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Abstract
Ozone depletion is not only observed in the polar stratosphere, but also near the ground. Bromine

species originating from sea salt are released from snow in an auto-catalytic reaction cycle and can then
deplete ozone, strongly altering the oxidation capacity of the atmosphere. In this study, ozone deple-
tion events in the Arctic between February and May 2019 are studied using the time-dependent, three-
dimensional software Weather Research and Forecasting model coupled with Chemistry (WRF-Chem).
Two bromine emission schemes are evaluated: first, infinite releasable bromide is assumed and, second, a
scheme with a finite bromide release tracked over time is considered. Good agreement of simulation results
with observations from two in-situ measuring stations and from ozone sonde flights is found. The finite
bromide assumption dramatically improves the simulation results near Utqiaġvik, Alaska and Churchill,
Canada in April whereas in February and March, the numerical results are similar, with a slight overall
improvement. An underestimation of ozone depletion near Eureka, Canada in both simulations suggests
that multi-year ice and snow-covered land near coasts are possibly better bromide sources than previously
anticipated.

1 Introduction

Figure 1: Simplified bromine and halogen chem-
istry in the polar troposphere (Simpson et al.,
2007a). The blue area denotes reactions occur-
ring in the liquid phase.

Ozone is an important trace gas of the troposphere, the low-
est part of the atmosphere due to its high oxidation potential
and its role as both air pollutant and an indirect cleaner of
air pollution. During the Arctic spring, a depletion of ozone
from its background levels of 30 to 50 nmol/mol to near zero
levels are frequently observed (e.g. Oltmans, 1981; Barrie
et al., 1988). At the same time, concentrations of bromine
species such as BrO increase from near zero levels to tens to
hundreds of pmol/mol. This phenomenon occurs mostly in
the boundary layer, the atmospheric layer directly influenced
by the planetary surface, which typically has a height of a
few hundred meters in the arctic spring. Consequences of
the ozone depletion are strongly reduced lifetimes of ozone
and organic gases and pollution of polar ecosystems by the
depositions of mercury, which is oxidized by reactions involv-
ing bromine. The reactions leading to ozone depletion are
summarized in Fig. 1. Most of the ozone is depleted in a cat-
alytic reaction cycle with bromine (e.g. Barrie et al., 1988),

denoted by the black arrows in Fig. 1. The source of the bromine is most likely sea salt stored in snow (Fan
and Jacob, 1992). There are still uncertainties about the exact release mechanism, however the auto-catalytic
’bromine explosion’ mechanism (Platt and Janssen, 1995), the red reaction cycle in Fig. 1, is likely to account
for the majority of the bromine emissions. After each bromine explosion cycle, the amount of bromine in the
gas phase doubles. Once ozone is sufficiently depleted, reactions of atomic bromine with aldehydes forming
chemically inert HBr are favored and terminate the bromine explosion.
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Additionally, sunlight is required for the photolysis of Br2, which is why bromine explosions cannot occur
in winter. Ozone depletion occurs more likely at temperatures below -20◦C (Pöhler et al., 2010). Snow
covering first-year (FY) ice, which is freshly formed in winter, has been found to be the main source of the
bromide (Simpson et al., 2007b) in contrast to snow covering multi-year (MY) ice. Smaller boundary layer
heights are generally favorable for the ozone depletion (Wagner et al., 2001) since the bromine emissions are
concentrated in a smaller physical space.

Because of the importance of both meteorology and chemistry, three-dimensional, time-dependent models
are required in order to resolve all processes relevant for the bromine explosion and ozone depletion. For
this purpose, a 3D model is used and modified to solve both meteorology and detailed tropospheric ozone
chemistry in order to predict ozone and bromine concentrations in the arctic spring of the year 2019. A special
focus is a new bromine emission scheme, which allows for the treatment of finite bromide concentrations. The
model setup is outlined in the next section.

