
1. Introduction
Tropospheric reactive bromine (Bry = Br + 2Br2 + HOBr + BrO + HBr + BrNO2 + BrNO3 + IBr + BrCl) 
impacts the oxidizing capacity of the atmosphere by depleting ozone and perturbing OH to HO2 ratios toward 
OH (von Glasow et al., 2004; Sherwen et al., 2016). In polar regions, Bry is largely responsible for surface ozone 
depletion events (ODEs) in coastal regions in the spring (Barrie et al., 1988; Oltmans et al., 1989, 2012). Reac-
tive iodine also plays a role in ODEs (Benavent et al., 2022), with a smaller contribution from reactive chlorine 
(Wang et al., 2021). Bry is also associated with atmospheric mercury depletion events in the Arctic (Horowitz 
et al., 2017; Steffen et al., 2008).

Abstract Snowpack emissions are recognized as an important source of gas-phase reactive bromine in 
the Arctic and are necessary to explain ozone depletion events in spring caused by the catalytic destruction 
of ozone by halogen radicals. Quantifying bromine emissions from snowpack is essential for interpretation 
of ice-core bromine. We present ice-core bromine records since the pre-industrial (1750 CE) from six Arctic 
locations and examine potential post-depositional loss of snowpack bromine using a global chemical transport 
model. Trend analysis of the ice-core records shows that only the high-latitude coastal Akademii Nauk (AN) 
ice core from the Russian Arctic preserves significant trends since pre-industrial times that are consistent 
with trends in sea ice extent and anthropogenic emissions from source regions. Model simulations suggest 
that recycling of reactive bromine on the snow skin layer (top 1 mm) results in 9–17% loss of deposited 
bromine across all six ice-core locations. Reactive bromine production from below the snow skin layer and 
within the snow photic zone is potentially more important, but the magnitude of this source is uncertain. 
Model simulations suggest that the AN core is most likely to preserve an atmospheric signal compared to five 
Greenland ice cores due to its high latitude location combined with a relatively high snow accumulation rate. 
Understanding the sources and amount of photochemically reactive snow bromide in the snow photic zone 
throughout the sunlit period in the high Arctic is essential for interpreting ice-core bromine, and warrants 
further lab studies and field observations at inland locations.

Plain Language Summary Bromine is a reactive chemical species emitted from natural and 
anthropogenic sources and can be reemitted from Arctic snowpack after its deposition on snow. This leads 
to ozone depletion and alters the record of bromine preserved in ice cores. Here, we studied ice-core records 
of bromine from six Arctic locations to quantify the extent of bromine loss from the snowpack since the 
pre-industrial era. We found that only one location had significant trends of bromine over time, consistent with 
trends in bromine sources from both nature and human activities. An atmospheric model including chemical 
reaction processes suggested that this Russian Arctic location favored preservation of bromine compared to 
the five Greenland ice cores. Understanding bromine preservation in Arctic snow and ice is important for 
interpreting ice-core records.
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Major sources of tropospheric reactive bromine include sea salt aerosol (SSA) debromination (Kerkweg 
et  al.,  2008; Yang et  al.,  2005), emissions of organobromine species from the marine biosphere (Liang 
et al., 2010; Quack & Wallace, 2003), emissions from saline lakes (Hebestreit et al., 1999; Matveev et al., 2001), 
and volcanoes (Aiuppa et al., 2005; Bobrowski et al., 2003). Anthropogenic-related sources of Bry include agri-
cultural emissions (Clerbaux et al., 2007), emissions from vehicles using leaded gasoline (Habibi, 1973; Thomas 
et al., 1997), coal combustion (Lee et al., 2018), biomass burning (Reeves, 2003), and stratospheric transport 
from degradation of organobromines and halons (Liang et al., 2014). In the Arctic, debromination of SSA orig-
inating from blowing snow (Huang et  al.,  2020; Yang et  al.,  2008) and direct emissions of reactive bromine 
from snowpack have been observed (Abbatt et al., 2012; Dibb et al., 2010; Foster et al., 2001; Pratt et al., 2013; 
Simpsonet al., 2007a, 2007b; Stutz et al., 2011) and are necessary to explain depletion of surface ozone in the 
spring (Lehrer et al., 2004; Michalowski et al., 2000; Piot & von Glasow, 2008; Swanson et al., 2022).

The major sink of tropospheric Bry is uptake by aerosols, and both Bry and aerosol bromide are removed from 
the atmosphere through wet and dry deposition to the surface. Bromine in snowpack originates from deposition 
of gaseous and aerosol phase bromine. Bromine in snow over first year sea ice has additional sources from 
wind-blown frost flowers and upward migration from sea ice (Domine et al., 2004). Deposition of bromine to the 
cryosphere is reversible due to snowpack bromine chemistry, potentially affecting the preservation of bromine 
in ice cores (McConnell et al., 2017; Vallelonga et al., 2021). Ice-core bromine records have been interpreted to 
reflect changes in sea ice extent (Maffezzoli et al., 2021; Spolaor et al., 2013a, 2013b, 2016a, 2016b), atmos-
pheric acidity (Maselli et  al.,  2017), and anthropogenic bromine emissions (Legrand et  al.,  2021) under the 
assumption that bromine species are well preserved in ice cores with high snow accumulation rates typical of the 
Arctic and mid-latitudes. Understanding the magnitude and mechanisms of snowpack reactive bromine release is 
important for interpretation of ice-core bromine measurements.

Snowpack emissions of reactive bromine involve both gas-phase and heterogeneous chemistry across the 
atmosphere-snowpack interface. Gas-phase reactions that occur in the atmosphere (R 1–5) also occur in the 
snowpack interstitial air (SIA) (Pratt et al., 2013; Toyota et al., 2014).

O3 + Br → BrO + O2 (R1)

HO2 + BrO → HOBr + O2 (R2)

HOBr + h𝜐𝜐 → OH + Br (R3)

Net ∶ HO2 + O3 → 2O2 + OH 

BrO + NO2 + M → BrNO3 + M (R4)

BrNO3 + HO2O(liq) → HOBr + HNO3(aq) (R5)

2OH(aq) + 2Br
−
(aq) + 2H

+
(aq) → Br2 + 2H2O(aq) (R6)

O3(aq) + Br
−
(aq) + H

+
(aq) → HOBr(aq) + O2(aq) (R7)

BrNO3 + HO2O(liq) → HOBr(aq) + H
+
(aq) + NO3

−
(aq) (R8)

HOBr(aq) + X
−
(aq) + H

+
(aq) → BrX + HO2O(aq) (R9)

Similar to bromide (Br −) in SSA, Br − at the surface of snow grains can be oxidized by OH (R6) and O3 (R7) or 
react with BrNO3 (R8, R9) and HOBr (R9) to form BrX (where X = Br or Cl) (R6‒9). Since bromide is expected 
to be enhanced at the snow grain surface (Ghosal et al., 2000, 2005; Gladich et al., 2011) relative to bulk snow, 
and Br − reacts much faster with OH compared to Cl − (Abbatt et al., 2010), Br2 and BrCl are preferentially formed 
compared to Cl2 (Custard et al., 2017). Preferential production of Br2 over BrCl was shown in lab studies for 
snow with high Br −/Cl − ratios (Sjostedt & Abbatt, 2008). The resulting BrX can transfer to SIA and mix with the 
atmosphere above via wind pumping and gas-phase diffusion (Thomas et al., 2011; Toyota et al., 2014). These 
reaction pathways are largely photochemically driven. Possible dark reaction mechanisms include heterogene-
ous reactions of Br − with HOBr, BrNO3, and O3 (R7‒9). Another potentially important factor in heterogeneous 
reactions is snow acidity, since both bromine cycling within snowpack via R6, R7, and R9 and OH formation in 
the snowpack via nitrate photolysis are acid-catalyzed (McConnell et al., 2017; Mozurkewich, 1995).
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Concentrations of Br2 and BrCl in coastal Arctic surface air during spring have been observed to be as high as 
several tens of ppt (Foster et al., 2001; J. Liao et al., 2012, 2014; Spicer et al., 2002) and are thought to origi-
nate at least partially from snow emissions. Foster et al. (2001) first reported the release of photolabile bromine 
compounds from the snowpack at Alert, Canada by showing that measured molecular bromine (Br2) in SIA just 
below the surface of the snowpack reached 2ppt, about twice that measured in the air above. Pratt et al. (2013) 
conducted an outdoor snow chamber experiment in Utqiagvik, Alaska and demonstrated that snow bromine 
release is facilitated by ozone-mediated photochemical production of Br2 in snow with enhanced Br −/Cl − ratios 
and high acidity. Also at Utqiagvik, Custard et al. (2017) measured molecular halogens in SIA and calculated a 
mean emission flux of ∼5 × 10 8 molecules cm −2 s −1 and ∼3 × 10 8 molecules cm −2 s −1 for Br2 and Cl2, respec-
tively, out of snowpack into the atmosphere. The study also reported up to 500 ppt of Br2, up to 45 ppt of BrCl, 
and up to 25 ppt of Cl2 in SIA at a snow depth of 10 cm under artificial irradiation conditions.

