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Abstract

Intense, cyclone-like shaped plumes of tropospheric bromine monoxide (BrO) are reg-
ularly observed by GOME-2 on board the MetOp-A satellite over Arctic sea ice in polar
spring. These plumes are often transported by high latitude cyclones, sometimes over
several days despite the short atmospheric lifetime of BrO. However, only few studies5

have focused on the role of polar weather systems in the development, duration and
transport of tropospheric BrO plumes during bromine explosion events. The latter are
caused by an autocatalytic chemical chain reaction associated with tropospheric ozone
depletion and initiated by the release of bromine from cold brine covered ice or snow
to the atmosphere.10

In this manuscript, a case study investigating a comma-shaped BrO plume which
developed over the Beaufort Sea and was observed by GOME-2 for several days is
presented. By making combined use of satellite data and numerical models, it is shown
that the occurrence of the plume was closely linked to frontal lifting in a polar cyclone
and that it most likely resided in the lowest 3 km of the troposphere. In contrast to previ-15

ous case studies, we demonstrate that the dry conveyor belt, a potentially bromine-rich
stratospheric air stream which can complicate interpretation of satellite retrieved tropo-
spheric BrO, is spatially separated from the observed BrO plume. It is concluded that
weather conditions associated with the polar cyclone favored the bromine activation
cycle and blowing snow production, which may have acted as a bromine source during20

the bromine explosion event.

1 Introduction

Intense plumes of bromine monoxide (BrO) are regularly observed over sea ice during
polar spring by satellite (e.g. Richter et al., 1998; Wagner and Platt, 1998; Hollwedel
et al., 2004; Choi et al., 2012; Theys et al., 2011; Sihler et al., 2012) and ground-based25

instruments (e.g. Frieß et al., 2004, 2011; Nghiem et al., 2012). Although subsidence
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of stratospheric air towards lower altitudes can substantially increase total column BrO
(Salawitch et al., 2010), several studies have shown that the plumes are often of tropo-
spheric origin and occur in conjunction with widespread ozone depletion (Barrie et al.,
1988; Simpson et al., 2007b; Jones et al., 2013). The latter is caused by an autocat-
alytic, heterogeneous chemical cycle, the so called “bromine explosion” (Barrie and5

Platt, 1997; Lehrer et al., 1997; Platt and Lehrer, 1997), in which gas phase molecular
bromine is photolysed in the presence of sunlight and oxidised subsequently by ozone
to form BrO. The latter then reacts with HO2 to form HOBr which is eventually removed
from the atmosphere by wet scavenging. The exact chemical reaction cycle as well as
the substrate, from which bromine is initially released to the gas phase are still unclear10

(Jones et al., 2009). However, there is general agreement that the source must be rich
in sea salts and specifically in Br− which reacts within the condensed phase substrate
to form Br2 which is released to the atmosphere:

HOBr+H+ +Cl−→ BrCl+H2O (R1)

BrCl+Br−
 Br2Cl− (R2)15

Br2Cl−
 Br2 +Cl− (R3)

HOBr+H+ +Br−→ Br2 +H2O (R4)

It is important to note that a pH lower than 6.5 is required for an efficient bromine
activation cycle (Fickert et al., 1999). The possible sequence of reactions involved in
the bromine explosion is given in detail in numerous studies (e.g. Sander et al., 2006;20

Simpson et al., 2007b; Buys et al., 2013).
According to Rankin et al. (2002), frost flowers are a primary source of bromine in-

volved in ozone depletion due to their large surface areas and salinities of about three
times higher than in sea water. Kaleschke et al. (2004) combined sea ice coverage
and tropospheric BrO from satellite remote sensors with regions potentially covered25

by frost flowers derived from a simple thermodynamic model. This was based on not-
ing cold surface temperature and related conditions associated with source regions for
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BrO. They concluded that young ice regions covered by frost flowers are the source
of bromine in bromine explosion events (termed BEEs in the following). Domine et al.
(2005) stated that the role of frost flowers for heterogeneous reactions should be re-
considered, as they measured the total surface area of frost flowers in the Arctic to be
only 1.4 m2 m−2 of ice surface. Roscoe et al. (2011) investigated frost flowers in the lab5

and could not observe release of aerosols despite wind speeds in gusts up to 12 ms−1.
Correlating BrO measurements with air mass histories from meteorological back tra-
jectories, Simpson et al. (2007a) identified snow and ice contaminated with sea salt on
first-year sea ice as a more likely bromine source compared to frost flowers at Barrow
in Alaska. However, results by Obbard et al. (2009) suggest that blowing snow could be10

salinated by frost flower contact and that, as a consequence, frost flowers and blowing
snow in combination are the major source of atmospheric bromine.

