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Abstract Bromine radicals (Br + BrO) are important atmospheric species owing to their ability to
catalytically destroy ozone as well as their potential impacts on the oxidative pathways of many trace
gases, including dimethylsulfide and mercury. Using space-based observations of BrO, recent studies
have reported rapid enhancements of tropospheric BrO over large areas (so called “BrO explosions”)
connected to near-surface ozone depletion occurring in polar spring. However, the source(s) of reactive
bromine and mechanism(s) that initiate these BrO explosions are uncertain. In this study, we investigate the
relationships between Arctic BrO explosions and two of the proposed sources of reactive bromine: sea-salt
aerosol (SSA) generated from blowing snow and first-year (seasonal) sea ice. We use tropospheric column
BrO derived from the Ozone Monitoring Instrument (OMI) in conjunction with the Goddard Earth Observing
System Version 5 (GEOS-5) data assimilation system provided by National Aeronautics and Space
Administration Global Modeling and Assimilation Office. Case studies demonstrate a strong association
between the temporal and spatial extent of OMI-observed BrO explosions and the GEOS-5 simulated
blowing snow-generated SSA during Arctic spring. Furthermore, the frequency of BrO explosion events
observed over the 11-year record of OMI exhibits significant correlation with a time series of the simulated
SSA emission flux in the Arctic and little to no correlation with a time series of satellite-based first-year sea
ice area. Therefore, we conclude that SSA generated by blowing snow is an important factor in the formation
of the BrO explosion observed from space during Arctic spring.

1. Introduction

Bromine radicals (Br and BrO) are important tropospheric trace species owing to their ability to catalytically
destroy ozone (O3) and to alter the oxidation processes of mercury (Ariya et al., 2002) and sulfur species
including dimethylsulfide (Toumi, 1994). Bromine chemistry during polar sunrise, in particular, has been of
long-term interest to the atmospheric science community; the cause of widespread polar tropospheric ozone
depletion events (ODEs) was found to be inorganic bromine species (e.g., Barrie et al., 1988). Although ini-
tial investigations of polar bromine chemistry centered around polar tropospheric ODEs, the importance of
bromine in the polar environment has been shown to extend into other research areas. For instance, bromine
radicals affect polar environments by oxidizing gaseous elemental mercury (Hg0) to reactive gaseous mer-
cury (Hg2+) that easily deposits into the polar environment (e.g., Ariya et al., 2004; Douglas et al., 2005;
Ebinghaus et al., 2002; Lu et al., 2001; Steffen et al., 2013). The sizable quantity of bromine radicals produced
in polar regions may also supply inorganic bromine to the subpolar atmosphere. Outside the polar regions,
this may potentially alter the concentrations of tropospheric ozone (Parrella et al., 2012; Saiz-Lopez et al.,
2012; Yang et al., 2005) as well as the mercury budget (Holmes et al., 2006, 2010; Parrella et al., 2012; Seigneur
& Lohman, 2008) and chemical pathways of cloud condensation nuclei (Breider et al., 2010; von Glasow &
Crutzen, 2004).
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A primary source of bromine radicals in the polar troposphere is thought to be bromide (Br−, the ionized
form of bromine) contained in sea salt. Since Br− is usually very stable due to the high electron affinity of Br,
oxidation of Br− (i.e., losing an electron) requires a special circumstance. The key process is the acid-catalyzed
reaction in a condensed phase that transforms bromide into molecular bromine (Br2; e.g., Fan & Jacob, 1992:

HOBr + Br− + H+ → H2O + Br2(condensed phase). (1)

Br2 is released to the atmosphere due to its low solubility and is photolyzed to yield the bromine radical (or
atomic bromine, Br):

Br2 + h𝜈 → 2Br(gas phase). (2)

The resulting bromine radicals lead to catalytic loss of ozone; that is,

Br + O3 → BrO + O2 (3)

BrO + XO → BrX + O2(X = Br, Cl, I, and OH) (4)

BrX + h𝜈 → Br + X. (5)

The inorganic bromine species containing oxidized bromine (Br, BrO, Br2, BrCl, BrI, and HOBr) can be consid-
ered as “activated” since these species are either radicals or can readily form radicals by photolysis. Products
from gas phase reactions may return to the condensed phase for further bromine activation (“recycling”) since
HOBr is required for oxidation of Br−. For more details on the chemistry, see Simpson et al. (2007) and Abbatt
et al. (2012).

There are two meanings of the term “bromine explosion” in the scientific literature. Wennberg (1999) first used
this term to describe the autocatalytic cycle that sharply increases the abundance of bromine monoxide (BrO)
upon return of sunlight in the Arctic. Other papers used bromine explosion to refer to the large synoptic-scale
enhancements of tropospheric BrO observed during polar spring from space (e.g., Schofield et al., 2006; Van
Roozendael et al., 2002). Here we use the term “BrO explosion” to refer to the spaceborne observation of
synoptic-scale enhancement of tropospheric BrO. Chance (1998) and Hegels et al. (1998) were the first to show
that the springtime enhancement of tropospheric BrO in the Arctic can occur over large geographic regions,
such that elevated total column BrO is readily visible from space.

The exact mechanism of the bromine activation remains uncertain. Suggested hypotheses include (and are
not mutually exclusive) the following: (1) snowpack over first-year (seasonal) sea ice and coastal regions (Pratt
et al., 2013; Toyota et al., 2014); (2) snow particles blown by wind (Jones et al., 2009, 2010; Yang et al., 2008,
2010); (3) first-year sea ice (Jones et al., 2006; Nghiem et al., 2012; Simpson et al., 2007; Wagner et al., 2007);
and (4) frost flowers (Kaleschke et al., 2004; Nghiem et al., 2012). Recent laboratory (Wren et al., 2013) and
field (Pratt et al., 2013) studies have reported active bromine release from acidic, saline snowpack in the pres-
ence of ozone and sunlight. In particular, Pratt et al. (2013) showed that the surface snowpack emits Br2, while
first-year sea ice does not produce Br2. The HOx (OH+HO2) and NOx (NO+NO2) radicals produced from snow-
pack photochemistry (Jones et al., 2001; Sumner & Shepson, 1999; Zhou et al., 2001) play important roles in
the proposed mechanism. In the quasi-brine layer of a snow grain surface, bromide (Br−) is oxidized by ozona-
tion to form HOBr and transforms to Br2 (equation (1)) or the OH radical oxidizes Br− to form Br2. Molecular
bromine, Br2, is released to the snowpack interstitial air and transforms to BrO in the presence of O3 and sun-
light (equations (2) and (3)). Reactions of BrO with HO2 and NO2 produce HOBr and BrONO2, respectively, that
recycle into the brine layer to accelerate further bromine activation. Wind pumping into the snowpack is nec-
essary for the supply of O3 in this mechanism. Burd et al. (2017) reported that the BrO seasonal end date was
highly correlated with the snowmelt onset date and that BrO was only observed at temperatures below the
freezing point. Peterson et al. (2017) emphasized the role of heterogeneous recycling on aerosol particles that
releases labile bromine species as being an important component of the mechanism that results in elevated
BrO in the free troposphere.

Studies have suggested two regimes of bromine release from snow depending on the wind speed. At low wind
speeds, reactive bromine is released from the wind-pumped sunlit snowpack. However, at high wind speeds,
reactive bromine can be released from snow particles blown into the atmosphere (Abbatt et al., 2012; Jones
et al., 2009). Depleted bromide (Br−) relative to chloride (Cl−) in Antarctic blowing snow particles, as compared
with typical sea water composition, supports this hypothesis in the Antarctic (Lieb-Lappen & Obbard, 2015).
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BrO has been the most commonly observed of the activated bromine species since it absorbs ultraviolet
(UV) radiation and can be detected with remote sensing techniques (e.g., Chance, 1998; Salawitch et al.,
2010). A number of BrO measurements that make use of differential optical absorption spectroscopy (DOAS)
techniques have been made from various platforms. For example, measurements using the ground-based
Long-Pass-DOAS (LP-DOAS) techniques have reported near-surface-enhanced BrO episodes during the polar
springtime (Hausmann & Platt, 1994; Hönninger et al., 2004; Martinez et al., 1999; Tuckermann et al., 1997).
Pöhler et al. (2010) reported enhanced BrO over first-year sea ice at Amundsen Gulf using an LP-DOAS
instrument aboard the Canadian Coast Guard Ship vessel Amundsen during the Ocean Atmospheric Sea Ice
Snowpack (OASIS)-Canada campaign. Studies using airborne DOAS instruments have demonstrated the capa-
bility to obtain free tropospheric BrO abundances (McElroy et al., 1999; Peterson et al., 2017; Prados-Roman
et al., 2011). Analysis of multiple-axis DOAS measurements (Hönninger et al., 2004) has suggested a correla-
tion between BrO abundances and contact with first-year sea ice (Simpson et al., 2007). These multiple-axis
DOAS observations also further enable investigation of the vertical distribution of BrO in conjunction with
atmospheric stability (Peterson et al., 2015; Simpson et al., 2017).

Space-based, remotely sensed measurements of BrO offer valuable information to study polar tropospheric
bromine chemistry, because they can image vast areas that are otherwise difficult to cover with suborbital
platforms. Because of the relatively high surface albedo of snow and ice in the polar environment, space-
borne UV measurements are more sensitive toward the troposphere than other regions with lower surface
albedo (Choi et al., 2012; Theys et al., 2011). Since total column BrO measurements became available from
nadir-viewing observations of the Global Ozone Monitoring Experiment (GOME) aboard the European Space
Agency European Remote Sensing 2 satellite (Chance, 1998, 2002; Hegels et al., 1998; Richter et al., 1998;
Wagner & Platt, 1998), similar approaches have been applied to other UV satellite instruments including the
SCanning Image Absorption SpectroMeter for Atmospheric CHartographY on the European Space Agency
Environmental Satellite (EnviSat; Theys et al., 2004, the Ozone Monitoring Instrument (OMI) aboard U.S.
National Aeronautics and Space Administration (NASA) Aura spacecraft (Choi et al., 2012; Salawitch et al.,
2010), and the second GOME on the series of European Organisation for the Exploitation of Meteorological
Satellites (MetOp; Begoin et al., 2010; Blechschmidt et al., 2015; Theys et al., 2011; Zhao et al., 2016).

Tropospheric column BrO can be retrieved from nadir-viewing satellite measurements after subtraction of an
estimated stratospheric burden (Salawitch et al., 2010; Theys et al., 2009) and radiative transfer analysis. One of
the most noticeable findings from the early era of satellite measurements is the rapid increase of tropospheric
BrO lasting several days over large areas reported from the early era of satellite BrO measurements (e.g.,
Chance, 1998; Wagner & Platt, 1998). Beyond the mere reporting of such phenomena, the excellent spatial cov-
erage of large swath satellite instruments allows for the study of the origin and behaviors of tropospheric BrO
explosions over the entire Arctic and Antarctic regions. For example, Begoin et al. (2010) investigated a BrO
explosion coincident with a polar cyclone and its potential long-range transport using GOME-2 BrO data and
the FLEXible PARTicle dispersion model. Blechschmidt et al. (2015) analyzed an enhanced BrO event in con-
text of frontal activities near a low-pressure system using GOME-2 BrO and European Center for Medium range
Weather Forecasting meteorological data. Moreover, measurements from polar-orbiting spacecraft allow the
evolution of BrO explosions to be traced with fine temporal resolution (∼1.5 hr) owing to frequent overpasses
at high latitudes (Choi et al., 2012).