Elevated atmospheric BrO concentrations were also observed in inland Arctic. Peterson et al. (2018) observed 
enhanced BrO vertical column densities (VCD) 200 km from the coast of Utqiagvik, Alaska, especially near the 
surface of the snowpack. Stutz et al. (2011) reported elevated BrO (1–3 ppt) at Summit, Greenland in May, June, 
and July, even when the air mass was not from oceanic regions. During the same field campaign at Summit, Dibb 
et al. (2010) found that gas phase soluble Br − measured in the pore spaces of firn air is higher than in the air above 
the snowpack, and that ambient Br − peaks around local noon. These studies indicate that photochemical produc-
tion of reactive bromine from local snowpack is the primary source of the observed BrO at inland locations.

To investigate the role of snow halogen chemistry in ODEs, several box models and 1D models were developed to 
simulate the dynamic interaction between snowpack and the overlying atmosphere. Although these models suffer 
uncertainties due to limited knowledge of snow microphysics and chemistry (Domine et al., 2013), they are useful 
for testing our understanding of the main sources of reactive bromine and causes of ODEs at specific locations 
and times. Using coupled 1D atmosphere-snow models at Summit, Greenland, Thomas et al. (2011, 2012a) and 
Toyota et al. (2014) found that bromine production from below the snow surface skin layer (top 1 mm, Erbland 
et al., 2013) dominates total snowpack emissions and is driven by photochemistry, which is highly dependent 
on the solar zenith angle (SZA) (Bourgeois et al., 2006; Grannas et al., 2007; Lee-Taylor & Madronich, 2002; 
Simpson et al., 2002; Warren, 1982). Snowpack emissions of bromine from the skin layer are driven by dry depo-
sition of atmospheric HOBr, while deeper snowpack production (1–250 mm) is driven by both SIA Bry chemistry 
(R1‒5) and aqueous phase oxidation of bromide (R6‒9) (Toyota et al., 2014). Piot and von Glasow (2009) used 
a box model to calculate the required fluxes of halogens to account for the observed effects on ozone in Alert, 
Canada in early spring, and estimated a Br2 flux ranging from 5 × 10 7 to 1.5 × 10 9 molecules cm −2 s −1. Other box 
and 1D modeling studies estimated maximum emissions of Br2 of 2 – 5 × 10 8 molecules cm −2 s −1 at Utqiagvik, 
Alaska in March (Ahmed et al., 2022; Wang & Pratt, 2017), within the same order of magnitude of those from 
previous observation-based estimates from the same site (Custard et al., 2017).

Several global chemical transport models have incorporated snowpack bromine emissions to evaluate their role 
in explaining the spatiotemporal variability of ODEs across the Arctic. Toyota et al. (2011) implemented a snow-
pack chemistry mechanism in a 3D air quality model GEM-AQ by calculating the molar yield of BrX based 
on dry deposition of O3, HOBr, and BrNO3 for different snow types including first-year sea ice, multi-year sea 
ice, and land snow. The model was able to capture the spatial distribution of ODEs in April 2001 in the Arctic, 
and modestly agrees with satellite observations of BrO VCD. Although the GEM-AQ model does not explicitly 
include deeper snow production, the empirically determined molar yield parameters as a function of sunlight 
are meant to reflect influences from photochemically driven deeper production (Toyota et al., 2011). Falk and 
Sinnhuber (2018) applied the same framework in a global chemistry-climate model EMAC, and showed that the 
model was able to reproduce many bromine enhancements and ODEs in both hemispheres over a full annual 
cycle. Similar frameworks have been implemented recently in WRF-Chem (Herrmann et al., 2021, 2022; Marelle 
et al., 2021) and GEOS-Chem (Swanson et al., 2022), and good agreements were found between models and 
satellite and in situ observations of BrO and O3 in coastal Arctic spring.

Most previous snowpack bromine studies were conducted for coastal Arctic sites during springtime, with a focus 
on springtime ODEs. For inland snow regions such as Greenland, previous global modeling studies predict 
negligible bromine production from the snowpack, either because of the assumption of minimal snow bromide 
replenishment from dry deposited HBr (Toyota et al., 2011), or a 500 m elevation filter to restrict inland snow-
pack emissions (Swanson et al., 2022). In this study, we examine inland Arctic sites, where most ice cores are 
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located, in a global model for the first time. We present bromine records 
from six Arctic ice cores spanning from 1750–2007 CE and investigate their 
trends via statistical analysis. We used a global chemical transport model, 
GEOS-Chem, that includes snowpack reactive bromine emissions to exam-
ine the potential magnitude and spatial distribution of snowpack emissions 
relative to atmospheric deposition over the course of a full annual cycle, 
and evaluate the implications for preservation and interpretation of bromine 
records for these six ice cores.

2. Methods
2.1. Arctic Ice Cores

We present ice-core sodium, bromine, and acidity records from six Arctic 
ice cores covering the pre-industrial to present day transition (since 1750 
CE), with five from the Greenland ice sheet and one from the Russian Arctic. 
Figure 1 shows the locations of the six ice-core sites. Table 1 summarizes 
the ice-core locations, age range, snow accumulation rates and references 
for previously published data. Here, we briefly describe the measurement 
techniques for the unpublished ice-core records, which include sodium, 
bromine, and acidity records from the Russian Arctic (Akademii Nauk), 
as well as bromine records from the five Greenland ice cores (ACT_11d, 
Summit_2010, NEEM_2011_S1, Tunu2013, NGT_B19).

A 724 m-long ice core was collected from the AN ice cap at Severnaya Zemlya 
in the central Russian Arctic from 1999 to 2001 (Fritzsche et al., 2002; Opel 

et al., 2013). Due to summertime surface melting, percolation into deeper layers and refreezing, the age scale 
was determined using an iterative approach based on annual layer counting using multi-parameter aerosol records 
constrained by absolutely dated reference horizons, called the DRI_Akademii_Nauk chronology, as described in 
McConnell et al. (2019). Uncertainty in the age scale was estimated to be less than 5 years. Tunu2013 (hereafter 
Tunu), North Greenland Traverse B19 (NGT_B19), NEEM_2011_S1, Summit_2010 (hereafter Summit), and 
ACT_11d are located on the Greenland ice sheet. Details of ice-core extraction and dating for these five ice cores 
can be found in previous publications (McConnell et al., 2019; Sigl et al., 2013).

For all ice cores, chemical analysis of elemental Na and elemental Br were conducted using continuous high 
resolution inductively coupled plasma mass spectrometry (HR-ICP-MS), at the Desert Research Institute (Maselli 
et al., 2017; McConnell et al., 2019), with an uncertainty of ±10%. Acidity (H +) was directly measured continu-
ously as described in Pasteris et al. (2012), with an error less than 5%.

