlit and dark condi-
tions, respectively. For MYI the molar yields ®; were set
at 0.01 and 0.001, respectively for sunlit and dark condi-
tions, as opposed to zero in Toyota et al. (2011). As shown
in Fig. 14, the model-simulated ODEs are weaker in this
case than those simulated from the base run, most signifi-
cantly during March, the early stage of the O3 depletion pe-
riod (e.g., O-buoy 11, Utqgiagvik, and Tiksi in Fig. 11; O-
buoy 12, Alert, and Eureka in Fig. S7). In the Sens-aerosol
run, the molar yields (@) were kept the same as in Sens-
Phil, but the aerosol heterogeneous reaction rates were en-
hanced by doubling the total aerosol surface area (consider-
ing the model under-prediction of Arctic haze aerosols, as
mentioned above) to illustrate the role of reactive bromine
cycling through heterogeneous chemistry on aerosol sur-
faces. The enhanced aerosol heterogeneous chemistry (via
the artificially increased aerosol loading) resulted in gen-
erally stronger model-simulated ODEs than those from the
Sens-Phil run shown in Figs. 14 and S7, with somewhat
more significant enhancements in the modelled ODEs mostly
during mid-April to mid-May (though at Tiksi, the most
significant impact from aerosol heterogeneous chemistry is
seen during an extended depletion event in the beginning of
April). However, the impact of the enhanced aerosol hetero-
geneous reaction on surface ODEs seems to be rather limited
during the initial stages of the depletion season (March).
The comparative roles of snowpack Br, emission and the
Bry production through aerosol heterogeneous chemistry on
ODEs are examined here. Figure 15 compares the mod-
elled monthly averaged daily snowpack Br, flux and the
daily Br, production from aerosol heterogeneous chemistry,
both in moles perm? (per day), in the lowest 200, 500, and
1000 m of air from the three GEM-MACH runs (Base, Sens-
Phil, and Sens-aerosol) for March 2015. The same plots for
April and May are included in the Supplement (Figs. S8
and S9). For the Base run, the March-averaged daily snow-
pack Br, flux is mostly distributed along the coastlines over
FY sea ice. Comparing the Brp productions from snowpacks
and through heterogeneous chemistry on aerosol surfaces,
the former (snowpack production) is greater than the latter
(aerosol surface chemistry) over the lowest 200 m of the at-
mospheric column, while for the increased column extent
of over the lowest S00m and 1km layers, the latter be-
comes greater. It is particularly noticeable that the atmo-
spheric Bry production through the heterogeneous reaction
spreads much more widely over the Arctic compared to the
snowpack fluxes of Brp. With the reduced molar yields as-
sociated with O3 dry deposition (®1) in Sens-Phil, the Brp
production from the snowpacks is reduced significantly; the
production through aerosol heterogeneous reaction is also
reduced as a result of reduced bromine oxidation products

https://doi.org/10.5194/acp-25-8355-2025
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Figure 13. Comparison of modelled and measured (MAX-DOAS) monthly BrO VCDs (molecules cm™2) at Utgiagvik (a) and O-buoy
locations (b, ¢, d); observations in black, GEM-MACH (from snowpack-sourced bromine) in red, and DEHM (from open-ocean and blowing-
snow sea-salt-sourced bromine) in purple; boxes are inter-quartile range (IQR).

Table 3. Parameter settings for the GEM-MACH simulations related to Br production (FYI — first-year ice; MYI — multi-year ice).

@ (Brp molar yields associated with O3 dry deposition)

Enhanced heterogeneous

FYI_sunlit FYI_dark MY]I_sunlit MYI_dark chemistry production of Brp
Base 0.15 0.01 0.075 0.005
Sens-Phil 0.075 0.001 0.01 0.001 no
Sens-aerosol 0.075 0.001 0.01 0.001 yes
No-bromine 0.0 0.0 0.0 no

(HBr, HOBr, and BrONO3) in the air. The snowpack Brp
flux is further reduced in the Sens-aerosol run, compared to
the Sens-Phil run, due to reduced O3 deposition (resulting
from enhanced ODEs), while the production of Br; in the at-
mosphere is increased from the enhanced heterogeneous re-
action rate (through the doubling of aerosol surface area).
By May, the atmospheric Br, production through heteroge-
neous reactions from the Sens-aerosol run exceeds that from
the Base run (see Fig. S9). Figure 16 shows the time se-
ries of the pan-Arctic (> 66.5° N) integrated daily snowpack
Br, production and the Br, production through aerosol het-
erogeneous reactions from the three GEM-MACH runs (top
two panels in Fig. 16). The reduction in snowpack produc-
tion of Brp from the lower & values in Sens-Phil is largest
at the beginning of March, and the difference between the

https://doi.org/10.5194/acp-25-8355-2025

Sens-Phil and Base runs in snowpack Br, production re-
duces gradually over time (particularly after April). In con-
trast, the increase in the atmospheric production of Brp due
to enhanced heterogeneous reactions in the Sens-aerosol run
(as compared to the Sens-Phil run) starts small at the begin-
ning of March but gradually increases with time to exceed
the atmospheric production in the Base run by mid-April.
This contrast is better illustrated from the bottom panel of
Fig. 16, showing the difference in snowpack Br, production
in response to the change in snowpack bromine yield from
O3 dry deposition ($1; Base — Sens-Phil) and the difference
in atmospheric Br production (via aerosol heterogeneous re-
actions) in response to the change in aerosol surface area
(Sens-aerosol — Sens-Phil). The gradual increase in atmo-
spheric production of Br, (via aerosol heterogeneous reac-

Atmos. Chem. Phys., 25, 8355-8405, 2025
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Figure 14. GEM-MACH-simulated O3 time series from the base (orange) and sensitivity runs, Sens-Phil (yellow) and Sens-aerosol (green),
compared with observations (black) over Beaufort Sea (O-buoy 11) and at coastal sites: Utqiagvik, Villum, and Tiksi. Also plotted are the

modelled O3 time series from the No-bromine run (blue).

tions) over March and April may reflect the gradual increase
in photolysis and photochemical reactivity over the central
Arctic during this time (polar sunrise).