Yang et al. (2010) found a good agreement with satellite derived tropospheric BrO
when including sublimation of salty blowing snow as a bromine source in a chemical
transport model. Pratt et al. (2013) conducted snow chamber experiments on various15

types of snow and ice surfaces at Barrow, Alaska, and concluded that photochemi-
cal production of molecular bromine in surface snow may serve as a major bromine
source. They found the most effective production rates of Br2 for tundra snow and the
uppermost 1 cm thick layer of snow on top of first-year sea ice. Using GOME satellite
data, Wagner et al. (2001) linked the development of boundary layer BrO plumes to20

locations of 1 year old sea ice.
Younger sea ice has gained much attention in studies on BEEs as it is much more

salty than older ice (Nghiem et al., 2012) so that snow lying on this ice can easily ac-
cumulate sea-salt (Yang et al., 2010). Moreover, liquid brine which forms on fresh ice
during the freezing process is highly concentrated in sea-salts. Frost flowers growing25

on the ice or snow lying on top of it can get coated with the brine through capillary
forces (Sander et al., 2006). The likeliness for production of atmospheric Br2 through
heterogeneous reaction is enhanced, if the frost flowers, salty snow or sea salt aerosols
are lifted up into the air by high wind speeds as will be described below. Nghiem et al.
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(2012) employed ground based measurements from the International Polar Year to-
gether with satellite observations across sea ice sectors in Alaska and the Canadian
Arctic. They showed that stronger BEEs occurred in 2009, when springtime perennial
sea ice extent was reduced compared to the previous year. The authors concluded that
the strength and frequency of BEEs may increase in the future, as perennial sea ice is5

replaced by younger, and hence saltier sea ice due to global warming.
Sander et al. (2006) investigated how atmospheric particles produced from alkaline

seawater can trigger the acid-catalyzed bromine activation cycle using a 1-dimensional
atmospheric chemistry model. They concluded that below a temperature of 265 K most
of the carbonate precipitates, which reduces the buffering capacity of sea water and10

hence facilitates its acidification. Moreover, at low temperates, the equilibrium constant
of the reaction of (R2) shifts towards Br2Cl which is then transformed to Br2. As ozone
depletion events occur at a wide range of low temperatures (Koo et al., 2012), the
role of low temperatures for ozone depletion events is still uncertain (e.g., Tarasick and
Bottenheim, 2002; Bottenheim et al., 2009; Jacobi et al., 2010).15

Reactive bromine plays a key role in oxidising gaseous elemental mercury to reactive
gaseous mercury (Simpson et al., 2007b). This increases deposition of mercury to the
snow and ice which is harmful to the environment (Steffen et al., 2008). BEEs therefore
not only cause ozone depletion events, but also cause atmospheric mercury depletion
events during polar spring.20

Satellite images show that many BrO plumes observed over polar sea-ice regions
are spiral or comma-shaped and resemble high latitude cyclones in appearance. How-
ever, not much is known on the role these weather systems play for the formation,
duration and transport of BEEs. In the past, it was widely believed that all BEEs form
within a stable boundary layer and are accompanied by low near-surface wind speeds.25

Subsequent transport of the bromine plumes from their genesis regions explained why
large concentrations of bromine were also observed at high wind speeds (e.g. Barrie
et al., 1988; Frieß et al., 2004). In contrast to this, Jones et al. (2009) showed that a sta-
ble boundary layer acting as a “closed reaction chamber” (Simpson et al., 2007b) is not
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a prerequisite for the development of BEEs. Jones et al. (2009) developed a qualita-
tive model showing that the likeliness of ozone depletion is strongly enhanced at very
calm weather conditions and at two digit wind speeds. They argued that both weather
situations increase the number of reactants in the air and facilitate contact between
the gaseous and condensed phase, thereby favouring bromine explosions. Their find-5

ings were supported by observations of an Antarctic BEE, for which high wind speeds
caused by a cyclone and saline blowing snow were reported. Jones et al. (2010) inves-
tigated the vertical structure of ozone depletion events based on ozone measurements
from two Antarctic field campaigns and found that those events which occurred at wind
speeds below 7 ms−1 did not exceed 40 m in the vertical, while those observed at al-10

titudes above 1 km were accompanied by high wind speeds caused by low pressure
systems. They concluded that high wind speeds and rising motions within cyclones
cause uptake of snow to the air, which in turn caused the observed bromine explo-
sions. Begoin et al. (2010) conducted a case study of a BrO plume in the Arctic, which
was seen on GOME-2 satellite images for at least five days and was transported by15

a cyclone over a large distance. They concluded that recycling of BrO on wind blown
snow or aerosol surfaces enhanced the lifetime of the plume substantially.