Two metrics are normally used to assess the relative contribution of Br from sea salt and atmospheric processes, 
bromine excess (Brexc) and bromine enrichment (Brenr). The non-sea-salt Br concentration (Brexc) is calculated as:

Figure 1. Location of the six ice cores used in this study.

Ice core Latitude Longitude Elevation (m) Snow accum. (kg m −2 yr −1) Estimated age range (BCE/CE) Elements and reference

Akademii Nauk (AN) 80.5ºN 94.8ºE 750 440 −200–1999 Br, Na (Spolaor et al., 2016a)

Tunu2013 78.0ºN 33.9ºW 2,105 108 275–2012 Acidity, Br and Na (Maselli 
et al., 2017)

NGT_B19 78.0ºN 36.4ºW 2,270 100 746–1993 Acidity and Na (Maselli et al., 2017)

NEEM_2011_S1 77.5ºN 51.1ºW 2,454 211 88–1999 Acidity and Na (Maselli et al., 2017)

Summit_2010 72.6ºN 38.3ºW 3,258 226 1743–2010 Acidity, Br and Na (Maselli 
et al., 2017)

ACT_11d 66.5ºN 46.3ºW 2,148 334 1161–2010 Acidity and Na (Maselli et al., 2017)

Note. References for previously published data are noted in the last column. See McConnell et al. (2019) for detailed ice core descriptions of Akademii Nauk, Tunu2013, 
NGT_B19, NEEM_2011_S1, Summit_2010, and ACT_11d.

Table 1 
Locations and Other Information for the Six Ice Cores Presented in This Study
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[Brexc] = [Br]ice core – [ssNa]ice core × ([Br]∕[Na])sea water (1)

where [X] represents mass concentrations in ng X g ice −1, and ([Br]/[Na]) sea water is the sea water Br/Na mass ratio 
of 0.00624 (Millero et al., 2008). [ssNa] is calculated based on ice core calcium concentrations, as described in 
Maselli et al. (2017). The non-dimensional factor Brenr is defined as the enrichment of Br relative to sea salt Br, 
and is calculated as:

[Brenr] = [Br]ice core ∕ ([ssNa]ice core × ([Br]∕[Na])sea water) (2)

A positive Brexc is equivalent to Brenr > 1, and a negative Brexc is equivalent to Brenr < 1. Brenr will only be 0 
if Br is under the detection limit. Brenr is most often used as an ice core proxy because it is not influenced by 
changes in snow accumulation rates and absolute emissions of sea salt, and represents the degree of gas-aerosol 
re-partitioning including sea salt debromination (R8 ‒R9, with X = Br) (Spolaor et al., 2013a, 2013b). Trends in 
Brexc will be more representative of trends in the concentration of Bry in the atmosphere, facilitating comparison 
with atmospheric chemistry models.

2.2. Statistical Analysis of Ice-Core Observations

We use a recursive Bayesian change point algorithm based on dynamical programming (Ruggieri,  2013) to 
analyze the trends in ice core Brenr and Brexc records since pre-industrial time (1750 CE). Change points are 
defined as changes in the parameters of a regression model used to describe a climatic time series. Assuming 
a maximum of six change points in the ice core annual records since 1750 CE, a minimum separation time of 
15 years between adjacent change points, and a linear fit in each identified regime, we sample 500 solutions 
independently from the posterior distribution, and calculate the best fit change point model (Ruggieri, 2013).

There are five parameters for the changepoint analysis, including the maximum number of change points allowed 
(kmax), the minimum distance between adjacent change points (dmin), and three hyperparameters for the prior 
distribution. We have chosen the three hyperparameters based on the recommendations from Ruggieri (2013), 
and conducted several sensitivity studies on choosing kmax and dmin. Tests with kmax ranging from 6 to 20, and dmin 
ranging from 5 to 20 show very similar results in changepoint identification, thus we show one of the results with 
kmax = 6 and dmin = 15.

2.3. Modeling Snowpack Halogen Chemistry

We use a 3-D global chemical transport model, GEOS-Chem (version 11-02d) (https://github.com/geoschem/
geos-chem/tree/v11-02d-prelim), to examine post-depositional loss of snow bromine and its impact on ice-core 
bromine preservation. GEOS-Chem is driven by MERRA-2 assimilated meteorological observations from the 
Goddard Earth Observing System (Gelaro et al., 2017) and has detailed HOx-NOx-VOC-ozone-halogen-aerosol 
tropospheric chemistry, including comprehensive tropospheric multi-phase reactive halogen chemistry (Wang 
et al., 2019, 2021) and fully coupled stratospheric chemistry (Eastham et al., 2014). This model also incorporates 
blowing snow-sourced SSA emissions (Huang & Jaeglé, 2017). Gas phase and heterogeneous bromine chemistry 
are described in previous papers (Chen et al., 2017; Sherwen et al., 2016; Wang et al., 2021). Sea-salt aerosol 
debromination occurs on both open ocean and blowing snow sourced SSA (Huang et  al.,  2020). Gases and 
water-soluble aerosols are wet deposited in GEOS-Chem based on scheme described in Amos et al. (2012)  and Liu 
et al. (2001), respectively. Dry deposition is based on the resistance-in-series scheme introduced in Wesely (1989) 
as implemented by Wang et al. (1998). Among Bry species, Br2, HOBr, HBr, BrCl, IBr and aerosol bromide are 
both wet and dry deposited, and BrNO3 is dry deposited only. We updated the O3 dry deposition scheme onto 
snow and ice surface, such that the dry deposition velocity is about 0.01 cm s −1, consistent with observations 
(Simpson et al., 2007a) and assumptions made in Toyota et al. (2011). We run all simulations at 4 × 5° horizontal 
resolution and 72 vertical levels up to 0.1 hPa for 1 year using 2007 meteorology, after spinning up the model 
for 1 year. An additional sensitivity simulation was performed using 2008 meteorology. Coal combustion and 
leaded gasoline emitted bromine are not included in the model, because the former suffers large uncertainty (Lee 
et al., 2018) and is considered a minor source, and the latter is not important in present day (Lammel et al., 2002; 
Thomas et al., 1997).

Bromine from snowpack is emitted into the lowest level of the model. Modeling snow chemistry emissions from 
the snow surface skin layer (approximately 1 mm at the top, Erbland et al., 2013) adopts the framework from 
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Toyota et al. (2011), with several updates to represent surface snow production of BrX 
at inland locations as described below. In Toyota et al. (2011), reactive halogen release 
from the surface snowpack is driven by deposition of HOBr, BrNO3, and O3 with molar 
yields dependent on snow type and availability of snow halides. Toyota et al. (2011) 
assumed unlimited snow bromide for first-year sea ice, limited bromide sourced from 
dry deposition of HBr and infinite chloride for multi-year sea ice, and no snow halides 
for land snow. Dry deposited HOBr and BrNO3 are fully converted to BrX based on 
availability of snow halides. For sea ice regions, once snow bromide is depleted, dry 
deposited HOBr and BrNO3 react with snow chloride to form BrCl, with a molar yield 
of 100%. Br2 formation through reactive uptake of O3 on surface snow is represented by 
converting the O3 deposition flux on surface snow into the emission flux of Br2, with a 
molar yield of 0.1% under dark conditions and 7.5% under sunlit conditions. The value 
0.1% represents Br2 formed via ozone uptake on frozen seawater in the dark (Oum 
et al., 1998; Wren et al., 2010), while 7.5% is the adjusted value based on the compar-
ison between the model and hourly measurements of surface ozone at the coastal sites 
of Alert, Barrow, and Zeppelin in April 2001 (Toyota et al., 2011). This empirically 
adjusted molar yield for sunlit conditions (7.5%) is used in the GEM-AQ model (Toyota 
et  al.,  2011) to account for the deeper snow production of reactive bromine, which 
is highly dependent on solar radiation. This molar yield also introduces some uncer-
tainty when applied to inland sites like Greenland, since its value is based on coastal 
observations.