We examine the pan-Arctic O3 loss from bromine chem-
istry and its sensitivity to the snowpack and atmospheric pro-
duction of Bry in Fig. 17. The bromine-induced O3 loss (neg-
ative) is derived by subtracting the net O3 production in the
No-bromine run from those in the three runs with bromine,
i.e., Base, Sens-Phil, and Sens-aerosol runs, respectively.
Figure 17a shows that the largest O3 loss (or O3z depletion)
from bromine explosions happens within the lowest 200 m
layer, followed by the 200-500 m layer. The O3 loss associ-
ated with bromine above 1km contributes insignificantly to
Arctic ODEs. Figure 17b further illustrates the comparative
impact of snowpack production of Br, and the atmospheric

Atmos. Chem. Phys., 25, 8355-8405, 2025

production of Br, from reactive bromine cycling through het-
erogeneous reactions on aerosol surfaces. The reduced O3
loss (or increase in O3) from the lower molar yields asso-
ciated with O3 dry deposition on snowpacks in Sens-Phil
is also most significant within the lowest 200 m of the air;
its impact decreases with height. In contrast, the enhanced
heterogeneous chemistry reactions (via doubling the aerosol
surface area) in Sens-aerosol only have a relatively mod-
est impact on the O3 loss in the lower atmosphere and are
comparable initially at 0-200 and 200-500 m. The impact
increases with time, and, by April, the most significant im-
pact on O3 loss due to enhanced heterogeneous reactions is
found in the 200-500 m layer followed by the 500 m—1 km
layer. Overall, the bromine-induced O3 loss seems to be more
sensitive to the snowpack production of Br; than its atmo-

https://doi.org/10.5194/acp-25-8355-2025



W. Gong et al.: Modelling Arctic lower-tropospheric ozone

Monthly averaged daily Br2
production via heterogeneous
chemistry over the lowest 200 m
(mol m2d)

Monthly averaged daily Br2 flux
from snowpacks (molm2d™)

Sens-Phi1 Base

Sens-aerosol

8383

Monthly averaged daily Br2
production via heterogeneous
chemistry over the lowest 500 m
(molm2d)

Monthly averaged daily Br2
production via heterogeneous
chemistry over the lowest 1 km
(molm2d")

Pt <_
Sslmzs

=

"\’%’Jﬁl‘ %’J{b,m‘ e
el

I

Figure 15. GEM-MACH-modelled monthly mean (March 2015) Br, daily flux from snowpacks (leftmost column; SBR2) and Bry daily
production from aerosol heterogeneous reaction over the lowest 200 m (second column from left; H200), the lowest 500 m (third column
from left; H500), and the lowest 1km (rightmost column; HIKM), all in moles m~2d~L, from the base (top), Sens-Phil (middle), and

Sens-aerosol runs (bottom).

spheric production via heterogeneous chemistry on aerosols.
It is worth pointing out that the Br, produced through the het-
erogeneous reactions on aerosol surfaces is originally from
the surface-sourced Bry (in GEM-MACH), which then un-
dergoes gas-phase photochemical processing to form com-
pounds like HBr, HOBr, and BrONO, which, in turn, can re-
form Br, through heterogeneous reactions on acidic aerosol
surfaces (Fan and Jacob, 1992; Michalowski et al., 2000;
Saiz-Lopez and von Glasow, 2012). Hence the production
of Bry through this reactive bromine cycling process and its
subsequent impact on ODEs will ultimately depend on the
bromine release from the snowpacks (or other sources, e.g.,
blowing snow and sea spray sea salt) and atmospheric ox-
idation processes that facilitate the formation of HOBr and
BrONOs;. On the other hand, the heterogeneous cycling pro-
cess allows the atmospheric production of Br; to take place at
distances far away from the original source locations (snow-
packs in this case) through atmospheric transport as seen
from Fig. 12 (and Figs. S8 and S9), which is consistent

https://doi.org/10.5194/acp-25-8355-2025

with the findings from the airborne field study of Peterson
et al. (2017).

4.2 Impact of boreal wildfires on summertime Arctic O3

To investigate the impact of northern boreal wildfire emis-
sions on tropospheric ozone in the Arctic, the GEM-MACH
base case simulation was repeated with the wildfire emis-
sions turned off within its pan-Arctic limited-area grid. Fig-
ure 18 compares the model-simulated July mean ozone con-
centrations over the Arctic, with and without the wildfire
emissions, at three model levels. The impact of wildfires is
expected to have a large inter-annual variability due to the
differences in characteristics of fire seasons and meteorolog-
ical conditions each year (e.g., Magnussen and Taylor, 2012).
In 2015 the Arctic was mostly impacted by the wildfires in
Alaska and northern Canada. Particularly, Alaska had a his-
torically high number of fire events and acreage burnt for
that fire season, with most of the fire activity concentrated
in the late June to July period (Alaska Interagency Coordi-
nation Center, 2016). The model simulations show that the