The abundance of BrO can also be observed in situ using chemical ionization mass spectroscopy (CIMS) from
ground- and aircraft-based platforms (Buys et al., 2013; Liao, Huey, Scheuer, et al., 2012; Liao, Huey, Tanner,
et al., 2012; Liao et al., 2011; Neuman et al., 2010; Peterson et al., 2015). However, such measurements are
sparse since they are typically made during a limited number of specialized field campaigns. Comprehensive
analysis of aircraft measurements, OMI tropospheric column BrO, and meteorological reanalysis indicated that
Arctic tropospheric BrO explosion events can be connected with near-surface weather, including high wind
speeds and high planetary boundary layer (PBL) heights (Choi et al., 2012).

There is interest in understanding the role of climate change in the Arctic on BrO explosions as well as ODEs
(e.g., Burd et al., 2017; Hollwedel et al., 2004). Tropospheric ODEs do not always coincide with tropospheric
BrO enhancements observable by nadir-viewing satellite instruments. We do not expect to see enhanced
tropospheric column BrO where O3 is severely depleted (≲1 ppbv), because active bromine (Br+BrO) parti-
tions to atomic Br when ambient levels of O3 are suppressed (Choi et al., 2012; Simpson et al., 2007). In the
Arctic, downward transport of air from the free troposphere to the convectively mixed boundary layer acts
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as a source of O3 to the lowermost atmosphere. This source of O3 is strongest under conditions of deep mixing
and/or strong winds. When the mixed layer is shallow and wind speed is low, O3 can be quickly depleted to a
sub-parts per billion level and active bromine will be present mainly as Br. This may explain why Jones et al.
(2009) associate some ODEs (in the Antarctic) with conditions of low wind speed and others with high wind
speed based on modeling results, while at the same time they stated that satellite measurements of elevated
column BrO were only reported under conditions of high wind speed during October 2007 over the Weddell
Sea. The Jones et al. (2009) study does not preclude the presence of elevated BrO mixing ratios existing under
conditions of low wind speed and shallow boundary layer.

For a BrO explosion to be observable from a nadir-viewing satellite instrument, either a high boundary layer
height (i.e., deep mixing layer) condition is required or the enhanced BrO must extend above the top of the
convective boundary layer. Since satellite measurements retrieve tropospheric column BrO, even highly ele-
vated mixing ratios of BrO can result in low to moderate enhancements of the column, if the vertical extent
of enhanced BrO is shallow (e.g., Sihler et al., 2012). On the other hand, numerous studies that have examined
enhancements of satellite BrO are consistent with the time and place of elevated tropospheric BrO mixing
ratios from suborbital observations only when the enhancement of BrO occurs either in a deep boundary
layer or in the free troposphere (e.g., Choi et al., 2012; Peterson et al., 2017; Salawitch et al., 2010).

While model (Toyota et al., 2011; Yang et al., 2008, 2010) and observation/model studies of ozone-depleted
air (Jones et al., 2009) suggest a connection between high BrO and blowing snow, very few in situ or
ground-based measurements of BrO have been made in the presence of blowing snow (Hönninger et al., 2004;
Hönninger & Platt, 2002). Blown snow particles and associated severe weather conditions pose a substantial
challenge to most in situ and ground-based measurements techniques. However, there are field studies that
support coincident BrO explosions and blowing snow events or blowing snow-generated sea-salt aerosols
(SSAs). Jones et al. (2009) reported that enhanced BrO and depleted boundary layer ozone were coincident
with high wind speeds and saline blowing snow in the Antarctic. In the Arctic, Frieß et al. (2011) showed ele-
vated BrO coincident with wind speeds in excess of 5 m/s, which caused snow and ice particles to become
airborne, during OASIS campaign conducted at Barrow, Alaska, in spring 2009. In addition, Jacobi et al. (2012)
showed that bromide undergoes more complex behavior than other sea-salt components during a blowing
snow event including transformation into volatile compounds.

Satellite observations of BrO can provide useful information to examine the relationship between BrO
enhancements and blowing snow. For example, Yang et al. (2010) used GOME tropospheric column mea-
surements to evaluate simulated bromine chemistry, and Theys et al. (2011) reported that the hypothesis of
bromine release from blowing snow is supported by tropospheric column BrO data from GOME-2 for cases
observed in 2007 and 2008. Finally, Nghiem et al. (2012) suggested that the high BrO events observed at
Amundsen Gulf during the OASIS campaign may be associated with the rising air parcels that originate over
both first-year and mixed sea ice, implying a connection between high tropospheric BrO and meteorology
that is consistent with our findings shown below.

In this study, we investigate the connection between tropospheric BrO explosions and blowing snow events
by utilizing daily images and the long-term record of OMI BrO observations. We infer occurrences and extents
of BrO explosions using tropospheric column BrO estimates derived from OMI on board the NASA Aura satel-
lite, as detailed in section 2.1, and simulate the SSAs generated from wind-driven blowing snow events with
the Goddard Earth Observing System Version 5 (GEOS-5) model (section 2.2). Ground-based measurements
of total and stratospheric columns of BrO (section 2.3) are used to evaluate OMI total and model-based
stratospheric columns BrO used in this study in section 3.1. Cloud-Aerosol LIdar with Orthogonal Polarization
(CALIOP) blowing snow detection measurements (section 2.4) are used to evaluate GEOS-5 simulated blow-
ing snow SSA in section 3.2. Moderate Resolution Imaging Spectroradiometer (MODIS) daily pan-Arctic sea
ice lead maps (section 2.5) and airborne active bromine measurements from the National Oceanic and Atmo-
spheric Administration (NOAA) Aerosol, Radiation, and Cloud Processes affecting Arctic Climate (ARCPAC)
campaign (section 2.6) are used to investigate an exemplary case in section 3.3.5. Weekly sea ice age maps
from National Snow and Ice Data Center (NSIDC) are used to determine the first-year sea ice area (section 2.7).
We conduct case studies of BrO explosions associated with blowing snow (section 3.3). We also examine the
interannual variability and correlation of the frequencies of BrO explosions, blowing snow SSA emission, and
first-year sea ice area (section 3.4).
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2. Materials and Methods
2.1. OMI Tropospheric Column BrO
We derive tropospheric vertical column density (VCD) of BrO using the residual method with total BrO slant
column densities (SCD) derived from OMI (OMBRO product; section 2.1.1), a climatology of model-estimated
stratospheric column BrO (section 2.1.2), and air mass factors (AMF) calculated from the LInearized Discrete
Ordinate Radiative Transfer model (Spurr et al., 2001). Each component is described below.
2.1.1. OMI Total BrO SCD
OMI is a nadir-viewing hyperspectral UV and visible radiometer (Levelt et al., 2006, 2017) that has been fly-
ing on the NASA Aura satellite since the middle of 2004. Aura is in a Sun-synchronous polar orbit with a local
overpass time of ∼13:30 at the equator. The full width at half maximum spectral resolution of the OMI UV-2
channel used to retrieve BrO columns is approximately 0.5 nm. The OMI swath width is ∼2,600 km. The spa-
tial resolution of the OMI UV-2 channel is approximately 13 × 24 km2 at the swath center and significantly
larger at the swath edges. The wide swath of OMI provides multiple daily observations at high latitudes in
spring and daily global coverage at low and middle latitudes. An obstruction outside the instrument that pro-
duces radiance errors (known as the “row anomaly”) reduced the swath coverage mainly after May 2008; we
exclude the affected pixels in our analysis according to quality flags provided in the Level 1B OMI data set
(Claas et al., 2010).

OMI BrO SCDs are retrieved by fitting a model function to OMI UV backscattered radiance, using a nonlinear
least squares minimization approach (Suleiman et al., 2018). The model consists of the OMI-observed solar
irradiance, attenuated by molecular absorption by BrO (the target gas), O3, NO2, HCHO, and SO2, as well as
inelastic rotational Raman scattering (also known as the Ring effect), plus closure polynomials. The spectral
fitting window for the OMI algorithm is 319 to 347.5 nm. Absorption cross sections for BrO at 228 K from
Wilmouth et al. (1999) are used. The uncertainty of OMI BrO total column related to spectral fitting ranges
from about 15% to 51% (Kurosu & Chance, 2011).
2.1.2. Model-Estimated Stratospheric Column BrO
We estimate stratospheric column BrO using the dynamic climatology of Theys et al. (2009, 2011), which is
based on the Belgian Assimilation System for Chemical ObsErvations model (Theys et al., 2009). Theys et al.
(2009) provided stratospheric BrO column as a function of latitude and longitude throughout the globe, based
on their model simulation performed for three years (April 2003 to March 2006). They assumed an inorganic
bromine (Bry) supply by very short lived bromocarbon to the stratosphere of 6 parts per trillion by volume
(pptv) that includes 5 pptv of Bry from dibromomethane (CH2Br2) source gas injection and 1 pptv of inorganic
product gas injection of decomposed bromocarbons.

In order to build the dynamic climatology, the relationship between stratospheric O3 and Bry is utilized to
prescribe Bry abundances as a function of total ozone column. Solar zenith angle (SZA) is similarly used to
parameterize photochemistry, such that the resulting BrO corresponds to the time of an OMI overpass. The
stratospheric NO2 column is used to account for the amount of Bry that is present in the form of BrONO2, a
major reservoir species. The dynamic climatology consists of a set of Bry profiles as a function of month, lati-
tude, and the total ozone column and a set of profiles of Bry to BrO partitioning ratio at the OMI overpass time
as a function of month, latitude, SZA, and the stratospheric NO2 column. We use the OMI-TOMS (OMTO3) total
ozone product (McPeters et al., 2008) and stratospheric column NO2 from the NASA Global Modeling Initia-
tive model (Duncan et al., 2007; Strahan et al., 2007) as inputs for the dynamic climatology. We use tropopause
pressure from Modern Era Retrospective analysis for Research and Applications (MERRA; Rienecker et al., 2011)
to integrate the BrO profiles from the climatology to obtain the stratospheric BrO column.

We have based our analysis on the stratospheric BrO column climatology of Theys et al. (2009) because this
method is computationally efficient, straightforward, and robust. This climatology has undergone exten-
sive evaluation using multiple ground-based measurements spanning many years (Theys et al., 2009).
A stratospheric BrO mixing ratio profile is found as a function of month, latitude, SZA, total column O3, and
stratospheric column NO2. Also, this framework allows us to account for the negative trend in stratospheric
bromine loading due to the slow, gradual decline in the abundance of substances regulated by the Montreal
Protocol over the time period of the study. One drawback to the Theys et al. (2009) method is the use of total
column O3, which is assumed to act as an inert tracer. This approach becomes an inaccurate way to estimate
stratospheric BrO during times when column O3 is strongly affected by chemical loss, such as occurred during
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spring 2011 (Manney et al., 2011). Therefore, data collected in March 2011 have been excluded from the time
series analysis in section 3.4.
2.1.3. Tropospheric BrO VCD
Tropospheric column BrO is estimated from satellite total column BrO retrievals using the residual method.
Here we provide a brief explanation of this method (see Choi et al., 2012; Theys et al., 2011, for details).

Tropospheric BrO vertical column densities (VCDTrop) can be obtained from OMI BrO total slant column
(SCDTotal, in section 2.1.1) by (1) subtracting the stratospheric BrO columns (VCDStrat, in section 2.1.2) and (2)
applying stratospheric and tropospheric AMF (AMFStrat and AMFTrop, respectively):

VCDTrop =
SCDTrop

AMFTrop
=

(SCDTotal − SCDStrat)
AMFTrop

=
(SCDTotal − VCDStrat ⋅ AMFStrat)

AMFTrop
. (6)

AMFTrop is calculated at 344.6 nm using the LIDORT model (Spurr et al., 2001). For the calculation of AMFTrop,
we use a clear scene assumption as well as the composite BrO profile obtained from airborne measurements
during the NASA Arctic Research of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS)
campaign as an a priori profile (Choi et al., 2012). The estimated AMFStrat provided in the OMI total BrO column
product is used in this calculation. We include negative values of tropospheric column BrO in pixels where
SCDStrat ≥ SCDTotal. The fraction of negative pixels is less than 2%.