Table  2 describes three model simulations performed here. All three simulations 
account for surface recycling of bromine from deposition of HOBr and BrNO3 to form 
Br2 using a molar yield of unity, and from deposition of O3 using a molar yield of 0.1% 
to form Br2. The treatment of surface recycling is similar to Toyota et al. (2011), except 
that we explicitly track surface snow bromide concentration for all snow types, instead 
of assuming unchanging bromide content based on snow types. Surface recycling of 
reactive bromine is limited by the availability of reactive bromide in the snow. Surface 
snow bromide originates from dry deposition of HBr and SSA bromide, and is lost by 
chemical production of Br2 (R6, R7, and R9). In contrast, Toyota et al. (2011) assumed 
only dry deposition of HBr as a source of snow bromide.

We assume fresh snowfall contains no reactive bromide, effectively assuming that wet 
deposited bromide is trapped in the frozen snow grain and not available for surface 
reactions (Domine et al., 2013). Processes such as snow sublimation and re-deposition 
may alter the location of bromide within the snow grain over time, likely rendering this 
an underestimation of snow bromide on the surface of snow grains that is available for 
surface chemical reactions. On the other hand, temperature gradient snow metamor-
phism is shown to facilitate the burial of bromide, resulting in the absence of bromide 
from the air–ice interface (Edebeli et al., 2020). We also do not consider the upward 
migration of bromide in snow from sea ice as a replenishing source for surface snow 
bromide, which may result in an underestimate of snow bromide concentrations over 
sea ice (Domine et al., 2004). However, upward migration is not a source of bromide 
in inland snow, where ice cores are drilled, which is the focus of this study. The model 
simulation that contains only surface snow recycling source is referred to as SURF.

For the other model simulations, we included two representations of deeper snow 
production in addition to surface recycling. In the “mToyota” simulation, we increase 
the molar yield of Br2 production from ozone deposition to 7.5% under sunlit conditions 
to account for deeper snow production as in Toyota et al. (2011). Although deeper snow 
production is unlikely  to be directly influenced by ozone deposition to the skin layer, 
this parameterization was shown to provide good agreement with BrO observations in 
springtime at specific coastal locations and time periods in the Arctic spring time.

In the “DEEP” simulation, we effectively assume that ozone and OH production deeper 
in the snow originates from the photolysis of snow nitrate and H2O2 (e.g., Grannas M
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et al., 2007), and that oxidants produced in the SIA will react with bromide in the deeper snow to form HOBr 
(R6 and R7) (Thomas et al., 2011; Toyota et al., 2014). The production of HOBr in SIA is necessary for in-snow 
bromine production of Br2 (R9). Since photolysis of snow nitrate and H2O2 is driven by sunlight, we scale Br2 
release from deeper snow to the SZA with a maximum flux based on order-of-magnitude estimates from previous 
1D snow photochemistry modeling studies (Toyota et al., 2014), as shown in Equation 3.

𝐹𝐹Br2 = 𝐹𝐹1Dmax × cos(SZA) (3)

where FBr2 is the Br2 emission flux, F1Dmax is the maximum Br2 emission flux from previous 1D model simulations, 
and SZA is the solar zenith angle. We chose F1Dmax to be 1 × 10 8 atom Br cm −2 s −1 (8.64 × 10 12 atom Br cm −2 day −1) 
based on Toyota et al. (2014), which is roughly the daily maximum upward flux of total inorganic gaseous bromine 
below the snow skin layer in March. This value is similar in magnitude to that of Thomas et al. (2011), which used a 
1D model to simulate snowpack bromine emissions at Summit Greenland in June 2008. Note that F1Dmax is 1 order of 
magnitude smaller than the measured emission flux reported in February at Utqiagvik, Alaska (Custard et al., 2017), 
and the 1D model (Toyota et al., 2014) assumes the source of snow bromide to be only from atmospheric deposition. 
Thus, the DEEP simulation is anticipated to underestimate coastal snow bromine emissions by at least an order of 
magnitude. We added a temperature and albedo threshold to reflect the impact of surface melting on snowpack 
bromine release. When albedo is below 0.7 (Custard et al., 2017; McConnell et al., 2017) or surface temperature 
are greater than 0°C (Burd et al., 2017), the deeper snow production of bromine is ceased. In comparison, Toyota 
et al. (2011) allows snowpack bromine emissions only when temperature is below a “critical temperature,” which 
varies between −10°C and −20°C in their sensitivity studies. Following Swanson et al. (2022), we adopt a threshold 
of snow depth of 10 cm over which snowpack bromine release is allowed for land snow regions, preventing exces-
sive bromine production in lower-latitude snow-covered regions. We assume bromine content is not a limiting factor 
for deeper snow production, similar to Toyota et al. (2014), because we are unable to track snow bromide in deep 
snow over time without an explicit 3D snow module. Unlike surface snow, bromide in deeper snow cannot be replen-
ished through atmospheric deposition, so this assumption may lead to a model overestimate of bromine release from 
deeper snow at inland locations. We do not explicitly consider the effect of wind pumping and snow acidity in this 
simplified scheme, both of which facilitate snow bromine release (Custard et al., 2017; McConnell et al., 2017).

Total snowpack bromine emission flux (FeBr) is the sum of Br2 and BrCl emissions from the surface skin layer, 
and the Br2 emissions from deeper snow (FBr2). Post-depositional loss of bromine is evaluated in the model by 
comparing total surface deposition fluxes to snow emissions fluxes (Equation 4):

𝑅𝑅loss =
𝐹𝐹eBr

𝐹𝐹dBr

× 100 (4)

where Rloss is the post-depositional loss of bromine in percentage, FeBr is the total snowpack emission flux of 
bromine including Br2 and BrCl emissions, and FdBr is the total deposition flux including wet and dry deposition 
of HBr and SSA bromide.

We do not include snow chemistry for molecular chlorine (Cl2) in this study. Cl2 was not observed above the instru-
ment detection limit of 2 ppt during field campaigns in Alert, Canada (Foster et al., 2001; Spicer et al., 2002), or in 
the snow chamber experiment in Utqiagvik, Alaska (Pratt et al., 2013), but was detected at up to 400 ppt in spring 
at Utqiagvik, AK (Custard et al., 2016; Liao et al., 2014). Cl2 production is likely limited by the snow Cl − avail-
ability, since snow temperature is likely below the eutectic point (251K) for the formation of NaCl∙2H2O (Koop 
et al., 2000). Studies report different ranges for molecular chlorine emission flux from snowpack, but almost all 
observation-based calculations show that Cl2 fluxes and concentration are much lower than Br2. Compared to 
the chlorine deposition flux in polar regions (10 13 ‒10 14 molecules cm −2 s −1) (Zhai et al., 2021), the snowpack 
emission of Cl2 is at least four orders of magnitude smaller, thus is unlikely to represent a significant loss process 
for ice core chlorine.

3. Results
3.1. Ice-Core Bromine Trend Analysis

Figure 2 shows bromine records from the six Arctic ice cores. The average total bromine concentrations in AN 
ice core are 4–10 times higher than those for the Greenland ice cores. This is likely due to the proximity of AN 
to open ocean and the relatively low elevation compared to inland Greenland, as indicated by the average sodium 
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concentrations at AN that are 8–28 times higher than those for Greenland locations (Figure S1 in Supporting 
Information S1). AN also has 3–11 times higher Brexc concentrations compared to the Greenland ice cores. Brenr 
values at AN are smaller (0.2–0.8 times) compared to Greenland ice cores. This suggests that the extent of aerosol 
debromination at AN is not as extensive as in inland Greenland. Since AN is located closer to the open-ocean 
and sea-ice sea salt emission sources compared to the Greenland sites, it will experience more bromine-depleted 
coarse mode sea salt deposition. In contrast, only gas phase bromine and accumulation mode sea salt, which are 
bromine-enriched and have a longer lifetime, are transported the longer distance from sea salt source regions to 
the Greenland sites, resulting in higher Brenr (Domine et al., 2004; Nandan et al., 2017; Hara et al. (2002)).