Atmos. Chem. Phys., 25, 8355-8405, 2025
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Figure 16. Pan-Arctic (> 66.5° N) integrated Brp production from aerosol heterogeneous reactions (a) and from snowpacks (b) from GEM-
MACH runs (Base, Sens-Phil, and Sens-aerosol) during spring (March to May). Panel (¢) shows the sensitivity of Bryp productions to snow-
pack bromine yield upon O3 dry deposition (®: Base — Sens-Phil) and to atmospheric reactive bromine cycling via aerosol heterogeneous

reactions (Sens-aerosol — Sens-Phil).

northern boreal wildfire emissions had a modest impact on
tropospheric ozone concentration in 2015, most significantly
in July. The monthly mean O3 concentrations over the cen-
tral Arctic are enhanced by 1-2 ppbv at the surface due to
northern boreal wildfires, while the enhancement is higher
at elevations (e.g., ~900 and 850hPa levels) by 3—4 ppbv,
representing a 5 %—10 % increase at the surface level and up
to 10 %-20 % increase at the elevated levels. However, it is
worth noting that the DEHM simulation showed more ele-
vated O3 levels in the same area over northern Alaska extend-
ing into the Chukchi Sea and further into the central Arctic
Ocean (See Fig. 2b for July at ~ 900 and ~ 700 hPa levels).
This is consistent with the area impacted by the wildfires in
Alaska.

Atmos. Chem. Phys., 25, 8355-8405, 2025

Also shown in Fig. 18 is the excess (or enhancement)
ratio AO3/ACQO, defined as the excess O3 mixing ratio
due to a particular source (wildfire, in this case) to the in-
creased CO from the same source, which is often used to
characterize ozone production in smoke plumes (Jaffe and
Wigder, 2012). Here AO3 and ACO were evaluated from
the modelled O3 and CO concentrations with and without
the wildfire emissions. A similar approach was used in Pfis-
ter et al. (2006) and Thomas et al. (2013). As expected,
A03/ACO values are small, ~0.02 ppbv ppbv~! (surface)
and ~ 0.04 ppbv ppbv—! (elevated levels), over the fire re-
gions in Alaska and the Canadian Northwest Territories, due
to limited excess O3 from photochemical production and
large excess CO from fire emissions in fresh plumes. The
AO3/ACO values are considerably larger over the central

https://doi.org/10.5194/acp-25-8355-2025
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Figure 17. (a) Pan-Arctic (> 66.5° N) integrated daily net O3 loss (negative) due to bromine chemistry over the lowest 2 km from the GEM-
MACH base case run and (b) change in the pan-Arctic integrated daily net bromine-related O3 loss due to reduction in ® (i.e., Sens-Phil
vs. Base; positive for reduced O3 loss or increase in O3) and aerosol heterogeneous chemistry enhancement (Sens-aerosol vs. Sens-Phil;

negative for increased O3 loss or decrease in O3).

Arctic, ~ 0.1 ppbv ppbv~! (surface) and ~ 0.14 ppbv ppbv~!
(elevated levels), due to much lower ACO resulting from di-
lution during long-range transport, as well as continued O3
production in ageing plumes. The higher O3 excess ratio at
elevated levels compared to the surface (lowest model) level
is consistent with the higher O3 enhancement found at ele-
vated levels in the Arctic due to the northern boreal wild-
fires. These regional enhancement ratio values may be com-
pared with the wide range of AO3/ACO values reported
from existing studies for high-latitude boreal biomass burn-
ing plumes. For example, Jaffe and Wigder (2012) provided
a summary of AO3/ACO estimated from observations by
biome and plume age. For boreal and temperate regions,
they reported AO3/ACO values ranging between 0.005 and
0.08 (average of 0.018 ppbv ppbv~!) in fresh plumes (< 1-
2d), between 0.11 and 0.18 (average of 0.15 ppbv ppbv—!)
in plumes of age 2-5d, and between 0.035 and 0.59 (av-
erage of 0.22ppbvppbv™!) in older plumes (age > 5d).
Thomas et al. (2013) found mean AO3/ACO values of 0.08
and 0.49 in fresh and aged biomass burning plumes (from
Canadian boreal forest fires), respectively, based on WREF-

https://doi.org/10.5194/acp-25-8355-2025

CHEM model simulations of the ARCTAS-B field cam-
paign. Arnold et al. (2015) also found similar AO3;/ACO
values from the POLMIP model simulations, in the range
of 0.039-0.196 ppbv ppbv~! for fresh fire plumes and 0.14—
0.261 ppbv ppbv~! for aged fire plumes. The July monthly
AO3/ACO values found in this study over the North Amer-
ican boreal fire regions, 0.02-0.04 ppbv ppbv~!, are consis-
tent with the range of values found in previous studies for
fresh boreal fire plumes, while the values over the central
Arctic, 0.1-0.14 ppbv ppbv~!, are within the range, albeit to-
wards the lower end, of the previously reported values for
aged boreal fire plumes. The large variability in estimated
wildfire-impacted AO3/ACO enhancement ratios from var-
ious studies can arise from the different approaches used
in evaluating the enhancement ratios. By comparing be-
tween a scatter technique (based on a linear fit to the Oz-
CO concentration scatterplot) and an enhancement technique
(based on the evaluation of Oz and CO excess mixing ra-
tios due to wildfire emissions), Pfister et al. (2006) showed
that the AO3/ACO ratios evaluated using the scatter tech-
nique were affected by the selection of biomass-burning-

Atmos. Chem. Phys., 25, 8355-8405, 2025
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impacted air masses and the degree of mixing in the consid-
ered air masses. Much higher enhancement ratios were found
in anthropogenic-combustion-impacted air masses than in
the boreal-wildfire-impacted air masses, due to the difference
in NO, /CO emissions ratios between these source types.
Pfister et al. (2006) also showed that when the variability
in the background concentration levels was well character-
ized (which is not a trivial task for the analysis of observa-
tional data while being quite straightforward for the analy-
sis of model results through sensitivity runs like ours), the
enhancement technique would be more robust and accurate
in evaluating the fire-influenced AO3/ACO enhancement ra-
tios.