We filter data according to several criteria: (1) we use data only where the estimated surface reflectivity>0.6,
because the UV satellite measurement is not very sensitive to lower tropospheric BrO when the surface is dark
(Choi et al., 2012; Theys et al., 2011). In other words, we obtain tropospheric column BrO only where the surface
is covered by snow or ice. (2) We attempt to remove data that are substantially affected by clouds, using the
difference between the OMI rotational Raman cloud pressure and the terrain pressure. Data are retained only
when this difference is <100 hPa (Vasilkov et al., 2008). Vasilkov et al. (2008) showed with radiative transfer
calculations that clouds with optical thickness greater than about 15 (that they refer to as “shielding clouds”)
should be detected with these criteria. They showed good agreement of OMI-detected clouds over snow/ice
with coincident CloudSat-detected optically thick clouds. The retained tropospheric column BrO data exhibit
little to no correlation with the OMI O2-O2 cloud scene pressure deduced using the OMCLDO2 product, which
supports the notion that scientific conclusions are not altered by the effect of light path enhancement by
clouds (see Figures S1–S4 in the supporting information). (3) We only use data with SZA <84∘ for daily map
analyses in section 3.3 and <80∘ elsewhere, because the uncertainties at SZAs larger than 84∘ are very high
due to increased Rayleigh scattering, interference by O3, and the BrO photochemistry varying along the light
path. Data for which 80∘ ≤ SZA< 84∘ are included in daily maps, since these data may be used for qualitative
interpretations, although they are not suitable for quantitative analysis. We note that tropospheric column
BrO may be filtered out even where total and stratospheric columns are available, for example, due to optically
thick clouds. In the maps of BrO columns in this study, we show data only where OMI tropospheric column
BrO passed all of the filtering criteria.

2.2. GEOS-5 Simulations of Blowing Snow SSA
We use the GEOS-5 Data Assimilation System (GEOS-DAS) to estimate SSA emission generated from
wind-driven blowing snow. The GEOS-DAS, developed by NASA Global Modeling and Assimilation Office, is
composed of a global circulation model (GCM) and an analysis system (Rienecker et al., 2008) along with other
components including a fully coupled aerosol transport module based on the Goddard Chemistry, Aerosol,
Radiation, and Transport model (Chin et al., 2002). For this study, the GCM and aerosol module were run
at a c48 horizontal resolution (corresponding to 2∘ × 2∘) with 72 vertical layers between the surface and
about 80 km. The model was run in a replay mode; we do not assimilate the OMI tropospheric BrO column
measurements in the GEOS-5 model, and the simulated SSA does not interact with aerosol-related dynam-
ics in the model. The replay mode uses previously computed analyses of the meteorological state every 6 hr
(i.e., winds, temperature, and specific humidity) as initial states for the GCM (Buchard et al., 2015). The analyzed
fields are obtained from the MERRA (Rienecker et al., 2011), a static version of the GEOS-5 DAS that is used for
reanalysis spanning the satellite era. In the replay mode, the aerosols are directly transported but are not used
for radiative transfer calculations within the GCM. The parameterized SSA emission used within this system is
described below. We also use MERRA meteorological fields to investigate the relationship between Arctic tro-
pospheric BrO (derived from OMI data) and climatological factors. The spatial resolution of the MERRA fields
used in this investigation is 1/2∘ latitude × 2/3∘ longitude, finer than the fields used to run the simulation.
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We derive the SSA emission flux from wind-driven blowing snow events over Arctic sea ice using a method
similar to that of Yang et al. (2008). The SSA production is parameterized as a two-step process: (1) saline
snow particles (i.e., wet sea-salt particles) are blown into the atmosphere when the wind speed exceeds the
temperature-dependent threshold and (2) the lifted snow particles achieve complete drying by sublimation
and become dry sea-salt particles. Henceforth, we refer to these particles as “blowing snow-generated SSAs.”

The threshold wind speed at 10-m altitude for a blowing snow event to occur can be expressed as a function
of ambient temperature (Ta, in Celsius):

Ut = 6.975 + 0.0033(Ta + 27.27)2 [m∕s]. (7)

With this formula, the minimum threshold wind speed is achieved at 245.88 K (or−27.27 ∘C). Snow tends to be
wet and the embedded water leads to the greater cohesion of the snowpack at higher temperatures (∼0 ∘C),
while cohesion associated with strengthening elastic and frictional forces reduces the capacity of the wind to
displace snow from the surface at lower temperatures (Déry & Yau, 1999).

The size distribution of the lifted snow particles is parameterized as a two-factor gamma function:

f (di) =
edi∕𝛽 ⋅ d𝛼−1

i

𝛽𝛼 ⋅ Γ(𝛼)
, (8)

where di is snow particle diameter, 𝛼 and 𝛽 are, respectively, shape and scale parameters, and Γ is the gamma
function (Schmidt, 1982). The mean diameter is given as d̄i = 𝛼 ⋅ 𝛽 . We take values of 𝛼 = 2 and d̄i = 75 μm
from the model study of Yang et al. (2008) and measurements by Mann et al. (2000), giving 𝛽 of 37.5 μm.

The lifted snow particles are assumed to achieve complete drying by sublimation. For a lifted snow particle,
the diameter of the corresponding dry sea-salt particle is determined by the size and the salinity of the initial
snow particle. We obtain the dry SSA particle size distribution using the snow salinity psu (practical salinity
unit, normally measured in gram per kilogram saltwater) frequency distribution function provided by Massom
et al. (2001) and used by Yang et al. (2008, 2010). The dry SSA emission flux (QSSA) can be expressed as follows:

QSSA =
Qs

1000 ∫
∞

0 ∫
∞

0
f (di)𝜁𝜓(𝜁 )d(di)d𝜁, (9)

where Qs is blowing snow sublimation flux, 𝜁 is the snow salinity, and 𝜓 (𝜁 ) is the snow salinity frequency
distribution function (Yang et al., 2008). With this parameterization, the SSA emission flux is proportional to
the blowing snow sublimation flux. We employ the parameterization of bulk snow model by Déry and Yau
(1999), where the blowing snow sublimation flux is described as a function of wind speed, relative humidity,
and snow age.

Salinity is an important factor related to microphysical processes of bromine release from snow, because
SSA emission from blowing snow depends on snow salinity. Particularly in the parameterization used in
equation (9), the probability density function (PDF) of snow salinity is necessary. Massom et al. (2001), con-
ducted in Antarctica, is the only study to our knowledge that provides a published PDF for snow salinity. While
a median value of Antarctic snow salinity given by Massom et al. (2001) is ∼3.125 psu, the median snow salin-
ity measured in the Arctic ranges from ∼0.0005 psu (fresh snow, Toom-Sauntry & Barrie, 2002) to ∼3.84 psu
(snow on thin first-year sea ice surface, Krnavek et al., 2012). Moreover, Krnavek et al. (2012) reported that
snow over thin and thick first-year sea ice is more saline (medians∼3.84 and∼1.47 psu, respectively) than over
multiple-year sea ice (median ∼0.015 psu). If this was the case over the entire Arctic, we would expect less
blowing snow SSA mass emission flux with smaller particle sizes from multiple-year sea ice than presented in
this study, as less salinity results in smaller particle size in parameterization by Yang et al. (2008).

We performed an additional calculation to assess the role of first-year sea ice in driving the BrO explosions, as
viewed from space. For this sensitivity study, we assumed that the snow salinity PDF of Massom et al. (2001)
occurred only over first-year sea ice and that the salinity, and hence SSA emission, is 0 over the multiple-year
sea ice. Results are presented in sections 3.2 and 3.4 comparing the two assumptions regarding SSA
emission: (1) SSA emission over sea ice of any age and (2) SSA emission over first-year sea ice only. For most of
the results shown in section 3.3, we use the assumption of SSA emission over sea ice of any age because the
results based on this assumption give overall better agreement with OMI tropospheric column BrO than the
simulation that assumes modeled SSA emission only over first-year sea ice. Our sensitivity study is motivated
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by Krnavek et al. (2012) and Toyota et al. (2011). Krnavek et al. (2012) reported that snow on first-year sea ice
has higher salinity than that on multiple-year sea ice. Toyota et al. (2011) reported that their simulated BrO
shows a better agreement with satellite measurements when assuming first-year sea ice is more effective in
releasing active bromine than multiple-year sea ice.

We exclude dry SSA particles with diameters >10 μm due to their short lifetime in the atmosphere. Open
oceans and surfaces without snow cover are neglected in the analysis since no blowing snow is expected from
such surfaces. We also neglect inland Greenland, since the snowpack in this region is likely not saline enough
to emit SSAs. We define “snow age” as the time elapsed since the last snowfall inferred from GEOS-5 snow
precipitation flux and use a snow age factor (equation (5) of Yang et al., 2008) to address decreasing emission
flux of blowing snow SSA over time. We assume that no blowing snow-generated SSA is produced for snow
age >7 days, since the snow age factor to which Qs in equation (9) is proportional behaves in a physically
nonrealistic manner if snow age is greater than 7 days.

The GEOS-5 fields (such as SSA) are available every 3 hr. We sample the model fields at the time closest to the
approximate OMI local overpass over the Arctic (14:00). The maximum time difference between the model
and OMI overpass is 1.5 hr. The one exception is that, for 16–18 April 2008, the model output was sampled
at a fixed time of 1:30 UTC near the North Pole because of the very patchy structure introduced by small
differences in satellite overpass time near the pole.

2.3. Ground-Based BrO Column Measurements at Harestua
Ground-based BrO columns at Harestua, Norway (60∘N, 11∘E), are derived from vertical profiles retrieved
by applying an optimal estimation method-based profiling algorithm to zenith-sky DOAS BrO SCD mea-
surements at sunset (Hendrick et al., 2007). Zenith radiance spectra are analyzed in the 336 to 359-/345 to
359-nm wavelength range using a fixed reference spectrum corresponding to clear-sky noon summer con-
ditions and the Wilmouth et al. (1999) absorption cross sections for BrO. Regarding the other DOAS settings,
the main changes with respect to Hendrick et al. (2007) are the following: O3 cross sections at 218 and
243 K from Brion et al. (1998), Daumont et al. (1992), Malicet et al. (1995), a Taylor expansion of O3 SCD in
wavelength and vertical optical depth as in Puķı̄te et al. (2010), and O2-O2 cross sections from Greenblatt
et al. (1990).

To best ensure the photochemical matching between satellite and ground-based observations, only
ground-based vertical profiles at the closest twilight period (sunset) have been photochemically converted
to the OMI equator overpass time (∼13:30 LT) by means of the stacked box photochemical model included in
the profiling algorithm (see Hendrick et al., 2009, 2007, for more details). Twilight conditions (sunrise or sun-
set) are needed for the retrieval because it is the period of the day where the BrO SCD shows the strongest
variation with SZA. The sensitivity of the zenith-sky observations to tropospheric BrO is increased by using
for the DOAS analysis a fixed reference spectrum corresponding to clear-sky noon summer and low BrO
absorption conditions.

2.4. CALIOP Blowing Snow Detection
The CALIOP lidar instrument was launched in April 2006, aboard the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation satellite, a joint mission between the French Centre National d’Études
Spatiales and NASA (Winker et al., 2007, 2009). The CALIOP instrument has been used to detect the presence
of blowing snow (Palm et al., 2011). The blowing snow product from CALIOP is binary: that is, either the pres-
ence or absence of blowing snow is reported. The diameter of CALIOP footprint is approximately 90 m. The
spatial coverage of CALIOP measurements is up to latitude 82∘N.