Figure 2. Total bromine concentration (left), Brexc (middle), and Brenr (right) in the Akademii Nauk (AN), ACT_11d, Summit, Tunu, NGT_B19, and NEEM_2011_S1 
ice cores. Gray lines are the measured annual ice core concentrations (total bromine) or calculations (Brexc and Brenr), and black lines are the 9-year running average, 
with outliers outside of 1.5 × IQR (interquartile range) removed. Red stars mark the large and moderate volcanic years identified in previous studies (Opel et al. (2013) 
for AN and Cole-Dai et al. (2013) and Sigl et al. (2013) for Greenland ice cores, see also Figure S1 in Supporting Information S1).
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Change point analysis shows that of the six ice cores, only AN has significant 
trends in Brexc and Brenr since the pre-industrial (Text S2, Figures S2, and S3 
in Supporting Information S1). Figure 3 shows the results of the change point 
analysis for the AN core, with volcanic years removed (Opel et al., 2013). AN 
Brexc remained at a relatively stable concentration of 1.5 ± 0.8 ng·g −1 from 1750 
to 1940, showed a 3.7-fold increase from 1940 to 1975 (5.6 ± 3.5 ng·g −1), and 
decreased afterward by −57% (2.4 ± 0.9 ng·g −1). AN Brenr before 1850 had 
an average value of 3.3 ± 1.5. After 1940, AN Brenr increased 1.6-fold until 
1975 (5.3 ± 1.5), and decreased by −21% afterward (4.2 ± 2.7).

The presence or absence of ice core bromine trends in and of themselves is 
not necessarily indicative of the degree of bromine preservation, at least in 
part because the source regions for each ice core location may differ from one 
another. Previous studies have attributed ice core bromine trends to changes 
in sea ice extent (Spolaor et  al.,  2013a,  2013b,  2016a,  2016b; Maffezzoli 
et al., 2021), atmospheric acidity (Maselli et al., 2017), and anthropogenic 
bromine emissions from leaded gasoline (Legrand et al., 2021). Figure S4 in 
Supporting Information S1 shows the calculated 5-day back trajectory prob-
ability from the HYSPLIT model for AN, and readers are referred to Figure 
S2 in Zhai et al. (2021) for 5-day back trajectory plots for the Greenland ice 
core locations. Major sea ice source regions (>60% regional contribution) 
for the Greenland ice cores are the Greenland Sea, Baffin Bay and Labra-
dor Sea, while for AN are the Laptev Sea, Kara Sea, Barents Sea, and the 
Arctic Ocean. Sea ice extent has been declining across the Arctic since 1980 
(Brennan & Hakim, 2021), but sea ice extent in the Russian Arctic, espe-
cially in Barents Sea, has been decreasing faster than the source regions for 
Greenland ice cores (Comiso et al., 2017). Major source regions of poten-
tial anthropogenic emissions are eastern North America and Northwestern 
Europe for Greenland ice cores, and Russia and Eastern Europe for AN.

Spolaor et al. (2016a) found that ice core Brexc concentration in AN was posi-
tively correlated (r = 0.44, p-value = 0.02) with the Laptev Sea spring sea ice 
extent since 1979. Although satellite observations of sea ice are not available 
prior to 1979, sea ice reconstructions suggest small increases in sea ice extent 
after about 1940 until about 1980 in the Russian Arctic, East Greenland Sea, 
and Baffin Bay (Brennan & Hakim, 2021; Mahoney et al., 2008), qualita-
tively consistent with the increasing trends in AN Brenr and Brexc from 1940 

to the 1970s (Figures 2 and 3). If Greenland ice core bromine is influenced by sea ice extent, then we would also 
expect to see an increase in Brenr and Brexc between 1940 and the 1970s followed by a more rapid decrease since 
1979, which is not observed (Figures S2 and S3 in Supporting Information S1).

Assuming that ice core methanesulfonic acid (MSA) is a sea ice proxy, Maselli et al. (2017) calculated sea-ice 
sourced bromine based on the linear regression of ice core MSA and bromine during 1750–1880 CE, and attrib-
uted trends in non-sea ice bromine in Greenland ice cores (Summit and Tunu) after the mid-20 th century to 
changes in atmospheric acidity, which is known to facilitate aerosol debromination reactions. Measured acidity is 
similar in all six ice cores, with an increasing trend beginning in the 1940s followed by a decreasing trend after 
the 1970s (Figure S1 in Supporting Information S1). These trends in acidity are similar to the observed trends 
in Brexc and Brenr in the AN core. The existence of acidity trends combined with the lack of bromine trends over 
the same time period in the Greenland ice cores suggest either that acidity is not influencing Greenland ice core 
bromine trends, or that acidity-driven trends in bromine are not preserved in the Greenland ice cores.

Legrand et al. (2021) found that anthropogenic emissions from leaded gasoline, which is the largest historical 
anthropogenic source of bromine, is the major driver of summertime ice core bromine trends from the Col du 
Dome (CDD) ice core in French Alps. Trends in leaded gasoline usage are similar to the acidity trends (Figure 
S1 in Supporting Information S1), increasing from the 1940s to 1970s and decreasing since the 1970s in North 
America, Europe, and Russia (Thomas et al., 1997), which are the major source regions for the Greenland ice 

Figure 3. Ice-core records and trend analysis of (a) Brexc and (b) Brenr since 
year 1750 from the Akademii Nauk ice core. Blue lines are ice core Brexc and 
Brenr values calculated based on ice core measurements of sea-salt sodium and 
bromine, with previously identified volcanic years removed (Opel et al., 2013). 
Dashed black lines are the model predicted trends by the Bayesian Change 
Point algorithm. The heights of red spikes at the bottom of each panel indicate 
the probability of a potential change point. Tall, narrow spikes suggest 
relative certainty in the timing of a change point, whereas shorter and wider 
spikes suggest more uncertainty. No spikes are visible if no change points are 
identified by any of the 500 sampled solutions. Similar analysis for other ice 
core locations are in Figures S2 and S3 in Supporting Information S1.
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cores and AN (Figure S4 in Supporting Information S1). We note that sea ice extent, atmospheric acidity, and 
anthropogenic emissions of bromine all increased between the 1940s and the 1970s and declined after the 1970s, 
but only the AN core shows corresponding trends in Brexc and Brenr over this time period. The lack of significant 
trends in Greenland ice core bromine metrics may be due to poor preservation of bromine in snow and ice at 
these locations.

3.2. Modeled Snowpack Reactive Bromine Release

Figure 4a shows the model simulated annual mean snowpack bromine emission fluxes in the Arctic region. The 
model likely underestimates the total Br2 emission flux at coastal sites for all three model simulations, based 
on comparisons of the modeled emissions fluxes and prior field measurements. For example, at Utqiagvik in 
February, the model calculates a monthly average bromine emission flux of 6.3–9.1 × 10 10 atom Br cm −2 day −1 
for the three simulations, about three orders of magnitude lower than those reported in Custard et  al.  (2017) 
from February 14th and 16t 2014 (0.7–12 × 10 8 molecules cm −2 s −1, or 1.2–21 × 10 13 atom Br cm −2 day −1). The 
modeled snowpack bromine emission fluxes in the sea ice regions from DEEP and mToyota are also about 1 order 
of magnitude smaller than reported in previous 3D models for Arctic conditions in April (Swanson et al., 2022; 
Toyota et al., 2011). The underestimation in coastal regions is due to our conservative assumption of surface snow 
bromide content, which lacks replenishment from upward migration from sea ice (Domine et al., 2004; Nandan 
et al., 2017). This suggests that upward migration of bromide through the snow layer from sea ice may be impor-
tant for reactive bromine emissions and ODEs in the coastal Arctic.