2 Theory and methods

Figure 2: Domain configuration
and sea ice type (Aaboe et al.,
2017)

The compressible, non-hydrostatic and moist Euler equations on a rotat-
ing sphere together with chemistry are solved using the regional, three-
dimensional and time-dependent weather prediction software Weather
Research and Forecasting model coupled with Chemistry (WRF-Chem)
(Grell et al., 2005). Herrmann et al. (2021) simulated the ozone deple-
tion in the year 2009 with a slightly different setup. In the following,
differences to the setup of Herrmann et al. (2021) are presented. In the
present study, two nested computational domains are used for local grid
refinement, see Fig. 2. A coarse and a fine resolution simulation, referred
to as domains 1 and 2, are conducted at the same time. The simulation
of domain 1 provides the boundary conditions for domain 2. The ERA5
Reanalysis (Hersbach et al., 2020) for meteorology and global CAM-
Chem output (Buchholz et al., 2021) for chemistry are used as boundary
conditions for domain 1 and as initial conditions for both domains. Do-
mains 1 and 2 employ timesteps of three and one minutes, respectively,
which are chosen to fulfill the Courant criterium. Domain 1 is centered
on the north pole using the polar stereographic projection and covers a
12,600×12,600 km2 area with a 60 km resolution, domain 2 covers a
6,000×6,000 km2 area with a 20 km resolution.

Figure 3: Initial releasable bromide

The MOZART mechanism (Emmons et al., 2010) extended with
bromine chemistry (Herrmann et al., 2019) for a total of 103 gas-phase
species and 359 reactions combined with four-bin sectional MOSAIC
aerosols (Zaveri et al., 2008) is employed. Bromine-emitting heteroge-
neous reactions on snow surfaces are implemented under two different
assumptions. In both cases, the chloride content of snow surfaces is as-
sumed to be infinite. In the first set of assumptions, the bromide content
is assumed to be infinite on snow covering FY ice and zero on other snow
surfaces. Thus, depositions of HOBr, O3 and N2O5 always release Br2
on FY ice, whereas Br2 emissions on MY ice and snow-covered land are
limited by the HBr dry deposition rate. In the second set of assumptions,
the bromide content is assumed to be finite and is adjusted during the
simulation. Figure 3 shows the initial values of releasable bromide. A
value of 3 × 1014 molec/cm2 is chosen over FY ice, since observed BrO
vertical column densities (VCD) show maximum values of approximately
1014 molec/cm2 and typically, about one third of gaseous bromine is
contained in BrO in the present model. HBr depositions are added to

the releasable bromide, and Br2 emissions are limited by the amount of the available releasable bromide. A
replenishment of releasable bromide with time is necessary, since otherwise, most bromide would be depleted
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during March. Thus, bromide is replenished by a constant rate of its initial value divided by the timescale of
one week.

For the simulations, 40 compute nodes each of which consists of 16 cores are used, resulting in a total
of 640 cores per job. Memory requirements are relatively mild with a total memory usage of around 60 GB.
A total of about 9 million grid cells is used out of which the refined domain 2 with 300×300×64 grid cells
contributes 5.76 million grid cells. A total of 170,000 timesteps is used over the simulated three month period.
More than 120 differential equations are solved, most of which are for the mixing ratios of the 103 chemical
species. Temporary disk space requirements are relatively high: The input and boundary data use 20 GB and
1.1 TB, respectively. However, only part of the boundary data is updated every 360 timesteps, resulting in
required 3 GB of data at these timesteps. The simulation of a time period of 21 days takes two days of run
time and produces 900 GB output. A reduction of the compute nodes from 40 to 20 can simulate a period
of 11 days which is about linear. However, the doubling of the compute nodes from 40 to 80 leads to an
enhancement of only about 60 % to 34 days in real time.

3 Results and discussion

Figure 4: Modeled and observed ozone at Utqiaġvik, Alaska (top)
and Eureka, Canada (bottom)

The modeled ozone mixing ratio is
compared to in-situ measurements at
Utqiaġvik (formerly Barrow), Alaska
and Eureka, Canada (McClure-Begley
et al., 2014), see Fig. 4. The as-
sumption of the initial finite bromide
concentration motivated by the desire
to improve the numerical results at
Utqiaġvik, Alaska. During March, the
infinite bromide simulation agrees quite
well with the observations, except for an
overestimated ozone depletion around
March 16. In April, however, the in-
finite bromide assumption leads to full
ozone depletion for nearly the whole
month, whereas the observations find
only partial to very small ozone deple-
tion during most of the month. A pos-
sible explanation is that by April, the
bromide is depleted, leading to reduced
bromide emission which is inconsistent

with the infinite bromide assumption. The finite bromide assumption improves the agreement with the ob-
servations dramatically, including the weak ozone depletion around March 16. The good agreement with
the observations suggests that the parameters of releasable bromide and the replenishment timescale of the
bromide over FY ice are well chosen.