2.5. MODIS Daily Pan-Arctic Sea Ice Lead Maps
We use daily pan-Arctic sea ice lead maps by Willmes and Heinemann (2015) to investigate a BrO explosion
event observed by OMI in terms of sea ice leads. A lead is defined by the World Meteorological Organization
as a more than 50-m-wide crack in the ice, from several kilometers to hundreds of kilometers in length.
Willmes and Heinemann (2015) use thermal-infrared data from the MODIS sensor aboard NASA’s Terra and
Aqua spacecraft to obtain Arctic sea ice lead maps. Over sea ice, their algorithm gives the following four cate-
gories: sea ice, lead, clouds (i.e., no data), and “artifact.” By employing a conservative artifact class that contains
50% of true leads, sea ice leads are identified with high confidence (95%; see Willmes & Heinemann, 2015, for
more details).
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2.6. ARCPAC Airborne In Situ Active Bromine Measurements
We use airborne in situ chemical ionization mass spectroscopy “active bromine” (Br2 + HOBr) measurements
aboard the WP-3D aircraft during NOAA ARCPAC campaign in April 2008 (see Neuman et al., 2010, for details).
In section 3.3.5, we investigate a BrO explosion event observed by OMI on 19 April 2008 that was coincident
with high active bromine reported by the CIMS instrument on the WP-3D on this day during ARCPAC.

2.7. First-Year Sea Ice Area
We use maps of sea ice age provided by NSIDC (Tschudi et al., 2017). These estimates are based on remotely
sensed sea ice motion and sea ice extent for the Arctic Ocean. These data are used for our case studies (maps)
as well as our time series analysis (area of first-year sea ice).

3. Results
3.1. Evaluation of OMI and Model-Based BrO Columns
Figure 1 quantifies the consistency between the OMI total column BrO operational product and stratospheric
column BrO from the model-based climatology by comparing these two time series with ground-based
measurements from Harestua, Norway (60.2∘E, 10.7∘E), during March and April of years 2005 to 2011. Esti-
mated uncertainties of the presented BrO columns are as follows: 14% for OMI total column BrO, 16%
for ground-based total column BrO, 30% for model stratospheric column BrO, and 20% for ground-based
stratospheric column BrO.

Figure 1a shows the time series of total columns BrO from OMI (black) and the ground-based measurement
(red), and Figure 1b shows a scatter plot of the two total column BrO data sets. The OMI time series were
obtained by averaging all data within a 2.5∘ latitude by 5.0∘ longitude box, centered over Harestua, on a daily
basis. The uncertainties are also shown by the green error bars on Figure 1b. These comparisons can only be
made for years 2005 to 2011, because retrievals from Harestua for later years are still being processed.

This analysis shows that OMI total column BrO is, on average, 13% higher than retrieved by the ground-based
instrument. This overestimation could be caused by the difference in the fitting windows used by OMI
(319–347.5 nm) and the ground-based retrieval (336–359 nm). It is well known that changing DOAS fitting
windows can result in a difference of retrieved BrO column comparable to the offset shown in Figure 1a.
Another possible explanation for the observed difference in the total column magnitudes is uncertainties in
the AMFs used in both OMI and the ground-based retrievals. In terms of temporal variations, the OMI and
ground-based total columns BrO exhibit a moderately positive correlation. Visual inspection shows similar
temporal variations of the two time series, and most importantly, the agreement does not degrade over time.
This result indicates that the instrumental degradation OMI (Schenkeveld et al., 2017) has a minimal effect on
our analyses.

The scatter plot shown in Figure 1b illustrates that the two observations of total column BrO lie close to the
one to one line. Figure 1b also includes the numerical value of reduced chi squared (𝜒2

𝜈
), the goodness of fit

parameter. The value of 𝜒2
𝜈

of 0.454 shows that the offsets of these two measurements of total column BrO
are within the respective uncertainties. The data exhibit a correlation coefficient of 0.54, which is caused in
part by the clustering of both data sets near the same mean value. The variability of total column BrO over
Harestua is smaller than observed in other parts of the Arctic (i.e., Figure 2), because this inland site does not
experience significant enhancements of tropospheric BrO.

Figure 1c shows time series of stratospheric column BrO (VCDStrat), inferred as described in section 2.1.2,
for the location of Harestua (black) as well as ground-based measurements of VCDStrat at this site (red). We
also present OMI total column O3 (blue) in Figure 1c, because this quantity is used as part of the method
to determine VCDStrat (Theys et al., 2009). Figure 1d shows a scatter plot of the two data sets for VCDStrat.
The measured and modeled values of VCDStrat agree to within 5%, lie close to the one to one line, and
exhibit a value of reduced chi squared equal (𝜒2

𝜈
) to 0.135, which indicates excellent agreement to within the

respective uncertainties.

The correlation coefficient for the two VCDStrat data sets is 0.49, slightly lower than found for total column
BrO. The largest difference between the two values of VCDStrat occurs when total column ozone drops below
∼280 DU (i.e., March 2011). Under this condition, the method for estimating VCDStrat has a higher error.
Henceforth, we exclude data acquired during March 2011 because chemical loss of stratospheric ozone in
the Arctic for this winter led to extensive regions where column O3 fell below 280 DU (Manney et al., 2011).
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Figure 1. Time series and scatter plots comparing data used to derive OMI tropospheric column BrO and ground-based
measurements during March and April for 2005–2011; (a) OMI operational total column BrO vertical column density
(black) and ground-based total column BrO (red), (b) scatter plot between OMI operational and ground-based total
columns BrO, (c) model-estimated stratospheric column BrO (black), ground-based stratospheric column BrO (red),
and OMI total column O3 (blue), and (d) scatter plot between model-estimated and ground-based stratospheric
columns BrO. Estimated uncertainties of BrO columns are as follows: 14% for OMI total column BrO, 16% for
ground-based total column BrO, 30% for model stratospheric column BrO, and 20% for ground-based stratospheric
column BrO. OMI = Ozone Monitoring Instrument.

Evaluation and validation of tropospheric residual BrO is challenged by the fact that few observations of
tropospheric column BrO exist in regions of the BrO explosions. We show in section 3.3.5 that limited in
situ observations of BrO are well aligned with the crescent-shaped structure of enhanced tropospheric
column BrO inferred from our analysis of the OMI data. Also, prior studies have shown fairly good agree-
ment between tropospheric column BrO found from aircraft profiles and residual tropospheric column BrO
found by a method similar to that used here (Choi et al., 2012; Liao, Huey, Scheuer, et al., 2012; Salawitch
et al., 2010).

Figure 2. (a) OMI-observed total BrO column, (b) model simulated stratospheric BrO column, and (c) the derived OMI
tropospheric BrO column, in which the locations of OMI orbits 19743 and 19750 are shown, for 1 April 2008. Regions
for which OMI tropospheric column did not pass the filtering criteria (see the last paragraph of section 2.1.3) are
denoted as white. OMI = Ozone Monitoring Instrument.
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Figure 3. (a) Probability density functions of tropospheric column BrO observed from OMI orbit 19743. (b) Similar to
(a) but for OMI orbit 19750. See Figure 2c for the location of each orbit. The threshold used to determine the BrO
explosion is given by the vertical dotted line on each panel. OMI = Ozone Monitoring Instrument; VCD = vertical
column density.

Figure 2 shows sample maps of OMI total column BrO (Figure 2a), the model stratospheric column BrO

(Figure 2b), and the tropospheric column BrO (Figure 2c) derived using the residual method for 1 April 2008.

This day includes a good example of a region with a tropospheric BrO explosion. The OMI total column BrO

shows pronounced enhancements over the East Siberian Sea, the Canadian Archipelago, and Nunavut terri-

tory. Moderately high total column BrO is also present along the north coast of Russia and the Kara Sea. In

contrast, OMI measured low total column BrO over inland Alaska and Greenland. The stratospheric column

BrO is also elevated over the north coast of Russia and a narrow region along 120∘W longitude, in addition to

the Canadian Archipelago. Meanwhile, diminished stratospheric column BrO is observed over inland Green-

land and Alaska, which agrees with the observed OMI total column BrO. The calculated OMI tropospheric

column BrO reveals apparent enhancement over the East Siberian Sea, after all stratospheric structures have

been removed from the OMI total column.

Figure 3 shows the PDFs of tropospheric column BrO for OMI orbit 19743 (left panel) and 19750 (right panel)

on 1 April 2008 for observations obtained north of 65∘N. The outlines of these orbits are shown in Figure 2c.

The PDF for orbit 19743 includes an apparent BrO explosion. The PDF of tropospheric BrO column from

orbit 19750 exhibits an almost normal distribution, with a mean and standard deviation of ∼2.5 × 1013 and

∼1.3× 1013 molecules/cm2, respectively. A noticeable feature for OMI orbit 19743 is a “tail” on the right side of

the PDF, which indicates enhanced tropospheric column BrO. In contrast, the corresponding PDF from orbit

19750 (right panel of Figure 3) does not have a high-end tail.

We empirically choose a threshold tropospheric column of 6 × 1013 molecules/cm2 to delineate BrO explo-

sions; that is, BrO explosions are said to occur when VCDTrop from OMI exceeds this threshold. The threshold

is shown by the vertical lines in Figure 3. Data classified as being part of a BrO explosion represent approxi-

mately the top 5th percentile of tropospheric column BrO for the spring season (March and April). We note that

when autocatalytic processes release labile bromine, this may involve numerous reactive bromine species. If

activated bromine other than BrO (e.g., Br2, Br, BrCl, BrI, and HOBr) is abundant, we can only observe this phe-

nomenon if the bromine is transformed to BrO. In other words, high BrO indicates the presence of activated

bromine species, but the reverse may not be always true.

As noted above, we use the term “BrO explosion” to refer to enhanced tropospheric column BrO

(>6 × 1013 molecules/cm2) observed over a large spatial scale by OMI. This term differs from the more gen-

eral “bromine explosion” that commonly is used to denote the production of active bromine by autocatalytic

chemical pathways that occur in the presence of sunlight (Wennberg, 1999).

Our correlation analysis demonstrates that the stratospheric influence on the total column BrO (i.e., the mod-

erate correlation with total column O3, as discussed in section 2.1.2) has been removed in our OMI-derived

tropospheric column BrO used in section 3.3. While the maximum correlation coefficient between total col-

umn BrO and total column O3 is 0.65 (r2 = 0.42), that between tropospheric column BrO and total column O3

is only 0.31 (r2 = 0.096; see Figures S5–S8 in the supporting information).
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Figure 4. Meteorological data relevant to wind-driven blowing snow on 25 March 2007; (a) 10-m ambient temperature, (b) 10-m wind speed (not shown for
areas without snow/ice cover), (c) snow age, (d) NSIDC sea ice age, (e) sea level pressure, (f ) blowing snow-generated SSA flux assuming emission over sea ice of
any age, (g) blowing snow SSA flux assuming emission only over first-year sea ice, and (h) GEOS-5 simulated blowing snow-generated SSA column mass,
assuming emission over sea ice of any age. NSIDC = National Snow and Ice Data Center; SSA = sea-salt aerosol; GEOS = Goddard Earth Observing System.

3.2. Blowing Snow SSA Emission Flux
Figure 4 shows an example of relevant MERRA meteorological fields and the corresponding blowing
snow-generated SSA emission flux on 26 March 2007, since this day contains a good example of blowing snow
events. We also present BrO column data and column-integrated mass of GEOS-5 simulated blowing snow
SSA for this day.