Figure 4b shows the model simulated annual post-depositional loss of snow bromine in the Arctic region, calcu-
lated by comparing bromine surface deposition with snow emissions (Equation  4). The modeled maximum 
annual mean post-depositional loss across the Arctic is 26%, 50%, and >100% from SURF, mToyota, and DEEP 
simulations, respectively. In DEEP, post-depositional loss >100% is calculated only in inland central and north-
ern Greenland, where most of the ice cores are drilled, suggesting that DEEP overestimates snowpack bromine 
emissions at these sites.

Table 3 shows the deposition and emission fluxes between the snowpack and atmosphere for the six ice core loca-
tions from the SURF and DEEP simulations. The calculations for mToyota are in between these two simulations 
and are shown in Supporting Information S1 (Table S1). SURF simulation predicts similar post-depositional 

Figure 4. Simulated Arctic spatial distribution of annual mean (a) snowpack emission fluxes of bromine (Br2+BrCl), and 
(b) post-depositional loss calculated as the percentage of snowpack bromine emission fluxes (Br2+BrCl) divided by total 
bromine deposition (dry + wet) from the three simulations, SURF, mToyota, and DEEP.
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loss (9–17%) across all six ice-core locations, suggesting that factors such as snow accumulation rate, elevation, 
and distance from the coast have minimal impact on bromine loss from surface recycling. The largest snowpack 
bromine emission flux in the SURF simulation is 5.5 × 10 11 atom Br cm −2 day −1 at AN, twice the value at 
ACT_11d, and 8–9 times of the values at northern Greenland ice-core sites. The relatively large emissions flux 
from surface recycling at AN and ACT_11d is driven by larger HBr and sea salt Br − deposition flux at these 
two locations. Compared to the observed annual mean ice core bromine concentrations, SURF simulated snow 
bromide is about 2–8 times higher (Table S2 in Supporting Information S1), suggesting that loss from deeper 
snow production is needed to explain the observed snow bromine concentrations in ice cores. The mToyota 
simulation, which assumes a higher yield of Br2 from O3 deposition during sunlit periods compared to SURF, 
predicts higher emission fluxes and therefore slightly higher post-depositional loss of 13–25% across all six ice 
core locations.

The DEEP simulation predicts much higher post-depositional loss everywhere compared to the other two simula-
tions, especially in inland Greenland (Figure 4). In DEEP, total annual snow emissions are larger than total annual 
deposition at all ice-core sites except AN and ACT_11d. Since deposition is the only source of snow bromine at 
inland locations, this is not physically possible, demonstrating that our assumptions of snow emissions in DEEP 
constrained by 1D model studies in coastal spring and summertime inland sites result in an overestimate of annual 
snow bromine emissions. However, even with the overestimated bromine emissions from deeper snow in the 
model, the DEEP simulation still predicts significant (68%) preservation of snow bromine at the AN location, 
consistent with the observation that only this ice core has significant trends in Brexc and Brenr. The four northern 
Greenland ice cores (Summit, Tunu, NEEM_2011_S1, and NGT_B19) have very similar emission fluxes, since 
deeper production in the model is determined by F1Dmax scaled by the cosine of SZA. Emissions at AN and 
ACT_11d are slightly lower due to summertime surface melting in the modeled year (2007), which shuts down 
deeper production in the model. The comparison between SURF and DEEP shows that bromine loss within the 
snow photic zone but beneath the snow surface layer dominates total loss from the snowpack in the model in the 
DEEP simulation, in agreement with Toyota et al. (2014).

Figure 5a shows modeled seasonality in snowpack bromine emissions at the six ice-core sites for each model 
simulation. Monthly mean bromine emission fluxes range from 1 × 10 9 to 1 × 10 12 atom Br cm −2 day −1 at all 
sites throughout the year from surface recycling only (SURF). Loss from surface recycling is largely driven by 
the seasonality of dry deposition of total bromine (Bry + sea salt Br −) and ozone (Figure S5 in Supporting Infor-
mation S1). The mToyota simulation predicts higher emission fluxes in April at AN but similar emission fluxes 
with SURF in other months and locations, mainly driven by the seasonality in the deposition flux of ozone, the 
availability of solar radiation, and snow Br − concentrations. In April, the high values of dry deposition fluxes 
of ozone and bromine (thus snow Br −) accelerates snow Br − oxidation by ozone. Whereas in May, even though 
ozone deposition remains large, limited snow Br − hinders further production of bromine from the snowpack.

The DEEP simulation results in much higher maximum emission fluxes compared to SURF and mToyota, and 
are similar in seasonality and magnitude (with a maximum of ∼4 × 10 12 atom Br cm −2 day −1) among the ice-core 
sites since they are limited by the value of F1Dmax (8.64 × 10 12 atom Br cm −2 day −1) scaled to the SZA. Peak 

Ice core
Total deposition [×10 11 

atom Br cm −2 day −1]
Emission (Br2+BrCl) [×10 11 

atom Br cm −2 day −1]
Net upward flux [×10 11 

atom Br cm −2 day −1]

Post-depositional 
loss (Emission/

deposition)

AN 33–38 5.5–12 −28 to −26 17%–32%

Summit_2010 4.3–8.6 0.6–15 −3.7 to +6.4 14%–172%

Tunu2013 4.7–11 0.6–15 −4.1 to +4.0 13%–142%

ACT_11d 22–26 2.0–13 −2.0 to −1.3 9%–51%

NEEM_2011_S1 7.2–13 0.7–15 −6.5 to +2.0 10%–113%

NGT_B19 4.7–11 0.6–15 −4.1 to +4.0 13%–142%

Note. The lower and higher ends of the range are values calculated from the SURF and DEEP, respectively.

Table 3 
Annual Mean Snowpack-Air Exchange Fluxes of Total Bromine (Total Deposition, Emission, Net Upward Flux, and 
Post-Depositional Loss) at the Six Ice Core Locations Calculated From the SURF and DEEP Simulations

 21698996, 2023, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039257 by H
elm

holtz-Z
entrum

 Potsdam
 G

FZ
, W

iley O
nline L

ibrary on [24/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

ZHAI ET AL.

10.1029/2023JD039257

12 of 21

monthly emissions at all sites except for AN and ACT_11d are predicted in June following the seasonality of the 
SZA. Surface melting at AN and ACT_11d in summer shuts down the deeper snow bromine production, result-
ing in late spring peak (May) in snowpack bromine release at these two sites. For AN, surface melting occurs in 
summer and autumn (June‒October in year 2007) which explains the low bromine emission fluxes beginning in 
June until the next polar sunrise. At ACT_11d, surface melting and the shutdown of deep snow photochemical 
reactions occurs from June to early August in year 2007 (Figure S6 in Supporting Information S1), and similar 
emission fluxes to those of the other Greenland ice cores are found in other months.

Annual variations in summertime temperature and albedo have a large impact on the seasonality of snowpack 
bromine emissions at AN and ACT_11d. A sensitivity model simulation of the DEEP parameterization for year 
2008 shows that the emission flux of bromine peaked in June at AN and ACT_11d for year 2008, instead of 
May for the year 2007 (Figure 5a). For AN, surface melting does not start until July 2008 (Figure S6 in Support-
ing Information  S1). For ACT_11d, the albedo remained above 0.7 throughout summer 2008 (Figure S6 in 
Supporting Information S1), resulting in a bell-shaped seasonality in snowpack bromine release similar to other 

Figure 5. Modeled monthly mean snowpack (a) total bromine (Br2 + BrCl) emission fluxes and (b) post-depositional loss in percentage at the six ice-core sites from 
the three simulations for year 2007: SURF, mToyota, and DEEP, and the DEEP simulation for year 2008. Dashed gray lines mark 100% loss, above which there is mass 
imbalance (i.e., total emission larger than total deposition). Gray area is the dark period in polar winter.
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Greenland sites. Comparison between year 2007 and 2008 shows that, lower summertime temperature and later 
melt onset date postponed the peak emission time at AN and ACT_11d from late spring (May) to early summer 
(June), and increased the post-depositional loss from 32% in 2007 to 35% in 2008 for AN, and 51% in 2007 to 
68% in 2008 for ACT_11d.