Another motivation of introducing the finite bromide assumption is to improve the model results at Eureka,
Canada. Eureka is surrounded by MY ice and snow-covered islands, which are not suitable to emit new bromide
when using the infinite bromide assumption. Due to the lack of nearby bromide sources, bromine emissions are
strongly underestimated, which results in a consistent overestimation of ozone levels. With the finite bromide
assumption, weak bromine emissions are allowed on MY ice and snow-covered land. As can be seen, however,
the prediction of ozone mixing ratio does not change much and actually, it becomes a little worse during April
using the finite bromide assumption. This suggests that the real releasable bromide levels for MY ice and/or
snow-covered land are probably significantly higher than those currently chosen.

In Fig. 5, vertical profiles of modeled BrO, ozone, and potential temperature are compared to observa-
tion results from sonde flights at Churchill and Eureka, Canada (Meteorological Service of Canada, 2021).
The boundary layer height can be evaluated from the potential temperature profile. A straight vertical line
corresponds to a well-mixed boundary layer, which is also visible in the ozone profile.
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Figure 5: Simulated BrO as well as potential temperature and
ozone from simulations and from ozone sonde flights. Top:
Churchill, Canada. Bottom: Resolute, Canada

Once the potential temperature profile
bends to the right, the end of the bound-
ary layer is reached and the turbulent mix-
ing becomes very weak, which can also be
seen by a slow increase of the ozone mix-
ing ratio to background levels in the free
troposphere.

In the top part of Fig. 5, results from a
sonde flight at Churchill, Canada in early
April are compared to the numerical re-
sults from the two different simulations.
While bromine release and ozone deple-
tion near Churchill, which is at a rela-
tively low latitude of 58.74◦N, is strong
in February and early March, it is much
weaker during April. However, the in-
finite bromide simulation (left) predicts
strong bromine emissions during April,
which leads to less agreement with the ob-
servations as compared to the finite bro-
mide simulation (right), where bromide on
FY ice near Churchill is depleted during
April. In the bottom part of Fig. 5, re-
sults of an ozone sonde flight near Res-
olute, Canada, which is farther north at
74.6◦N, are shown. Bromine emissions
are still strong at this high latitude in early

April, which explains the slightly better agreement of simulation and observation for the infinite bromide case.

Figures 6 and 7 show vertical column densities (VCD) of BrO, which are calculated by vertically integrating
BrO from the ground to 4 km height. BrO VCDs exceeding 1014 molec/cm2 are observed very rarely, so the
results of the finite bromide simulation can be seen as an improvement over the infinite bromide simulation,
where VCDs exceeding 1014 molec/cm2 occur regularly. The finite bromide simulation predicts BrO VCDs
more often over land with structures spread over a larger area. This is expected, since bromine emissions are
not allowed over land for the infinite bromide simulation. Over Greenland, observed BrO VCDs are almost
zero. Both simulations show some local positive values of BrO VCDs over Greenland at various times, however,

Figure 6: BrO VCDs on February 27, 2019. Left: Infinite bromide. Right: Finite bromide
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Figure 7: BrO VCDs on March 26, 2019. Left: Infinite bromide. Right: Finite bromide

the initial finite bromide simulation predicts positive BrO VCDs more frequently and at more locations. It is
possible, that inland surfaces or highly elevated surfaces such as Greenland with an elevation of more than
3 km are less suited for bromine emission and recycling. Small BrO VCDs can be seen over most of the Arctic
region, which are generally not found by satellite observations. The initial finite bromide assumption does
somewhat reduce these small BrO VCDs, but is unable to completely remove them.

4 Conclusions
Ozone depletion in the arctic troposphere was modeled with the time-dependent 3D-software WRF-Chem.
The assumption of infinite bromide was compared to an emission scheme with a finite bromide content which
is tracked over time. The new finite bromide scheme leads to significantly improved predictions of ozone
depletion in April and late March of the year 2019, for which the infinite bromide scheme typically strongly
overestimates ozone depletion. In February and early March 2019, the prediction with both assumptions is
similar since bromide is not yet depleted, however, the finite bromide scheme generally shows slightly better
results in comparison with the observations. An underestimation of ozone depletion at Eureka, Canada with
both schemes is visible in comparison with the observations. Even though the finite bromide scheme allows
emissions from surfaces less suitable for bromine emissions, it is suggested that snow-covered land and/or
MY ice are better surfaces for bromide emission than assumed in this work. Overall, the finite bromide
emission scheme improved the simulation results considerably and should be used in future research. This
study considered only one set of parameters, and it would certainly be worthwhile to conduct a thorough
investigation of the optimal values for the initial releasable bromide and the replenishment timescale of bromide
in future.
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