The ambient temperature (Figure 4a) determines the threshold speed over which the emission of blowing
snow occurs. The 10-m ambient temperature was below 270 K over most parts of the Arctic circle, except for
the Barents and Greenland Seas, on 25 March 2007. Unlike other parts of the Arctic Ocean, the Barents and
Greenland Seas are covered by open ocean rather than sea ice. Ambient temperature over this area is>270 K
(shown in purple) owing to the heat flux from the open ocean surface. The corresponding threshold wind
speed over the Arctic ocean (covered by sea ice) and coastal regions ranges from 6 to 8 m/s (not shown).
Figure 4b shows the 10-m wind speed from MERRA. We do not show the wind speed over the neglected
area in inland Greenland (previously mentioned in the last paragraph of section 2.2), since we do not expect
sea-salt-contaminated blowing snow events from such surfaces. Figure 4c shows the snow age over the
area of interest, calculated from MERRA meteorological fields. Figure 4d shows an NSIDC sea ice age map.
A large area of multiple-year sea ice appears from the north coast of Greenland to the Beaufort Sea, as well
as over the Chukchi Sea. Sea level pressure is presented in a gray color scale, to provide the meteorologic
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Figure 5. Similar to Figure 2 but for (a) OMI-observed total BrO column, (b) model simulated stratospheric BrO column,
and (c) the derived OMI tropospheric BrO column, on 25 March 2007. Regions for which OMI tropospheric column did
not pass the filtering criteria (see the last paragraph of section 2.1.3) are denoted as white. OMI = Ozone Monitoring
Instrument.

context of the blowing snow events (Figure 4e). A low-pressure system near the North Pole results in a large
pressure gradient.

Figure 4f shows the derived blowing snow SSA emission flux generated from wind-driven blowing snow
events, assuming SSA emission over sea ice of any age. The occurrence of blowing snow coincides with regions
of the high pressure gradients (Figure 4e) and thus strong winds (Figure 4a) owing to the low-pressure system.
In this parameterization, many blowing snow events are associated with polar cyclones. Column-integrated
mass of the simulated GEOS-5 blowing snow SSA based on this emission is shown in Figure 4h, which exhibits
the spatial patterns similar to the emission flux (Figure 4f ).

In Figure 4g, we also present a map of blowing snow SSA emission flux assuming that blowing snow SSA
emission occurs only over first-year sea ice, to test the assumption that the BrO explosion is driven by first-year
sea ice. According to Krnavek et al. (2012), the surface snow on the first-year sea ice is highly saline, while the
surface snow on the multiple-year sea ice is not. With this assumption, no SSA is emitted near the North Pole
(0–180∘W longitude, over 80∘N latitude) since this area is covered by multiple-year sea ice (see Figure 4d).

Figure 5 presents maps of OMI total column BrO (Figure 5a), the model stratospheric column (Figure 5b), and
the derived tropospheric column BrO (Figure 5c) on 25 March 2007, the same date as Figure 4 to allow readers

Figure 6. Histograms of GEOS-5 blowing snow SSA column mass coincident
with CALIOP measurements collected during the two case studies in March
2007 and 2008; Red: CALIOP positive, that is, reports blowing snow events;
Blue: CALIOP negative, that is, does not report blowing snow events.
GEOS = Goddard Earth Observing System; SSA = sea-salt aerosol;
CALIOP = Cloud-Aerosol LIdar with Orthogonal Polarization.

to compare all relevant quantities. Total column BrO shows enhancement
over the Bering Strait, Chukchi Sea, north coast of Alaska, and Canadian
Archipelago. A large zonal structure of enhanced stratospheric column
BrO appears, stretching from the Bering Strait, crossing the Canadian
Archipelago, to southern Greenland. After subtraction of the strato-
spheric column and AMF correction, the resulting tropospheric column
BrO exhibits different spatial patterns than total column BrO. The tropo-
spheric column shows enhancement near the North Pole and a part of this
structure stretches along 180∘E/180∘W longitude.

We note that the spatial structure of enhanced tropospheric column BrO
(Figure 5c) resembles that of SSA column mass assuming emission over sea
ice of any age (Figure 4h). A simulation based on emission over first-year
sea ice only would cause disagreement between the SSA and OMI tro-
pospheric BrO in this particular case, due to the lack of emission over
multiple-year sea ice near the North Pole (Figure 4g).

Next, a comparison between CALIOP blowing snow detections and
GEOS-5 simulated SSA column mass is summarized. Figure 6 shows his-
tograms of the GEOS-5 SSA column mass for locations where CALIOP
reports the presence of blowing snow (positive, red) as well as column
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mass for regions where CALIOP does not report blowing snow (negative, blue). These histograms are based
on the sampling of our model output for the two case studies in sections 3.3.1 and 3.3.2 (i.e., 24–28 March
2007 and 11–15 March 2008). We sample GEOS-5 grid boxes only at the time and the place of CALIOP
measurements of blowing snow. This figure shows that the highest values of SSA column mass tend to be
associated with positive detections by CALIOP (i.e., the red curve lies above the blue curve, for SSA column
mass >1 mg/m2). On the other hand, for the lowest value of blowing snow SSA column mass found in the
model (mass <1 mg/m2), CALIOP more often reports negative (no blowing snow) than positive (presence of
blowing snow; i.e., the blue curve lies above the red curve). However, the difference of the two distributions
shown in Figure 6 is not statistically significant at the one sigma level.

The CALIOP blowing snow data are an experimental product with large uncertainty (Palm et al., 2011). Also,
CALIOP “blowing snow detection” and GEOS-5 “blowing snow-generated SSA emission flux” represent dif-
ferent aspects of blowing snow (i.e., presence of blowing snow versus flux of saline aerosols). Despite the
difference in the size of the CALIOP footprint (∼90 m) compared to the spatial resolution of GEOS-5 (2∘ × 2∘),
limited spatial coverage of CALIOP up to 82∘N, as well as the other measurement uncertainties and possible
model errors, the GEOS-5 blowing snow SSA product does give overall higher column mass where CALIOP
reports positive blowing snow detection.

3.3. Case Studies
Choi et al. (2012) investigated links between apparent BrO explosions and meteorological fields. They
reported that the examined BrO explosion events were associated with high pressure gradients, high
near-surface wind speeds, and high PBL heights.

In this study, we build upon this prior work by simulating the SSAs emitted from wind-driven blowing snow
events. We examine, in detail, two BrO explosion events that occurred in conjunction with blowing snow
events. These BrO explosion events have been previously studied using GOME-2 satellite data (Begoin et al.,
2010; Nghiem et al., 2012) as well as shipborne LP-DOAS measurements (Pöhler et al., 2010) but not in the
context of blowing snow-generated SSAs. The sea ice age map for the case in section 3.3.1 is provided in
Figure 4d, and the sea ice maps for other case studies (sections 3.3.2–3.3.4) are presented in Figure S11 in the
supporting information.

3.3.1. The 24–28 March 2007 Event
Figure 7 details a large BrO explosion associated with a strong polar cyclone in late March 2007. Begoin
et al. (2010) investigated this event in the context of long-range transport of tropospheric BrO, possibly
involved with recycling of BrO due to gas and aerosol phase chemistry. We extend their analysis with a focus
on the connection between blowing snow and tropospheric BrO explosions. Figure 7 shows maps of the
column-integrated mass of blowing snow-generated SSAs at 19:30 UTC (top) and daily gridded OMI-derived
tropospheric column BrO (bottom) for five days of interest (each column represents a day).

First, we show the onset of the BrO explosion during 24–25 March 2007. Areas with high amounts of blowing
snow-generated SSAs coincide with a low-pressure system near the North Pole on 24 March 2007. Even with
this well-developed structure of the SSAs, we see high BrO tropospheric column amounts only in a small area
at north of Greenland. On 25 March 2007, a large area of enhanced tropospheric BrO column associated with
high SSA is observed by OMI.

During 26–28 March 2007 (third to fifth columns of Figure 7), the spatial structure of the SSAs moved east-
ward and dissipated as the low-pressure system diminished. OMI tropospheric column BrO maps show that
the enhanced BrO structure similarly moved eastward. In this period, the coincident MERRA PBL height (not
shown) ranges from 1 to 1.5 km, which may allow BrO injection into the Arctic free troposphere; such cases
have been observed during the ARCTAS field campaign (Choi et al., 2012; Salawitch et al., 2010). This result
agrees with the previous study of Begoin et al. (2010), who reported possible transport of BrO to altitudes up
to 3 km. The presence of the blowing snow during this event was confirmed by CALIOP (see Figure S9 in the
supporting information).

Figure 8 presents box and whisker plots for GEOS-5 column mass of blowing snow SSA, wind speed at 10 m,
and temperature at 10 m, all versus OMI tropospheric column BrO. Correlation coefficients between each vari-
able and collocated OMI BrO column are also provided. The box and whisker plots and correlation coefficients
are obtained over the entire Arctic area poleward of 65∘N. Data points with negative BrO column are included
in the calculation of correlation coefficients. We show BrO bins where the number of data points is greater
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Figure 7. (top) Column-integrated mass of blowing snow-generated SSAs simulated using GEOS-5, and (bottom) OMI-observed tropospheric column BrO for
24–28 March 2007. For top panels, regions where OMI tropospheric column did not pass the filtering criteria (see the last paragraph of section 2.1.3) are denoted
as white. For bottom panels, regions where SSA column mass <1 mg/m2 are denoted as white. GEOS = Goddard Earth Observing System; SSA = sea-salt aerosol;
OMI = Ozone Monitoring Instrument.

than 1% of the total number of data points in the box and whisker plots. The plots show 10th, 25th, median,
75th, and 90th percentile distributions of these variables as a function of OMI tropospheric column BrO for
each 1×1013-molecules/cm2 step of the BrO column. The moderately positive correlation (r = 0.60) between
the SSA column mass and OMI BrO column gives quantitative support for the connection between these two
quantities (Figure 8a). On the other hand, wind speed at 10 m (Figure 8b) and temperature at 10 m (Figure 8c)
do not exhibit significant correlations with OMI tropospheric column BrO (r = 0.24 and −0.14, respectively).
3.3.2. The 11–15 March 2008 Event
Here we examine an event that occurred near the Canadian Archipelago, Amundsen Gulf, and the northern
coast of Canada in March 2008. Pöhler et al. (2010) reported enhanced tropospheric BrO in this region using
shipborne LP-DOAS measurements, and Nghiem et al. (2012) investigated this case in the context of first-year
(seasonal) sea ice using GOME-2 total column BrO. We extend these analyses by including estimates of
blowing snow emission.

Figure 9 shows maps of blowing snow-generated SSAs and tropospheric column BrO for 5 days in March
2008. On 11 March 2008, a region of high SSAs occurred in the vicinity of the north of Beaufort Sea (80∘N,
135∘W) and a trace of enhanced tropospheric BrO coincides with the southern part of the high SSA structure.

Figure 8. Box and whisker plots showing 10th, 25th, median, 75th, and 90th percentiles for (a) Goddard Earth Observing System-5 simulated blowing
snow-generated SSA, (b) wind speed at 10 m, and (c) temperature at 10 m, each as a function of OMI-observed tropospheric column BrO, for each
1 × 1013 molecule/cm2 step of BrO column during 24–29 March 2007. All data poleward of 65∘N are used to obtain the correlation coefficients, while box and
whisker plots show bins only where the numbers of data points are greater than 1% of the total number of data points. OMI = Ozone Monitoring Instrument;
SSA = sea-salt aerosol.
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Figure 9. Similar to Figure 7 but for (top) column-integrated mass of blowing snow-generated SSAs simulated using GEOS-5, (bottom) OMI-observed
tropospheric column BrO for 11–15 March 2008. For top panels, regions for which OMI tropospheric column did not pass the filtering criteria
(see the last paragraph of section 2.1.3) are denoted as white. For bottom panels, regions where SSA column mass < 1 mg/m2 are denoted using white.
SSA = sea-salt aerosol; OMI = Ozone Monitoring Instrument; GEOS = Goddard Earth Observing System.