Figure 5b shows the monthly average percentage post-depositional loss at each ice-core site calculated according 
to Equation 4. In our deep snow bromine production mechanism, there is no limit on available snow bromide 
that can sustain the photochemistry to produce molecular bromine, therefore we are essentially assuming infinite 
supply of snow bromide in the snow photic zone below the skin layer. As a result, most Greenland ice cores have 
mass imbalance (total bromine emission fluxes exceeding total bromine deposition fluxes) lasting for 5–7 months. 
This is not possible, since the photochemically available snow bromide will be depleted at some point, and will 
not sustain further bromine production from deeper snowpack due to lack of replenishment. At that point, surface 
recycling should be the only mechanism that is producing bromine from the snowpack.

Satellite observations show that BrO VCDs peak in coastal Artic spring (Bougoudis et al., 2020), suggesting 
factors other than SZA and actinic flux as drivers of deeper snow reactive bromine production. We speculate that 
photochemically reactive bromide deeper in the snow is depleted at some point and becomes a limiting factor for 
snow bromine emissions during the sunlit season. Because snow bromide concentrations are always greater than 
zero in Arctic ice cores (Figure 2), bromide that is subject to photochemical or reactive loss may represent only a 
fraction of total bromide in snow and ice. It is also possible that precursors to oxidant formation in the snowpack 
such as photolabile nitrate and H2O2 also become depleted and limit the production of oxidants and thus bromine 
loss deeper in the snowpack over the course of the sunlit season.

Our model underestimates the source of Bry in the sea ice region, and this underestimate would mostly impact 
the transport and deposition of bromine to the AN core due to its closer proximity to sea ice compared to the 
Greenland ice cores. The model's mass imbalance in Greenland may also be partially explained by underes-
timated source of Bry to the atmosphere. The model does not include anthropogenic bromine emissions from 
coal combustion (Lee et al., 2018). Both Greenland and AN ice cores show trends in anthropogenic emissions 
of acidity (Figure S1 in Supporting Information S1), showing that emissions from anthropogenic source regions 
influence Arctic ice core records. Our model for deep snow production of Br2 is a simplified parameterization that 
is solely based on SZA and independent of snowpack bromine concentrations. The lack of anthropogenic emis-
sions of bromine species leads to an underestimate of total deposition, which in turn could cause an overestimate 
of post-depositional loss due to the low bias in the denominator (deposition flux).

The only available ground-based observations of near surface bromine species in an inland Arctic region were 
during May‒June in 2007 and June‒July in 2008. Stutz et  al.  (2011) observed a typical BrO mixing ratio of 
1–3 pmol mol −1 and a maximum of up to 5 pmol mol −1 at Summit, Greenland using long-path differential opti-
cal absorption spectroscopy (LP-DOAS), which was shown to have excellent agreement with BrO measured by 
chemical ionization mass spectrometry (Liao et al., 2011a, 2011b). During the same campaign, Dibb et al. (2010) 
used Mist Chamber-Ion Chromatography to measure soluble Br − concentrations, with soluble Br − determined to 
be [Br −] = 0.9[Br2] + 1.0[HOBr] + 0.4[BrO] + 0.95[HBr] (in mol) (Liao et al., 2012), and reported mean solu-
ble Br − values of 0.7 ppt for 2007 and 0.3 ppt for 2008 (Dibb et al., 2010). Comparison of LP-DOAS BrO and 
mist-chamber soluble bromide observations shows that the observed BrO alone can exceed soluble bromide obser-
vations, even when accounting for the factor of 0.4 contribution of BrO to the mist-chamber observations. The 
observed LP-DOAS BrO of 1–3 ppt suggest that BrO would contribute typically 0.4–1.2 ppt to the mist-chamber 
soluble bromide. This exceeds the mean of the observed mist-chamber soluble bromide (0.7 ppt).

The DEEP modeled hourly surface BrO mixing ratio shows good agreement with the observed BrO from 
LP-DOAS (Figure 6), but overestimates soluble Br − (Figure S7 in Supporting Information S1). Modeled after-
noon boundary layer height at Summit during the campaign seasons is 267–357 m, similar to the daytime bound-
ary layer height estimated in Thomas et  al.  (2011) (20–30 m at night, and 200–300 m during daytime). The 
modeled BrO concentrations in the DEEP simulation are between 0 and 4 ppt, with an average of 1.2 ppt for 2007 
and 0.9 ppt for 2008, which is similar to those observed by Stutz et al. (2011). However, the modeled soluble Br − 
has an average of 3.1 ppt for 2007 season and 3.7 ppt for 2008 season from the DEEP scheme, more than a factor 
of 3 higher than those observed by Dibb et al. (2010). As shown in Fig.S7, the major components for soluble 
Br −are HOBr and HBr. BrO in the SURF simulation is 0.2 and 0.1 pmol mol −1 for 2007 and 2008 season, respec-
tively (Figure 6), about 1 order of magnitude lower than Stutz et al. (2011) reported. However, SURF simulated 
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mean soluble Br − is 0.5 ppt for both 2007 and 2008 seasons, which are much closer to values reported in Dibb 
et al. (2010). The discrepancy between these observations has not been reconciled.

In summary, the agreement between the DEEP simulated and the LP-DOAS observed BrO provides some validation 
to the large emission flux estimated in DEEP, even though LP-DOAS observed BrO is higher compared to the solu-
ble Br − observations. However, this large emission flux cannot be sustained by current bromine deposition flux in 
the model, likely due to a combination of overestimated emission and underestimated deposition. It is possible that 
snow bromine and/or snow oxidants are getting depleted at some point during the sunlit season, and the model lacks 
atmospheric bromine sources due to unaccounted anthropogenic sources or uncertainties in long-range transport 
(Thomas et al., 2012b). Alternatively, there may be an unknown source or mechanism (Grannas et al., 2007) that 
replenishes bromine in the snow photic zone in inland Greenland. Further investigations on the sources, evolution, 
and loss of snow bromine throughout the sunlit season are crucial for better constraining the deeper snow processes.

3.3. Model Limitations

We implemented a snowpack bromine emission scheme into a global chemical transport model based on previ-
ous 1D and 3D modeling work (Swanson et al., 2022; Thomas et al., 2011; Toyota et al., 2011, 2014). Unlike 

Figure 6. Comparison between the modeled hourly surface BrO concentrations at Summit during May‒June in 2007 (a), and 
June‒July in 2008 (b) from the SURF (blue lines and boxes) and DEEP (red lines and boxes) simulations, and the long-path 
differential optical absorption spectroscopy observed BrO concentrations from Stutz et al. (2011). Each panel has the time 
series of BrO (left) and box and whisker plot (right). The DEEP modeled average BrO concentrations are 1.2 and 0.9 ppt for 
2007 and 2008 seasons, respectively, similar to the values reported in Stutz et al. (2011).
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previous global models, our model explicitly tracked snow bromide in surface skin layer, shut down bromine 
emissions when surface melting occurs (Burd et al., 2017; Jeong et al., 2022), and separately represented the 
deposition-driven bromine recycling at the surface skin layer and the photochemistry-driven deeper snow reac-
tive  bromine production.