Emissions from biomass burning can also lead to large-
scale enhancement in high-latitude NO, (e.g., Arnold et
al., 2015). Figure 19 shows the enhancement ratios (July
monthly mean), ANO,/ACO and APAN / ACO, evaluated
from the GEM-MACH simulations at three model levels
(lowest and levels nearest to pressure levels of 900 and
700hPa). At the lowest model level, higher ANO,/ACO
values are found over the fire regions, while much lower
ANO, /ACO values are found over the central Arctic due
to the efficient removal of NO, species due to dry deposi-
tion. Higher NO, enhancement ratios over the central Arctic
are found at elevated levels, highest (~ 8 pptv ppbv—!) at the
model level close to 700 hPa. Note that higher ANO, /ACO
values are found over the Russian fire region compared to
the North American fire region, indicating a more efficient
NO, production in Russian fire plumes. This is likely due to
the difference in fire emissions (e.g., NO, emission factors
used by the model) between the two regions. As mentioned in
Sect. 2.1.2, the GEM-MACH simulation used different data
source for wildfire emissions over North America (CEFFPS)
and outside North America (FINN v1.5). PAN, a component
of NO,, is of particular interest as it serves as a reservoir for
NO, and can potentially contribute to O3 formation in the
Arctic from its thermal decomposition (Walker et al., 2012).
The modelled PAN enhancement ratios (APAN/ACO) due
to boreal wildfires are simulated to be ~ 3—4 pptv ppbv~!
over the North American boreal fire regions at the lowest
model level, increasing with height to 6-7 pptv ppbv~! near
700 hPa, comparable with the APAN / ACO ratios reported
by Arnold et al. (2015) from the group of models driven
by the ECMWF meteorological reanalysis. These values are
comparable to those deduced from aircraft measurements in
boreal fire plumes during the ARCTAS-B campaign (Al-
varado et al., 2010). Over the central Arctic, the PAN en-
hancement ratio has lower values at low altitudes compared
to over the fire regions. In contrast, the APAN / ACO values
are significantly higher at more elevated levels (e.g. 700 hPa),
similarly to the case of NOy. Also included in Fig. 19 is the
evaluated PAN-to-NO, enhancement ratio (APAN / ANO,)
from model simulations. As shown, APAN / ANO, ranges
from 40 % close to the surface to greater than 70 % at 700 hPa
level in the North American boreal fire region and down-
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wind, indicating a significant portion of NO,, produced from
the photochemical processing in the boreal fire plumes being
in the form of PAN. Over the Arctic, APAN / ANO, ranges
from 20 % near the surface to greater than 50 % at higher lev-
els in the lower troposphere. The smaller fraction of PAN at
lower levels could be a result of PAN decomposition leading
to releasing NO, and O3 formation over the Arctic (referring
to the increased O3 enhancement ratio over the Arctic from
the source region; see Fig. 18, rightmost column).

Figure 20 shows the modelled O3 time series at Zeppelin
and Summit sites for 2015 summer period, with and without
the wildfire emissions. Also included are the corresponding
modelled PM; 5 time series as along with the aerosol absorp-
tion measurements available at these two sites. The time se-
ries show the main events of northern boreal wildfire plumes
affecting the Arctic during July 2015, which are coincident
with the high aerosol events indicated by the aerosol ab-
sorption measurements. The enhancements in ground-level
PM, 5 from the fires are much more pronounced than in O3.
The enhancement in PM» s is largely driven by primary par-
ticulate matters (e.g., primary organic matters, crustal mate-
rials) directly emitted from the fires. O3 is a secondary pol-
lutant, and its formation depends upon the mix of its precur-
sors in the fire plumes and photochemical processing dur-
ing their transport. The model results indicate that northern
boreal wildfires may raise the summertime background O3
concentrations in the Arctic. However, our model simula-
tions did not fully reproduce the observed episodic peaks in
O3 concentration time series at Zeppelin and Summit dur-
ing summer 2015, which could be associated with the trans-
port of biomass burning plumes (Fig. 18). This could be an
indication of the model underprediction of O3 production
in boreal fire plumes or that the long-range transport from
lower latitudes is not being fully captured by the model’s lat-
eral boundary conditions. However, there is also a possibility
that the measured O3 may be biased high at Summit under
wildfire-influenced conditions due to an instrument’s VOC
interference issue (Bernays et al., 2022; Long et al., 2021).

Overall, the model simulations suggest that northern bo-
real wildfires do exert a modest impact on the Arctic tro-
pospheric ozone by influencing the summertime background
concentrations. The enhancement of O3 concentration over
the Arctic appears to be greater in the free troposphere than
in the boundary layer. Boreal wildfire plumes can often pen-
etrate above the boundary layer where O3z produced in fire
plumes is less subjected to surface removal (dry deposition).
Northern boreal wildfires also lead to the enhancement of
NO, in the Arctic. A significant portion of the NOy, in fire
plumes is in the form of PAN, particularly at more elevated
levels, which can play a role in O3 production in the Arctic.
It should be noted, however, due to the nature of the limited
area model (LAM) configuration used in this study, that the
model simulations discussed here (with vs. without wildfire
emissions) cannot capture the full impact of Eurasian boreal

https://doi.org/10.5194/acp-25-8355-2025
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wildfires as most of the Eurasian boreal fires in 2015 were
located outside the GEM-MACH LAM domain.