On 12 March 2008, the structure of high SSAs moved south, where the tropospheric column BrO showed an
increasing enhancement in a V-shaped area in the Beaufort Sea. On 13 March 2008, the structure of high
SSAs stretches to the north coast of Canada toward where enhanced BrO column was observed. The map
of GEOS-5 SSA emission flux (see color contours of Figure S10 in the supporting information) indicates that
this BrO feature could be transport of emitted SSAs rather than in situ emission. The structure of high SSA
diminishes after 15 March 2008, and the signature of the BrO explosion begins to fade as well (not shown).
A region of high SSA but no enhancement of tropospheric BrO appears at the north coast of Russia on 15
March 2008. We note that the ice surface at this region is mostly first-year sea ice (see Figure S11a), which
we would expect to be associated with enhanced BrO. However, high SSA without enhanced BrO may be
explained by the presence of bromide-depleted SSA. On the other hand, it is possible that the simulation of
high SSA for this region is due to a modeling error.

Nghiem et al. (2012) reported a blowing snow event at Amundsen Gulf on 16 March 2008 and suggested the
possible connection of this event to the diminishment of high BrO. We note that this is a hypothesis based
on observations of blowing snow from a single location at Amundsen Gulf (i.e., the location of icebreaker
Canadian Coast Guard Ship Amundsen). We now reexamine this event in the regional context provided by OMI,
CALIOP, and MERRA data. The MERRA meteorological data suggest local blowing snow events at Amundsen
Gulf on 13 and 14 March but not on 16 March. The MERRA blowing snow occurrences are mainly driven by
the wind speed, which was higher on 13–14 March than 16 March at this location. MERRA data suggest that
a wider and stronger region of blowing snow occurred over the north Beaufort Sea on 12–14 March and
dissipated on 15 March. The presence of this blowing snow event was confirmed by CALIOP (see Figure S10 in
the supporting information). Considering possible transport with recycling of inorganic bromine on blowing
snow particles and aerosols, and the high blowing snow flux over the north Beaufort Sea on 12–14 March,
an alternative explanation of the morphology of this event is that it was initiated by blowing snow and also
diminished as the blowing snow flux dissipated, as discussed above.

Figure 10 displays box and whisker plots for column-integrated mass of GEOS-5 blowing snow SSA, wind
speed at 10 m, and temperature at 10 m during this period, similar to Figure 8. We note that the range of SSA
column mass is much lower than for other cases presented in this study. Overall, tropospheric column BrO
and blowing snow SSA do not exhibit a substantial correlation (r = 0.24). This low correlation may result from
model uncertainties. The correlation coefficient between wind speed at 10 m and OMI tropospheric column
BrO is 0, and that between temperature at 10 m and OMI tropospheric column is −0.25. Both correlation
coefficients are lower than that between GEOS-5 blowing snow SSA and OMI tropospheric column BrO.
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Figure 10. Similar to Figure 8 but for box and whisker plots showing 10th, 25th, median, 75th, and 90th percentiles for (a) Goddard Earth Observing System-5
simulated blowing snow-generated SSA, (b) wind speed at 10 m, and (c) temperature at 10 m, as a function of OMI-observed tropospheric column BrO, for each
1 × 1013 molecule/cm2 step of BrO column during 11–15 March 2008. All data poleward of 65∘N are used to obtain the correlation coefficients, while box and
whisker plots show bins only where the numbers of data points are greater than 1% of the total number of data points. SSA = sea-salt aerosol; OMI = Ozone
Monitoring Instrument.

We note that this particular case is associated with a high-pressure system (not shown). The high wind speeds
that trigger blowing snow events are usually associated with large pressure gradients. Since pressure gradi-
ents can be associated with high- and low-pressure systems, blowing snow events can also occur near both.
Although many studies have reported BrO explosions that coincide with low-pressure systems and subse-
quent bad weather (e.g., Begoin et al., 2010; Blechschmidt et al., 2015; Choi et al., 2012), here we show that
high-pressure systems can also be associated with BrO explosions.
3.3.3. The 1–5 April 2008 Event
Here we examine an event that occurred near the north coast of Siberia and the North Pole in early April 2008.
Figure 11 shows maps of GEOS-5 column-integrated blowing snow SSA and OMI tropospheric column for
1–5 April 2008. On 1 April 2008, a region of high blowing snow SSA occurred at the north coast of Siberia and a
structure of enhanced tropospheric column BrO coincides with this region. During 2–4 April 2008, a structure
of high blowing snow SSA developed near 90∘E, 85∘N, where a structure of high tropospheric column BrO also
appeared. During 4–5 April 2008, this blowing snow SSA structure split in two, and the high tropospheric BrO
structure showed a similar spatial pattern. We also see structures of high blowing snow SSA and tropospheric
column BrO over the Bering Strait on 5 April 2008.

Figure 11. Similar to Figure 7 but for (top) Column-integrated mass of blowing snow-generated SSAs simulated using GEOS-5, (bottom) OMI-observed
tropospheric column BrO for 1–5 April 2008. For top panels, regions for which OMI tropospheric column did not pass the filtering criteria (see the last paragraph
of section 2.1.3) are denoted as white. For bottom panels, regions where SSA column mass < 1 mg/m2 are denoted using white. GEOS = Goddard Earth
Observing System; SSA = sea-salt aerosol; OMI = Ozone Monitoring Instrument.
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Figure 12. Similar to Figure 8, Box and whisker plots showing 10th, 25th, median, 75th, and 90th percentiles for (a) Goddard Earth Observing System-5 simulated
blowing snow-generated SSA, (b) wind speed at 10 m, and (c) temperature at 10 m, as a function of OMI-observed tropospheric column BrO, for each
1 × 1013-molecules/cm2 step of BrO column during 1–5 April 2008. All data poleward of 65∘N are used to obtain the correlation coefficients, while box and
whisker plots show bins only where the numbers of data points are greater than 1% of the total number of data points. SSA = sea-salt aerosol; OMI = Ozone
Monitoring Instrument.

We note a discrepancy between blowing snow SSA and tropospheric column BrO at the north coast of Alaska
on 2 April 2008, where we compute a high amount of SSA column mass, while no enhancement of tropo-
spheric BrO was observed. This result may be explained by the presence of multiple-year sea ice over this
region (see Figure S11b), snow on which would be less saline than that on first-year sea ice (Krnavek et al.,
2012) and thus emit little blowing snow SSA mass flux.

Figure 12 shows a box and whisker plot for column-integrated mass of GEOS-5 blowing snow SSA and OMI
tropospheric column BrO accompanied by the correlation coefficient between the two quantities, similar to
Figure 8. The two quantities exhibit overall reasonably good correlation. The slightly lower correlation coeffi-
cient (r = 0.50) than found for the event during 24–29 March 2007 may be due to the disagreement of high
SSA but low tropospheric BrO, explained in the previous paragraph, on 2 April 2008. The correlation coeffi-
cient between wind speed at 10 m and OMI tropospheric column BrO is 0.25, and that between temperature
at 10 m and OMI tropospheric column is −0.19. As in the previous case studies, both correlation coefficients
are lower than that between GEOS-5 blowing snow SSA and OMI tropospheric column BrO.

3.3.4. The 15–19 April 2008 Event
We examine an event that occurred near the North Pole and Chukchi Sea during 15–19 April 2008. Since this
event overlapped with two aircraft missions, NASA ARCTAS and NOAA ARCPAC, tropospheric BrO explosions
that occurred during this period have been investigated in previous studies, which reported the presence of
high tropospheric active bromine species from aircraft in situ measurements (Choi et al., 2012; Liao, Huey,
Scheuer, et al., 2012; Neuman et al., 2010; Salawitch et al., 2010). We extend these analyses by including the
GEOS-5 simulated blowing snow SSA.

Figure 13 shows maps of column-integrated mass of GEOS-5 blowing snow SSA and OMI tropospheric col-
umn BrO for 15–19 April 2008. Near the North Pole, a structure of high blowing snow SSA appeared during
16–18 April 2008 and gradually diminished on and after 19 April 2008. OMI observations also report high tro-
pospheric column BrO over this area. We note that aircraft in situ measurements during NASA ARCTAS confirm
high tropospheric BrO mixing ratios in this region (Choi et al., 2012; Liao, Huey, Scheuer, et al., 2012; Salawitch
et al., 2010). On 19 April 2008, a crescent-shaped structure of high blowing snow SSA appeared in the Chukchi
Sea, and this structure overlaps exactly where OMI observations also reported enhanced tropospheric column
BrO. The presence of large amounts of active bromine (Br2 + HOBr > 6 pptv) has been reported by Neuman
et al. (2010; see Figure 1 of Neuman et al., 2010, and Figure 15 in section 3.3.5). We also see additional small
regions of high blowing snow SSA and enhanced tropospheric column BrO where aircraft measurements are
not available, such as the north coast of Alaska, United States, during 15–16 April 2008 and the Canadian
Archipelago on 19 April 2008.

The correlation between column-integrated mass of GEOS-5 simulated blowing snow SSA and OMI tropo-
spheric column BrO is summarized in Figure 14. Column-integrated mass of GEOS-5 blowing snow SSA and
OMI tropospheric column BrO exhibit a reasonably good correlation during this period (r = 0.56). The cor-
relation coefficient of wind speed at 10 m and OMI tropospheric column BrO is 0.04. Finally, the correlation
coefficient of temperature at 10 m and OMI tropospheric column BrO is 0.11.
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Figure 13. Similar to Figure 7 but for (top) column-integrated mass of blowing snow-generated SSAs simulated using GEOS-5, (bottom) OMI-observed
tropospheric column BrO but for 15–19 April 2008. For top panels, regions for which OMI tropospheric column did not pass the filtering criteria
(see the last paragraph of section 2.1.3) are denoted as white. For bottom panels, regions where SSA column mass <1 mg/m2 are denoted using white.
GEOS = Goddard Earth Observing System; SSA = sea-salt aerosol; OMI = Ozone Monitoring Instrument.

3.3.5. Discussion of the Case Studies
The case studies presented here indicate that the spatial patterns of BrO explosions are similar to those of
blowing snow-generated SSAs. We note that locations of OMI-observed high BrO do not necessarily spatially
overlap with the place of the GEOS-5 simulated blowing snow SSA emission. We have performed correlation
analysis of tropospheric column BrO versus temperature and wind speed but find little correlation, while BrO
and blowing snow SSA exhibit moderate correlation in most of our case studies (Figures 8, 10, 12, and 14).
These results indicate that it is blowing snow-generated SSA (driven by meteorological factors such as high
wind speed) that is associated with tropospheric BrO explosions, rather than mere meteorological factors.
However, these results do not discount possible connections of BrO explosion events to wind speed or tem-
perature. In fact, effects of wind speed and temperature are already reflected in blowing snow “emission
flux,” where simulated SSA is based on this emission. Although we do not find direct correlation between
wind speed (or temperature) and the BrO column over the entire Arctic poleward of 65∘N, the correlation
found between the blowing snow SSA and BrO column shows the indirect connection of wind speed and
temperature to the observed BrO explosion events.