A major limitation of our global model is that it does not have an explicit representation of physical processes 
in the snow pack. Production of reactive bromine from deeper in the snow beneath the surface skin layer is 
calculated in our model using a simplified parameterization based on results from 1D snow-atmosphere models 
constrained by field observations (Thomas et al., 2011; Toyota et al., 2014). The 1D snow models on which the 
deeper snow production of reactive bromine was based were run over short time periods (3–8 days) during the 
spring (Toyota et al., 2014) or summer (Thomas et al., 2011), and compared well with concurrent surface obser-
vations (Liao et al., 2011; Stutz et al., 2011). Our simplified parameterization based on these 1D models resulted 
in an overestimate of reactive bromine emissions from beneath the snow skin layer over an annual cycle. Apart 
from the underestimation in atmospheric Bry deposition, this could also suggest that the photochemical reactivity 
of snow bromide in snow layers below the surface skin layer decreases over time after polar sunrise, and may 
become the major limiting factor for photochemical reactive bromine production in snowpack later in the sunlit 
season. A recent laboratory study found a factor of 4–7 decrease in heterogeneous reactivity of bromine in snow 
after 12 days of temperature gradient dry metamorphism, likely due to the burial of bromide during the process 
and the subsequent absence of bromide at the air-ice interface (Edebeli et al., 2020). However, DOAS measure-
ments at Summit during May-June, 2007 and June-July, 2008 show no drop in BrO concentrations in late summer 
(Stutz et al., 2011). The timing and extent of decrease in chemically reactive bromine needs further investigation.

In the model configurations employed in the previous and present studies, the photochemical reactivity of 
bromide captured by snow grains is pre-determined in ad-hoc manners, both in deeper layers and at the surface. 
For surface snow, we assume that only dry deposited bromide is photochemically reactive, effectively assuming 
that wet deposited bromine is encapsulated in snow grains and unavailable for surface reactions (Text S1 in 
Supporting Information S1). In their 1D snow modeling studies, Thomas et al. (2011) assumed that all bromide 
measured in surface melted snow is located in the liquid like layer (LLL) on snow grains and is thus photochem-
ically reactive, while Toyota et al. (2014) calculated the reactive concentration of bromine at the surface of the 
snow grains by scaling the bulk bromine concentrations by the volume fraction of the LLL. Additional lab studies 
aimed at better understanding the details of the photochemical reactivity of snow bromine and how it evolves over 
time are required to inform model development efforts and improve our ability to quantify bromine preservation 
in the snowpack.

In addition, the impact of snow acidity variations on the efficiency of bromine release is not considered in our 
model and is thus a source of uncertainty. Major bromine heterogeneous reactions occurring in snowpack are 
acid-catalyzed (R6, R7, and R9), and snow pH was shown to be important for the production of reactive bromine 
in snow in field experiments (Pratt et  al., 2013) and lab studies (Wren et al., 2013). The ice cores presented 
here are acidic enough (average pH = 5.4, Figure S1 in Supporting Information S1) to facilitate acid-catalyzed 
heterogeneous reactions (Pratt et al., 2013), but the relationship between the acidity of the bulk and the LLL 
is unknown. Also unknown is the importance of variations in snow acidity over time, such as varying acidity 
over the industrial era due to anthropogenic activities or spikes in acidity due to volcanic activity (Figure S1 in 
Supporting Information S1).

4. Conclusions and Recommendations for Future Work
Snowpack bromine emissions are an important local source of reactive bromine over snow covered regions and 
are needed to explain spring Arctic ODEs (Swanson et al., 2022; Jeong et al., 2022, etc.). In contrast, loss of 
bromine from the snow has been considered negligible in the interpretation of long-term ice core bromine trends 
(Vallelonga et al., 2021). To investigate the impact of snowpack release of bromine on post-depositional loss in 
ice cores, we analyzed bromine trends from six Arctic ice cores dated since the pre-industrial. Among the six ice 
cores analyzed, the coastal Arctic ice core, AN, is the only core that shows significant trends in both Brexc and 
Brenr. The timing and direction of the observed trends in the AN core are consistent with trends in atmospheric 
acidity and anthropogenic emissions of bromine from leaded gasoline since 1940, and are also consistent with 
observed trends in sea ice extent since at least 1979.
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We implemented snow bromine chemistry into a global three-dimensional model to estimate snow bromine 
preservation at the six ice core locations using several different assumptions. Model simulations with surface 
recycling show moderate snow bromine loss that is similar among the six ice core locations (9–17%). Model 
results with simplified photochemical bromine loss deeper in the snow beneath the skin layer suggest that photo-
chemistry occurring in deeper snow within the snow photic zone may dominate snowpack emissions of bromine, 
consistent with previous modeling studies at coastal locations (Toyota et al., 2014). However, model estimates of 
deeper snow production over the course of a full year are unrealistically high relative to surface deposition fluxes. 
Model simulations that include surface recycling only, with no deeper production, agree with observations of 
atmospheric soluble bromine in May, June, and July at Summit, Greenland (Dibb et al., 2010), but deeper snow 
production is needed to explain the observed BrO (Stutz et al., 2011). Quantifying the sources of snow bromine 
and the extent of bromine loss within the snow photic zone beneath the skin layer is key to understanding the 
extent of post-depositional loss of bromine in ice cores.

We hypothesize that snow bromine loss peaks in early spring after polar sunrise because snow Br − concen-
trations are highest then. As the sunlit portion of the year progresses, the amount of photochemically reac-
tive snow Br − is depleted and becomes a limiting factor for deeper snow production of reactive bromine. We 
suggest that some portion of snow bromine is not photochemically reactive and is preserved in the snowpack, 
and hypothesize that this may be related to the fraction of bromine that is wet deposited to the snowpack (Text 
S1 in Supporting Information S1). If this is true, ice-core sites with higher amounts of wet deposition will be 
more likely to preserve atmospheric bromine trends. The availability and reactivity of wet deposited bromine 
species remain largely unknown and requires detailed observational and lab investigations (Bartels-Rausch 
et al., 2014).

The potentially significant snow bromine loss calculated in our model suggests that photochemical loss of 
snow bromine must be considered when interpreting ice core bromine records. Current modeling efforts lack 
knowledge on the photochemical reactivity of snow bromine in the snow photic zone and how it evolves 
throughout the sunlit season, especially in inland Arctic sites. Improving our understanding of ice-core 
bromine preservation requires lab studies investigating the microphysics of snow grain structure, the reac-
tivity of snow bromine as a function of location in the snow grain, and how this might evolve over time 
through processes such as snow sublimation, metamorphism, melting and refreezing. It is also essential to 
determine how emissions of reactive bromine from the snow evolve throughout the sunlit portion of the year, 
particularly for inland locations where ice cores are drilled. This could be accomplished through field studies 
comparing fluxes and concentrations of atmospheric and snow bromine at different times during the spring 
and summer.

Despite the model overestimate of loss of bromine from the deeper snow layers, the AN ice core still shows 
significant preservation of bromine in the model for all sensitivity simulations, consistent with the observation 
that it is the only ice core that demonstrates significant trends since the pre-industrial. In contrast, the large 
bromine loss modeled in Greenland supports the lack of trends in Greenland ice core bromine records. The AN 
core is also the only ice core that has snow layers that are relatively isolated from sunlight due to the high snow 
accumulation rate and relatively long polar night (Text S1 in Supporting Information S1). The observed trends 
in AN total bromine are qualitatively consistent with observed trends in a mid-latitude ice core, CDD (Legrand 
et al., 2021). The  trends in the CDD ice core were mainly attributed to trends in emissions of bromine from leaded 
gasoline, which was phased out in Europe in 1970s (Lammel et al., 2002). This study does not quantify the role 
of anthropogenic emissions (including acidity and gasoline usage) or sea ice extent in regulating trends observed 
in the AN core. We will examine this in a follow-up study.

Data Availability Statement
Ice-core data for this research can be downloaded from the Arctic Data Center with Creative Commons Attri-
bution (https://arcticdata.io/catalog/view/doi:10.18739/A2K649V3D). GEOS-Chem is open software and 
available on https://doi.org/10.5281/zenodo.5047976. GEOS-Chem with snowpack bromine chemistry simu-
lations output is archived in the Dryad Data Repository (https://datadryad.org/stash/dataset/doi:10.5061/
dryad.3j9kd51r4).
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