4.3 Ozone tendency and budget analysis

The GEM-MACH simulations incorporated diagnostics for
ozone tendencies from each of the processes, (3-D) advec-
tion, vertical diffusion (including deposition at the lowest
model layer), and chemistry. This was done to help under-
stand how each of the processes influences the O3 seasonal
patterns in the Arctic. Figure 21 includes plots of the monthly
averaged O3 tendencies from each of the process operators
in the GEM-MACH 2015 annual simulation for April and
July at two model levels, the lowest and near 850 hPa. In
April (spring), the Oz in the Arctic lower atmosphere near
the surface is strongly influenced by chemical loss driven by
bromine explosions and ODEs, which is compensated by ver-
tical diffusion (primarily) and advection, driven by the strong
O3 gradients (both vertical and horizontal) created by the
chemical loss near the surface. In contrast, O3 in the cen-
tral Arctic at the elevated level (~ 850 hPa) is more strongly

https://doi.org/10.5194/acp-25-8355-2025
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Figure 18. Impact of northern boreal wildfire emissions on Arctic lower-tropospheric ozone (at 3 model levels: lowest — top, ~ 900 hPa
— middle, and ~ 850 hPa — bottom); leftmost column — 2015 July monthly mean ozone concentration simulated by GEM-MACH; second
left column — difference in simulated ozone concentration (with wildfire — without wildfire); second right column — fractional difference
(computed as (A — B) / 0.5(A + B)); rightmost column — AO3/ACO enhancement ratio (see text).
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influenced by advection in spring with chemistry and ver-
tical diffusion playing smaller roles. In July (summer), the
net O3 chemical tendency over the Arctic varies significantly
spatially, from negative over large areas in the high Arctic
(perhaps driven by loss through reactions mainly with HO;,
e.g Wang et al., 2003) to positive (net production) at more
polluted southerly locations, e.g., over northern Europe and
northern Eurasia. There is an indication of net photochem-
ical production of O3 over the shipping channels along the
southwestern coast of Greenland and the Canadian Atlantic
coast. There is also considerable net O3 chemical produc-
tion over the central and northern coast of Alaska extending
over the Beaufort Sea. Figure S10 in the Supplement shows
the July monthly net O3 chemical tendency at various model
levels from closest to the surface to near 700 hPa from both
the GEM-MACH base annual simulation (with wildfires) and
the GEM-MACH simulation without the wildfire emissions
in the model LAM domain. The impact of boreal wildfires
over central Alaska and northern Canada’s Northwest Ter-
ritories on O3 production is evident. It is particularly inter-
esting to note the potential interaction between the biomass

Atmos. Chem. Phys., 25, 8355-8405, 2025
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Figure 19. Modelled NOy, and PAN excess ratio, ANO, /ACO (a, d, g) and APAN / ACO (b, €, h), as well as excess PAN-to-NOy, ratio,
APAN / ANOy, (c, f, i), for July 2015 (monthly mean), at 3 model levels: lowest (surface; a—c), ~ 900 hPa (d—f), and ~ 700 hPa (g-i).

burning plume and anthropogenic emissions of ozone pre-
cursors from Alaskan oil fields (Prudhoe Bay). The net O3
chemical production extends further into the Arctic with the
wildfires than without. The O3 production in wildfire plumes
also reaches higher altitudes than those from anthropogenic
sources.

The pan-Arctic O3 budget for each month of 2015 is pre-
sented in Fig. 22. It was computed by vertical integration
of the daily tendencies through specific depths of the at-
mospheric columns (from the surface) and then horizontal
integration over the area north of 66.5°N (Arctic Circle),
given in gigagrams of O3z per day, and averaged for each
month. The budgets for the lowest 200 m above ground level
(a.g.l), 1kma.g.l., and 4 kma.s.l. are shown. Within the low-

Atmos. Chem. Phys., 25, 8355-8405, 2025

est 200 m of air across the Arctic Circle, the O3 budget is
largely balanced between dry deposition (maximum in sum-
mer) and vertical diffusion outside the spring ODE season.
During the ODE season, the budget is balanced between
the combined loss through dry deposition and atmospheric
chemistry and the gain from vertical diffusion. Within the
lowest 1km of air, the O3 budget is largely balanced be-
tween the loss from dry deposition (throughout the year) and
chemistry (over spring) and O3 gains from advection (pri-
marily) and vertical diffusion (much reduced compared to
over the lowest 200 m). Over a deeper layer (4 kma.s.l.), the
O3 budget is not always balanced, i.e., with non-zero O3 net
gain/loss. The processes contributing to the Arctic O3 budget
over the lowest 4 km (a.s.l.) are dry deposition and chemistry

https://doi.org/10.5194/acp-25-8355-2025
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Figure 20. GEM-MACH-modelled O3 and PM; 5 time series (with and without wildfire emissions) at Zeppelin (a) and Summit (b) sites.
Surface O3 observations at the two sites are plotted in black. Also plotted along with modelled PMj; 5 is the observed aerosol absorption
coefficient at the Zeppelin (525 nm) and Summit (528 nm) sites, obtained from an Aethalometer and a multi-angle absorption photometer
(MAAP), respectively (accessed from EBAS (https://ebas.nilu.no, last access: 9 May 2025) hosted by NILU; specifically, the use included

data affiliated with the frameworks GAW-WDCA and NOAA-ESRL).