Figure 14. Similar to Figure 8 but for box and whisker plots showing 10th, 25th, median, 75th, and 90th percentiles for (a) Goddard Earth Observing System-5
simulated blowing snow-generated SSA, (b) wind speed at 10 m, and (c) temperature at 10 m, as a function of OMI-observed tropospheric column BrO,
for each 1 × 1013-molecules/cm2 step of BrO column during 15–19 April 2008. All data poleward of 65∘N are used to obtain correlation coefficients, while box
and whisker plots show bins only where the numbers of data points are greater than 1% of the total number of data points. SSA = sea-salt aerosol; OMI = Ozone
Monitoring Instrument.
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Figure 15. (a) OMI total column BrO, (b) model-estimated stratospheric column BrO, (c) OMI tropospheric column BrO, (d) terrain pressure minus OMI Raman
cloud pressure (PTerrain − PCloud) of where the BrO columns are sampled, (e) MODIS sea ice lead measurements (on 20 April 2008), and (f ) column-integrated
mass of GEOS-5 simulated blowing snow sea-salt aerosol. Maps are for 19 April 2008 except for panel (e), because cloud conditions obscured the MODIS view
of leads on 19 April 2008. In panels (c) and (e), the flight track by Neuman et al. (2010) is shown in black lines. In panel (c), the locations where aircraft
measurements by Neuman et al. (2010) report the presence of a large amount of active bromine (>6 pptv) are marked (purple). For panels (a) to (c), regions for
which OMI tropospheric column did not pass the filtering criteria (see the last paragraph of section 2.1.3) are denoted as white. For panel (d), regions for without
the OMI Raman cloud data are denoted using white. For panel (e), regions without MODIS lead data are denoted as white, land surfaces are denoted using gray,
while regions obscured by clouds are denoted with black. For panel (f ), regions with sea-salt aerosol mass less than 1 mg/m2 are denoted as white. OMI = Ozone
Monitoring Instrument; MODIS = Moderate Resolution Imaging Spectroradiometer; GEOS = Goddard Earth Observing System.

In the case study in section 3.3.3, a part of the discrepancy between GEOS-5 SSA and OMI BrO column might

be due to our assumptions for snow salinity. On 2 April 2008 (Figure 11), the GEOS-5 model simulates high

blowing snow SSA at the north coast of Alaska, United States, while the OMI BrO column is low in this region.

Sea ice age in this area is equal to or older than 2 years (see Figure S11b). This type of disagreement (i.e., high

SSA without a tropospheric BrO enhancement) may be explained by the presence of multiple-year sea ice

(and thus lack of first-year sea ice). According to Krnavek et al. (2012), salinity on multiple-year sea ice is much

lower than that of first-year sea ice, which may cause reduced blowing snow SSA mass emission flux over this

type of surface (see section 2.2). However, the presence of multiple-year sea ice does not explain all cases of

high SSA that do not coincided with high BrO in other case studies. For instance, we see a case of large amount

of SSA without corresponding BrO enhancement at the north coast of Russia on 15 March 2008, (Figure 9 in

section 3.3.2) but the sea ice in this region was mostly first-year sea ice (see Figure S11a). An explanation of

this type of discrepancy is the possible presence of bromide-depleted SSA.
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Our analysis is focused on blowing snow as a source of SSA over sea ice, rather than leads. While studies show
that increased cloud condensation nuclei (Leck et al., 2002) and SSA (May et al., 2016) are associated with
leads, our analysis is focused on regions of elevated tropospheric BrO over sea ice/snow surfaces that are
below the temperature at which open water would be present. Most importantly, the NOAA WP-3D aircraft
extensively sampled BrO over leads in the Arctic during ARCPAC (Neuman et al., 2010). They saw little or no
enhancements of active bromine and suppression of O3 for these low-altitude flight legs. Conversely, on 19
April 2008, the WP-3D measured high concentrations of active bromine in precisely the same area as revealed
by our tropospheric residual BrO product (Figure 15).

Next, the relation of OMI tropospheric BrO to sea ice leads is further explored. Figure 15 shows OMI measure-
ments of total column BrO, model-based stratospheric column BrO, OMI tropospheric column BrO, terrain
pressure minus the OMI Raman cloud pressure (PTerrain − PCloud), where the BrO columns are sampled, MODIS
Arctic sea ice lead map, and column mass of GEOS-5 blowing snow SSA. The flight track of the NOAA WP-3D
aircraft on 19 April 2008 is shown in panels (c) and (e). The aircraft measured the presence of a large amount
of active bromine (>6 pptv) on this date, at the region denoted using purple on panel (c). All maps shown in
Figure 15 are for 19 April 2008, except for the MODIS sea ice lead map, which is for 20 April 2008. Unfortu-
nately, cloudy conditions obscured the view of the surface by MODIS thermal infrared measurements on 19
April 2008. However, the enhancement of tropospheric column BrO over the bright surface (i.e., snow and ice)
is observed even in the presence of these clouds. The OMI Raman cloud product is able to distinguish the pres-
ence of optically thick clouds that shield the surface below from UV measurements. This product (Figure 15d)
shows that shielding clouds (detected when PTerrain − PCloud is greater than 100 hPa) were not present in the
vicinity of the observed bromine enhancement on 19 April 2008.

The locations at which elevated active bromine was measured by the NOAA WP-3D aircraft on 19 April 2008
lie close to a plume of elevated tropospheric column BrO revealed by our analysis of OMI data (Figure 15c).
There is close correspondence between this plume of OMI tropospheric BrO and the mass blowing snow SSA
simulated by GEOS-5. The MODIS product indicates the absence of leads directly below the aircraft. How-
ever, MODIS did detect the presence of numerous “artifacts,” that is, 50% chance of true leads upwind of
the regions where elevated active bromine was measured. The correspondence between the locations of
the BrO explosions observed by OMI and the GEOS-5 SSA product, as well as the lack of OMI observation
of elevated BrO over regions of leads recorded by MODIS (e.g., 75∘N, 125∘W, around the northwest edge of
Banks Island), suggests that the blowing snow is more strongly related to active bromine observed on 19
April 2008 than sea ice leads. Because SSA can also be produced from leads (Leck et al., 2002; May et al.,
2016) and subsequently be transported downwind of this source, however, we cannot rule out the con-
tribution of leads to bromine activation based solely on the lack of spatial correlation between leads and
high BrO. Furthermore, the low albedo of open water (leads) also reduces the near-surface sensitivity of OMI
BrO as compared to snow or ice covered surfaces that have higher reflectivity. Rather, the enhanced tropo-
spheric BrO that was observed by OMI exhibits high spatial and temporal correlations with SSA generated by
blowing snow.

The supply of BrO can be limited by the availability of ozone. Ozone is necessary for production of BrO (see
equation (3) and also Choi et al., 2012) and may become depleted in the catalytic cycle within a shallow mix-
ing layer, which is commonly associated with a low PBL height. In favorable conditions (i.e., high PBL height),
either at the site of a blowing snow event or after transport, a catalytic “explosion” may occur in which a high
tropospheric BrO column appears. Zhao et al. (2016) reported long-range transport of tropospheric BrO explo-
sion from Beaufort Sea to Eureka using back trajectory analysis, where meteorological data exhibit strong
wind speed (24 m/s) and elevated boundary layer height (∼800 m) at Beaufort Sea.

In Figure 16, we present a correlation analysis supporting the importance of PBL height in BrO explosion
events on a local scale. Figures 16a and 16b illustrates OMI tropospheric column BrO and MERRA PBL height
for 12–14 March 2008. We note that the spatial patterns of enhanced BrO column and high PBL height are
similar at a local scale. Figure 16c presents a box and whisker plot and the correlation coefficient between
these two variables, sampled in the area shown in panels (a) and (b), to provide a quantitative view of their
relationship. Tropospheric BrO column and PBL height exhibit a moderate correlation coefficient (r = 0.5)
at this local scale (which corresponds to a well-defined BrO explosion event), while no significant correla-
tion between these two quantities is observed over the entire Arctic area (e.g., region poleward of 65∘N).
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Figure 16. For 12–14 March 2008, (a) OMI tropospheric column BrO, (b) Modern-Era Retrospective Analysis for Research and Applications PBL height,
and (c) a box and whisker plot with the correlation coefficient between these two variables sampled in the plotted area. For panel (a), regions for which OMI
tropospheric column did not pass the filtering criteria (see the last paragraph of section 2.1.3) are denoted as white. For panel (c), the box and whisker plot shows
bins only where the numbers of data points are greater than 1% of the total number of data points. OMI = Ozone Monitoring Instrument; PBLH = planetary
boundary layer height; VCD = vertical column density.

Moreover, Figure 16c implies the presence of two groups of data; suppressed PBL (median ≲200 m) with low
to moderate BrO (VCDTrop ≲ 5 × 1013 molecules/cm2) and elevated PBL (median≳500 m) with enhanced BrO
(VCDTrop ≳ 7 × 1013 molecules/cm2).

Our analysis indicates that observations of elevated tropospheric column BrO can be associated with a deep
boundary layer. However, this result does not rule out the possible presence of high mixing ratios of BrO
within a shallow boundary layer. When this condition does occur, the contribution of enhanced BrO to the
tropospheric column tends to be modest. For example, to obtain VCDTrop of 6×1013 molecules/cm2 for a tem-
perature of 250 K in a shallow boundary layer with a height of 200 m requires a BrO mixing ratio of ∼100 pptv,
assuming that BrO is uniformly mixed. Ground-based measurement studies generally report maximum BrO
mixing ratio of several tens of pptv. Sihler et al. (2012) reported a BrO maximum of 40 pptv in the Amundsen
Gulf near Canadian Archipelago during March 2008, which is an extremely high value. Therefore, the contri-
bution of elevated BrO in shallow boundary layer events to BrO explosions observed from space is not likely
to be significant.

Finally, we mention a challenge faced in this and similar studies. Low-pressure systems that produce blow-
ing snow events may be associated with a low-altitude tropopause and thus high stratospheric BrO columns
(Salawitch et al., 2010). However, many of the features we detect as tropospheric enhancements have spatial
scales much smaller than those of high stratospheric columns (e.g., see Figure 2). This provides confidence
that our detection of tropospheric BrO enhancements is robust.

3.4. Interannual Variability
Here we show the correlation between observed tropospheric BrO explosion frequency and the simulated
blowing snow-generated SSA emission flux. Also, we extend the analysis to nearly the entire time period of
OMI observation (2005–2015) by using blowing snow-generated SSA emission flux. Although the emission
flux may be spatially offset from the location of the blowing snow-generated SSA, we nonetheless use time
series of the emission flux, rather than simulated snow blown SSA, because the latter is only available for a
few case studies due to the computational challenges. Furthermore, the time series analysis relies on analysis
of the frequency of various events and not the precise matching of geolocation.

We investigate the relationship between the OMI tropospheric BrO explosion frequency and the blowing
snow SSA emission flux during March and April, for years 2005 to 2015, at latitudes>65∘N. The BrO explosion
frequency is quantified using the area-weighted fraction of gridded OMI tropospheric BrO VCD where tro-
pospheric BrO VCD >6 × 1013 molecules/cm2, approximately the top 5th percentile. For this analysis, we use
BrO explosion frequency count and SSA emission flux obtained for the entire area of interest (latitude>65∘N).
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Figure 17. Time series and correlation analysis during March and April for 2005–2015; (a) 5-day average time series
of BrO explosion frequency (black) and blowing snow SSA total emission flux per each 5-day period (red), (b) scatter plot
between 5-day average BrO explosion frequency and blowing snow SSA emission flux, (c) and (d), similar to (a) and
(b), respectively, but in monthly temporal resolution. Note that the March 2011 data are excluded in time series analysis
as stated in section 2.1.2. SSA = sea-salt aerosol.

We note that the March 2011 data are excluded in the time series analysis because they are affected by low
stratospheric ozone in the Arctic, as stated in section 2.1.2.

Figure 17a shows the 5-day average time series of BrO explosion frequency (black) and SSA emission flux (red)
during March and April for years 2005 to 2015, and Figure 17b presents the correlation analysis of BrO explo-
sion frequency and blowing snow SSA emission flux during the given period. The 5-day time series during the
11 years shows that a number of peaks in the BrO explosion frequency coincide with large amounts of blowing
snow SSA emission, although the 11-year correlation analysis of the 5-day time series indicates only moderate
correlation (r = 0.48). We note that the time series with reduced temporal resolution (≥10 days) shows

Figure 18. Correlation coefficient between monthly time series of
tropospheric BrO explosion frequency and blowing snow-generated sea-salt
aerosol (SSA) emission flux, as a function of thresholds used to define
tropospheric BrO explosion assuming; (solid line) blowing snow SSA
emission over sea ice of any age and (dot line) blowing snow SSA emission
over first-year sea ice only.

a higher correlation (r ≳ 0.68) between the frequency of occurrence of BrO
explosions and SSA emission (see Figures S12a–S12d in the supporting
information).