(both contributing to O3 loss) and advection (contributing to
O3 gain). Also included in Fig. 19 are the O3 budgets com-
puted from the GEM-MACH no-bromine (NoBr) run (shown
for March to June) and the no-wildfire (NoWF) run (shown
for July). It is evident that the O3 chemical loss in the lowest
200m and up to 1 km is almost entirely due to bromine chem-
istry, with a minimal contribution from non-bromine chem-
istry (emerging during May—July). The non-bromine chem-
ical loss of O3 occurs mainly above 1kma.g.l. and mainly
from May to August in terms of timing. The impact of North
American boreal wildfire on the Arctic O3 budget is reflected

https://doi.org/10.5194/acp-25-8355-2025

in the reduced O3 loss through chemistry (i.e., offset by the
O3 chemical production in wildfire plumes), most noticeable
in the budget over the 4 km layer, indicating that most O3
production from the North American wildfires is happening
at higher altitudes.

While the springtime-bromine-explosion-induced O3 loss
mainly occurs within the lowest 1km of air in the Arc-
tic, it represents a considerable loss in O3 tropospheric bur-
den over the Arctic. The reductions in monthly mean partial
O3 columns due to snowpack bromine simulated by GEM-
MACH are shown in Fig. S11 for the 3 spring months of

Atmos. Chem. Phys., 25, 8355-8405, 2025
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Figure 21. Monthly averaged O3 tendencies (AO3/At, or ug l(g_1 per 900s) from each of the process operators in GEM-MACH, 3-D
advection (AO3), vertical diffusion (UO3), and chemistry (GO3), as well as the net tendency (smO3) for the month of April (left panels)
and July (right panels) in 2015, at two model levels: lowest (top panels) and near 850 hPa (bottom); at the lowest model level, the vertical
diffusion term UO3 also includes a contribution from dry deposition (as flux boundary condition).

2015, by changes in the tropospheric column (surface to
400 hPa) and the lowest 4 km column (surface to 4 kma.s.l.).
The modelled snowpack bromine results in up to 15 % re-
ductions in O3 tropospheric column loading over the central
Arctic (up to 30 % reduction in the lowest 4 km O3 column).
These reductions amount to a 5 %—7 % loss of pan-Arctic
(> 66.5°N) tropospheric O3 burden (8 %—12 % loss of the
O3 burden over the lowest 4 km a.s.l. of air).

5 Conclusions

In this study, we examine model simulations of Arctic lower-
tropospheric O3 over the full year of 2015, conducted using
two independent models, GEM-MACH and DEHM, config-
ured at 15 and 25 km resolution, respectively, over the Arc-

Atmos. Chem. Phys., 25, 8355-8405, 2025

tic. Both models consider bromine chemistry with differ-
ent process representations for the source term of bromine
from snow in the Arctic: a snowpack-sourced mechanism in
GEM-MACH (following Toyota et al., 2011) and a blowing-
snow-sourced mechanism in DEHM (following Yang et al.,
2010). The annual model simulation results were compared
with a suite of observations in the Arctic, including hourly
observations from surface sites and mobile platforms (buoys
and ships) and weekly (with some variability depending on
the sites and the seasons) ozonesonde profiles, to evaluate
the models’ ability to simulate Arctic lower-tropospheric O3z,
particularly in capturing the seasonal variations and the key
processes controlling these variations.

The model-observation comparisons show that both mod-
els are able to simulate Arctic lower-tropospheric Oz well, in

https://doi.org/10.5194/acp-25-8355-2025
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Figure 22. Pan-Arctic (> 66.5° N) integrated O3 monthly budget for 2015, calculated for (a) the lowest 200 m a.g 1., (b) the lowest 1 kma.g.1.,
and (c) the lowest 4km a.s.l.. The net gain (NET, red circles) of O3 over the domain of integration is determined by the balance between
horizontal and vertical advection (ADV, blue bars), vertical diffusion (DIFF, light-blue bars), photochemical reactions (CHEM, orange bars),
and dry deposition (DEP, dark-yellow bars). The O3 budget from sensitivity runs is also shown by dotted (NoBr run between March and
June) and hatched (NoWF run for July) bars again with red circles to denote the net gain of O3.

capturing the overall surface O3 seasonal cycle and synoptic-
scale variabilities, as well as the O3 vertical profiles. Out-
side the spring O3 depletion period, the behaviour of the
two models is remarkably similar to each other. The model-
simulated O3z from the two models differs mostly during
spring near the surface when GEM-MACH (with a repre-
sentation of snowpack-sourced bromine) was able to capture
most of the observed ODEs while DEHM (with a representa-
tion of blowing-snow soured bromine) simulated much fewer
ODE:s and of shorter duration and depth. As a result, GEM-
MACH-simulated O3 showed distinctively different seasonal
cycles between near the surface and aloft over the central
Arctic driven by the springtime ODEs, i.e., the O3 spring
minimum near the surface as opposed to the O3 spring max-
imum aloft and at subarctic locations. The differing O3 sea-
sonal cycles between lower and upper levels simulated in
GEM-MACH agree with the ozonesonde observations near
the Arctic Ocean.

This study demonstrates that the springtime O3 depletion
process plays a central role in driving the O3 seasonal cycle
close to the surface in the central Arctic and that the ODEs
are reproduced reasonably well with the representation of a
snowpack bromine source mechanism (in the case of GEM-
MACH), while bromine release from sea salt in the blowing-

https://doi.org/10.5194/acp-25-8355-2025

snow mechanism alone (in the case of DEHM) does not pro-
duce sustained ODEs. The stronger impact of the snowpack-
sourced bromine on modelled ODEs was also reported in re-
cent studies (Marelle et al., 2021; Swanson et al., 2022). The
snowpack-sourced mechanism seems to be essential in sus-
taining the continued bromine production under a variety of
meteorological conditions, while the blowing-snow bromine
source mechanism triggered by high wind conditions tends to
be more episodic. This is consistent with observational evi-
dence that the ODEs observed in the Arctic tend to occur dur-
ing calm wind conditions favouring the snowpack bromine
source mechanism to take effect in the surface air. The study
also demonstrates that atmospheric aerosols play an inte-
gral role in the Arctic springtime bromine explosions and
ODEs through heterogeneous cycling of reactive bromine,
particularly over a deeper vertical layer and at distance from
the snowpack bromine source area. Simpson et al. (2017)
also found that higher aerosol extinction (> 0.1 km™1) ap-
peared to be necessary for maintaining the notable presence
of BrO aloft, though they suggest that chemical composition
of aerosols may play a role as well in the cycling of reactive
bromine. This has implications for the potential role of Arc-
tic haze aerosols that may play in the springtime ODEs, as
indicated in previous studies (e.g., .Fan and Jacob, 1992).

Atmos. Chem. Phys., 25, 8355-8405, 2025
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Although GEM-MACH with the snowpack bromine
source mechanism is able to simulate the observed ODEs
reasonably well in this study, there is a large uncertainty in
the parameters employed by the parameterization due to the
lack of constraints by available laboratory or field experi-
ments and the nature of the heuristic representation of highly
complex multiphase processes in snowpacks and in the atmo-
sphere. This is demonstrated in this study through the sensi-
tivity of modelled ODEs to the snowpack bromine yield on
FY seaice (upon O3 deposition) and the efficiency of hetero-
geneous cycling of reactive bromine on atmospheric aerosol
surfaces. Nevertheless, in all the cases, the model simu-
lates direct photochemical production of molecular halogens
in the snowpack in a manner broadly consistent with what
is believed to occur (Custard et al., 2017; Halfacre et al.,
2019; Pratt et al., 2013). Further investigation is needed to
better constrain these parameters (and to better understand
the multi-phase processes controlling bromine cycle at the
cryosphere—atmosphere interface).

The present modelling study indicates that northern bo-
real wildfires can have an impact on the summertime Arctic
tropospheric O3z. The model simulations show an overall en-
hancement in the pan-Arctic O3 concentration due to north-
ern boreal wildfire emissions during 2015; the enhancement
is more significant at higher altitudes, consistent with higher
O3 excess ratio (AO3/ACO) found there compared to near
the surface. Wildfires also lead to an enhancement in NO,, in
the Arctic, again more significant at higher altitudes. A large
portion of NO, produced from the wildfire emissions is in the
form of PAN, which is transported to the Arctic, particularly
at higher altitudes, potentially contributing to O3 production
there. It should be noted that wildfire activities are highly
variable from year to year. With the current warming trend
and increased northern boreal wildfire activities, the impact
of wildfires upon the Arctic tropospheric O3 is expected to
increase.

The O3 budget analysis carried out in this study shows that
the pan-Arctic lower-tropospheric O3 budget is largely bal-
anced off between poleward transport (advection), dry depo-
sition, and chemistry (dominated by bromine chemistry dur-
ing the spring period close to the surface and by HO, chem-
istry at higher altitudes). The springtime-bromine-mediated
ODEs contribute to 5 %-7 % of loss in the pan-Arctic tro-
pospheric O3z burden (and 8 %—12 % loss of the pan-Arctic
O3 burden in the lowest 4 km of the troposphere). While
chemistry generally leads to an overall O3 loss in the Arc-
tic, net production of O3z is found to occur locally in ship
plumes, downwind of oil and gas facilities in the Arctic, and
in northern boreal wildfire plumes. Interestingly, recent stud-
ies have highlighted the important role of anthropogenic NO,
emissions from existing Arctic oil and gas infrastructures in
perturbing O3 and bromine chemistry, influencing the Arc-
tic surface O3 seasonal cycles at local and regional scales
(Peterson et al., 2025; Widmaier et al., 2025). Although re-
sults from the present study do reflect the individual effects
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of NO, emissions from local anthropogenic sources in both
production and titration of O3 as well as in atmospheric cy-
cling of bromine through reactions with Br and BrO, we did
not explore the role of NO, emissions from local combustion
sources in the Arctic surface O3 seasonal cycles systemati-
cally. This is an important aspect to further investigate, par-
ticularly in light of the anticipated increase in the resource
exploration in the Arctic under warming climate.

Overall, this study found that two independent chemical
transport models, DEHM and GEM-MACH, configured at
considerably higher resolution over the Arctic show better
skills in capturing seasonal variation of surface and lower-
tropospheric O3 in the Arctic in comparison to the global
models used in previous assessment studies. This may largely
be owing to their better skills in simulating synoptic sys-
tems at higher resolutions, implying the important influence
of synoptic systems on poleward transport of pollutants. The
important role of atmospheric transport in influencing the
Arctic lower-tropospheric Oz is also strongly evident from
our O3 budget analysis.
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Table A1. Model key features and configuration.
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DEHM

GEM-MACH

Model type

Offline CTM (driven by WRF meteorology)

Regional online CTM

Horizontal grid and resolution

Hemispherical 75 km with nested Arctic grid at
25 km; two-way nesting

Pan-Arctic LAM on a rotated lat-long grid at
0.1375° (~ 15 km) resolution

Vertical coordinate and

29 unevenly distributed layers, surface to

Hybrid terrain-following sigma coordinate, 84

resolution 100 hPa, with the finest resolution in the (unevenly spaced) levels (12 levels below
atmospheric boundary layer: lowest model 850 hPa) with a lid at 0.1 hPa; lowest
layer of ~ 20 m, with 3—4 model layers below momentum level at 20 m and lowest thermal
the lowest 100 m. level at 10 m.