Figures 17c and 17d show similar time series and scatter plots to
Figures 17a and 17b but with a lower temporal resolution (monthly).
Monthly average BrO explosion frequency and blowing snow SSA emis-
sion flux exhibit a reasonable correlation (r = 0.71), explaining ∼50% of
the variance in BrO explosion frequency. Even with the reduced number of
data points, the p value is low (3.0×10−4) implying statistical significance of
the correlation between high BrO and blowing snow occurrence. This cor-
relation is partly driven by differences for data collected in March and April;
both the blowing snow SSA emission and the BrO explosion events tend
to occur more frequently in March than April. The central Arctic region is
colder in March, and the stronger temperature gradient between the cen-
tral Arctic and the Atlantic Ocean produces stronger geostrophic winds,
which is the likely cause of more frequent blowing snow events in March.
More frequent BrO explosions in March may be a result of higher blowing
snow SSA emission flux. Moreover, the similar interannual variability with
yearly temporal resolution also exhibits reasonable correlation (r = 0.70),
which supports the potential connection between Arctic tropospheric BrO
explosions and blowing snow-generated SSAs (see Figures S12e and S12f
in the supporting information).
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Figure 19. Similar to Figure 17 but using mass of bromine computed from the Ozone Monitoring Instrument
observations, summed over the area where the tropospheric BrO explosion occurs (i.e., tropospheric column BrO
>6 × 1013 molecules/cm2). SSA = sea-salt aerosol.

We note that the correlation between tropospheric BrO explosion frequency and blowing snow-generated
SSA emission flux is robust regardless of how the threshold is defined. The correlation coefficient ranges
between 0.6 and 0.7 when the threshold is varied between 5 × 1013 and 10 × 1013 molecules/cm2 (solid line
in Figure 18).

In Figure 19, we also analyze the time series of BrO explosion in terms of mass of bromine (units of gigagram)
computed from the satellite observations, summed over the area where the tropospheric BrO explosion
occurs. The correlation between the mass of bromine and SSA emission flux is present, at a level close
to the one found using frequency, though a bit lower (r = 0.42 in 5-day temporal resolution and 0.57 in the
monthly time series).

First-year sea ice has also been suggested to be associated with active bromine species and/or BrO explosions
(Nghiem et al., 2012; Simpson et al., 2007). However, these two studies do not completely rule out the possible
connection between the observed high BrO column and particles generated from blowing snow.

We also test the assumption that blowing snow SSA emission occurs only over first-year sea ice. The corre-
lation between BrO explosion frequency and SSA emission flux only over first-year sea ice is lower than the
correlation found using SSA emission over all sea ice (Figure S13 in the supporting information). For example,
the correlation coefficient of the monthly time series of SSA emission flux over only first-year sea ice is 0.55
(Figure S13f ), while that of SSA emission flux over all sea ice is 0.71 (Figure 17d). Larger correlations are found
using SSA emission over all sea ice compared to correlations for first-year sea ice upon use of 5-day temporal
resolution (Figures 17b and S13b), as well as 10-day and yearly resolutions (Figures S12 and S13). Correlation
coefficients found using various BrO thresholds are summarized in Figure 18 (dotted line), showing consis-
tently higher correlation for emission over all sea ice than found for emission only over first-year sea ice. Our
analysis suggests that first-year sea ice could be an important source of SSA generated by blowing snow but
is likely not the sole source.

In Figure 20, we show a time series of the estimated first-year ice area using the Arctic Sea Ice Index along
with the BrO explosion frequency (Figure 20a) and the associated scatter plot (Figure 20b) between them.
The first-year sea ice area shows a rapid increase in the spring of 2008, reflecting the drastic Arctic sea ice
decline in the summer of 2007 (Maslanik et al., 2007; Nghiem et al., 2007; Perovich et al., 2008; Richter-Menge
et al., 2008). The correlation between BrO explosion frequency and seasonal sea ice area, however, is low
(r = −0.35) for the overall time series. First-year sea ice and the frequency of BrO explosions do not exhibit a
statistically significant correlation, despite the fact that seasonal (first-year) sea ice area is usually greater in
March than in April. This lack of correlation between BrO and first-year sea ice actually supports the notion
that the correlation between BrO and blowing snow is not merely the result of the March–April variations.
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Figure 20. Time series and correlation analysis during March and April for 2005–2015; (a) Monthly average time series
of BrO explosion frequency (black) and first-year sea ice area (blue) and (b) scatter plot between monthly average BrO
explosion frequency and first-year sea ice area.

Moreover, the yearly time series analysis does not exhibit significant correlation between the BrO explosion
frequency and the first-year sea ice area (r =−0.56, see Figure S14 in the supporting information). This suggests
that the BrO explosion frequency is driven mainly by meteorology (wind speed is a key factor for blowing
snow events) as opposed to first-year sea ice, an alternate source of active bromine.

3.5. Additional Caveats
Here we mention some potential limitations of our analysis. Areas close to the North Pole are not included in
most periods of March because of the high SZA and the consequent impact on the measurement of BrO. The
lack of polar coverage is unfortunate, since high winds and the potential for enhanced BrO exist near the pole
in March for certain days, including several illustrated in Figure 9. This problem is more acute for early March;
by the end of March (i.e., Figure 7), coverage is nearly complete and the loss of measurements at the pole has
no impact on the interpretation of enhanced BrO.

We note that the discrepancy between OMI tropospheric BrO VCD and MERRA-driven SSA emission flux may
result from the fact that the blowing snow SSA flux is obtained only over the sea ice.

More than one third of the pixels from OMI were neglected after April 2008 owing to the row anomaly. We
conducted the same analysis using only the data from OMI rows 0–20 (not affected by the row anomaly)
in every year. This provides results similar to those obtained with the data from all good rows (i.e., different
numbers of rows used in different years; see Figures S15 and S16 in the supporting information).

We hypothesize that blowing snow events cause emission of SSA, but we note that blowing snow and SSA
are not synonymous. While Frieß et al. (2011) reported that elevated concentrations of BrO occurred mainly
in the presence of high aerosol extinction with strong winds near the surface, there were no measure-
ments of the chemical composition of the aerosol to show that SSA was responsible for the observed high
extinction values.

Finally, Rhodes et al. (2017) reported observations of salinity of snow particles entrained from sea ice during
blowing snow events in the Weddell Sea, Antarctica, that had a mean salinity of 0.30 psu. This value of salinity
is about 14 times smaller than the mean value from Antarctica reported by Massom et al. (2001), which we
have used in our model. Rhodes et al. (2017) do not report a PDF of salinity and they state “any individual
salinity measurements>10 psu are excluded.” This exclusion is important, because salinities above 10 psu can
occur. Massom et al. (2001) state “as a result of capillary suction of brine, high salinities (>10 psu) occur up to
about 0.1 m in the snow column but mainly in the 0.00–0.05-m layer (Massom et al., 1997, 1998), as shown
in their Figure 11.” As such, we place greater emphasis on the Massom et al. (2001) estimate of salinity, since
their PDF is inclusive of all measurements. Even if the true Arctic snow salinity is closer to Rhodes et al. (2017)
than Massom et al. (2001), the reduced salinity will lower the SSA mass emission flux but will not change the
conclusion derived based on the higher salinity as the correlation coefficient between modeled SSA and OMI
BrO measurements will not change significantly.

4. Conclusions

We have investigated the potential link between Arctic tropospheric BrO explosions and SSAs generated
from blowing snow events using OMI tropospheric column BrO and the GEOS-5 model. The GEOS-5 model,
driven by the MERRA meteorological reanalysis, is used to quantify the amount of blowing snow-generated
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SSAs. The primary factor needed to produce blowing snow-generated SSAs is high wind speed that is typ-
ically driven by large pressure gradients. Blowing snow events can occur near both high- and low-pressure
systems, provided that the pressure gradient is sufficient to generate winds that exceed the threshold
value for blowing snow. The simulated blowing snow-generated SSA emission flux results in higher emis-
sion in March than in April. This difference is likely due to stronger geostrophic winds in March, which are
driven by the higher-temperature gradient (between midlatitudes and polar regions) in March than in April
(Serreze et al., 1997). Of course, the Arctic tends to be colder in March than in April, due to seasonal variations in
solar exposure.

We have conducted case studies for four BrO explosion events that occurred in spring 2007 and 2008. Tropo-
spheric column BrO from OMI, the simulated blowing snow-generated SSAs, and MERRA meteorological fields
suggest that the observed BrO explosion events occurred at locations with large amount of SSAs. The case
study of the March 2008 event suggests possible transport of inorganic bromine, associated with recycling of
inorganic bromine through snow or aerosol particles. We note that the presence of multiple-year sea ice (and
thus lack of first-year sea ice) may explain the case of high SSA without an enhancement of BrO observed on
2 April 2008 in section 3.3.3, although it does not explain a similar case on 15 March 2008 in section 3.3.2.

We have also performed a time series analysis of BrO explosion frequency in conjunction with the amount
of blowing snow-generated SSA emission, as well as first-year sea ice area, for the period of 2005–2015 dur-
ing the months of March and April. The monthly BrO explosion frequency and blowing snow-generated SSA
emission flux in the Arctic have a significant correlation. In addition, more frequent BrO explosions and higher
blowing snow SSA emission flux are reported in March. Overall results support the suggestion that the blow-
ing snow-generated SSAs are connected to BrO explosions in Arctic spring. In contrast, the first-year sea ice
area does not show significant correlation with the BrO explosion frequency using the derived tropospheric
BrO columns in either month. However, we should not overlook the role of first-year sea ice as a venue of saline
snow and thus BrO release through blowing snow events as it can explain some cases with large amounts
of GEOS-5 simulated SSAs that do not overlap with enhanced tropospheric column BrO. Any future investi-
gation regarding connection between first-year sea ice and tropospheric BrO explosion needs to be carefully
interpreted for individual cases.

Our conclusions are contingent upon a number of assumptions that are worthy of further study. For example,
our estimate of SSA is based on the assumption that the salinity of snow in the Arctic is similar to that in the
Antarctic reported by Massom et al. (2001). Additional measurements of Arctic snow salinity, in particular,
probability distribution functions that span a wide range of conditions, are needed. Our attempt to validate
the modeled SSA generated by blowing snow is limited by the large uncertainty in CALIOP detections of
blowing snow. Further evaluation and eventual validation of the spaceborne detection of blowing snow is
needed. Finally, additional measurements of chemical composition of blowing snow, including the ability to
characterize various snow types (e.g., Table 1 of Jacobi et al., 2012), is essential.

The most important conclusion of our study is that BrO explosion events appear to be highly dependent on
meteorology, mainly wind speeds driven by pressure gradients. These gradients can be associated with the
passage of synoptic storm systems within the Arctic basin. Studies of the recent historical conditions in the
Arctic generally show a marked positive trend in cyclonic activity (Graham et al., 2017; Rinke et al., 2017).
In particular, Rinke et al. (2017) found an average increase of six extreme storm events per decade over the
satellite era in the Arctic North Atlantic. These recent trends imply more frequent high-speed winds as well
as greater snowfall; both may affect future frequency and extent of blowing snow episodes and thus BrO
explosion events. These recent changes in the polar climate call for further investigations of (1) how polar
tropospheric bromine chemistry varies in response to climate change and (2) how polar bromine chemistry
may impact regions outside of the Arctic (and Antarctic). Global chemistry-climate models with polar bromine
chemistry as well as continued satellite observations are essential for these investigations.
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