Meteorology WREF v4.1 driven by ERAS GEM piloted by global GEM (GDPS);

McTaggart-Cowan et al. (2019)

Chemistry mechanism

Strand and Hov (1994), with modifications
based on chemical scheme in EMEP model
(Simpson et al., 2012) and ACDEP model
(Hertel et al., 1995), including bromine
chemistry.

Gas-phase: ADOM-II (Stockwell and
Lurmann, 1989: 42 gas-phase species and 114
reactions; based on Lurmann et al.,

1986) + inorganic bromine chemistry (Toyota
etal., 2011). Aqueous-phase: ADOM
(inorganic sulfur chemistry; Venkatram et al.,
1988; Fung et al., 1991). Atmospheric DMS
oxidation (by OH and NO3) (Ghahreman et al.,
2019).

Bromine chemistry and source
representation

Parameterized bromine source from blowing
snow and open-ocean sea salt following Yang
et al. (2008, 2010)

Simplified snowpack chemistry (Toyota et al.,
2011) with termination due to seasonal
snowmelt (Burd et al., 2017; Jeong et al., 2022)

Aerosols

Bulk speciated aerosols, including SO4, NO3,
NHy, EC, POM, SOA, and SS

Sectional (12 size bins between 0.01 and
40.96 um), chemically speciated (SO4, NO3,
NHy, EC, POM, SOM, CM, SS), internally
mixed

Dry deposition schemes

Gas and aerosol dry deposition as in EMEP
models described in Simpson et al. (2012).

Gas: Wesley (1989) adapted as described in
Makar et al. (2018) and Toyota et al. (2011).
Aerosol: Emerson et al. (2020)

O3 deposition (over ocean and
sea ice)

Over sea ice based on Simpson et al. (2012);
over open ocean based on Hertel et al. (1995);
up to ~0.0005ms ! over North Atlantic
(open ocean) and up to 0.0004 m s~ ! over ice
and snow in the Arctic.

Over the ocean: parameterized representation
of iodide-mediated O3 dry deposition (Sarwar
et al., 2015). Over ice: O3 dry deposition
velocity set to 0.0001 m g1 (Helmig et al.,
2007).

Anthropogenic emissions

EMEP emissions for Europe, supplemented by
2015 ECLIPSE v6b global emissions; 2015
shipping emissions from STEAM

For 2015 simulations: 2016 US and 2015
Canadian inventories, supplemented by 2015
ECLIPSE v6b global emissions; 2015 MEIT
Canadian marine shipping emissions

Biogenic emissions MEGAN BEIS v3.7 with BELD4 for NA and GLC2000
elsewhere
Wildfire emissions GFAS from ECMWF North America: Canadian Forest Fire

Emissions Prediction System (CFFEPS, Chen
et al., 2019). Outside North America: FINN
v1.5; plume height estimate based on global
satellite retrieval statistics (Val Martin et al.,
2018)

Chemical lateral boundary
condition

Climatology for tropospheric O3 (Logan,
1999).

Copernicus-CAMS reanalysis 6-hourly
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Code and data availability. All the observational data used in
this study are available online (see Table 1). The surface O3
monitoring data from the Arctic surface sites are available via
the EBAS site (https://ebas-data.nilu.no/Default.aspx, last access:
13 November 2024; Norwegian Institute for Air Research, 2024)
hosted by NILU; both the O-buoy O3 data and MAX-DOAS BrO
data are available for download from the NSF Arctic Data Cen-
ter (https://arcticdata.io/catalog, last access: 23 November 2024;
NSF Arctic Data Center, 2024). Ozonesonde data can be down-
loaded from the World Ozone and Ultraviolet Radiation Data Cen-
tre (WOUDC) hosted by Environment and Climate Change Canada
(ECCC) (https://www.woudc.org/en/data/data-access, last access:
24 July 2025; ECCC, 2025) and the NASA Network for Detec-
tion of Atmospheric Composition Change (NDACC) site (https:
/Iwww-air.larc.nasa.gov/missions/ndacc/, last access: 23 July 2025;
NDACC, 2025). The NETCARE AWI/Polar-6 aircraft data are
available from the Government of Canada Open Data portal (https:
/Isearch.open.canada.ca/opendata/, last access: 23 November 2024;
Government of Canada, 2024). The GEM-MACH model data
(monthly mean O3 at three model levels, lowest, nearest to 900
and 700 hPa) in NetCDF are available to download from Zenodo at
https://zenodo.org/records/14237307 (Beagley et al., 2025a); other
GEM-MACH model data are available upon request from the cor-
responding author Wanmin Gong (wanmin.gong@ec.gc.ca). The
GEM-MACH-Arctic chemistry module code can be downloaded
from Zenodo at https://zenodo.org/records/14217327 (Beagley et
al., 2025b). DEHM code and data can be made available by con-
tacting Jesper Heile Christensen (jc@envs.au.dk).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-25-8355-2025-supplement.
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