The present study aims to improve knowledge of the role of high latitude cyclones in
BEEs. We present GOME-2 satellite observations of a tropospheric BrO plume which
developed in late March 2011 over the Beaufort Sea to the north of Alaska. As will be20

shown below, the evolution of this BEE is closely linked to weather conditions and trans-
port within a polar cyclone and it is therefore termed “bromine cyclone transport event”
or BCTE in the following. The regional Weather Research and Forecasting (WRF) (Ska-
marock et al., 2008) model is used to investigate meteorological conditions during the
BCTE. As only columns of tropospheric BrO, i.e. no information on vertical distribution,25

are available from GOME-2, runs with the Lagrangian FLEXible PARTicle dispersion
model (FLEXPART) (Stohl et al., 2005) are carried out to derive information on the al-
titude of the BrO plume. Moreover, conclusions on the location of the plume in relation
to airflows within the polar cyclone and on possible BrO sources are derived from ad-
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ditional satellite data. In contrast to previous studies on BCTEs using satellite data, we
show that the dry conveyor belt as a potentially bromine-rich stratospheric airstream is
spatially separated from the BrO plume for the case investigated.

Satellite data used in the present study will be described in Sect. 2. Details on WRF
and FLEXPART model set-ups are given in Sect. 3, followed by results in Sect. 4. The5

paper ends with a summary and conclusions (Sect. 5).

2 Satellite data

2.1 GOME-2

GOME-2 (Global Ozone Monitoring Experiment-2; Callies et al., 2000) is a UV-vis
nadir-viewing spectrometer on board MetOp-A (Meteorological Operational Satellite-10

A) and MetOp-B. It measures the upwelling radiance backscattered from Earth and
the extraterrestrial solar irradiance between 240 and 790 nm with a footprint size of
40km×80km. GOME-2 is in a sun-synchronous polar orbit with an equator-crossing
time of 09:30 LT in descending node.

The method for deriving tropospheric BrO used here is similar to the one used by Be-15

goin et al. (2010), which accounts for stratospheric BrO amounts based on the method
of Theys et al. (2011). First, BrO total slant column densities are retrieved from GOME-
2 (MetOp-A) data by application of the Differential Optical Absorption Spectroscopy
(DOAS) (Platt, 1994) method to a 336–347 nm fitting window (Afe et al., 2004). The
fit includes absorption cross-sections of O3 (223 and 273 K) (Gorshelev et al., 2014;20

Serdyuchenko et al., 2014), NO2 (223 K) (Burrows et al., 1998) and BrO (Fleischmann
et al., 2004) as well as a Ring-pseudo-spectrum for correction of the effect of Rotational
Raman scattering (Vountas et al., 1998) and a polynomial of order 4. Second, strato-
spheric vertical column densities (VCDs) of BrO are estimated using the Theys et al.
(2011) climatology of stratospheric BrO from the BASCOE (Errera et al., 2008; Viscardy25

et al., 2010) chemical transport model and dynamical tropopause heights (defined in
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this study as the height of the 3 PVU potential vorticity surface) derived from WRF
output (see Sect. 3.1 for details on the model set-up). Stratospheric VCDs are then
converted to slant column densities by application of a stratospheric air mass factor.
In the last step, VCDs of tropospheric BrO are calculated by subtracting stratospheric
from total slant column densities and dividing the result by a tropospheric air mass fac-5

tor. For derivation of the tropospheric air mass factor, we assume that all BrO is located
and well mixed within the lowermost 400 m of the troposphere over ice or snow with
a surface spectral reflectance for the viewing angle of 0.9. Hence, BrO amounts are
underestimated outside ice and snow covered regions, which means away from areas
where the BCTE was observed. In this paper, GOME-2 results are shown for solar10

zenith angles smaller than 80◦ only.
No cloud flagging technique is applied to GOME-2 retrievals shown in the following

sections. The reason for this is twofold. On the one hand, it is very difficult to differ-
entiate clouds from sea ice or snow covered surfaces using passive remote sensors.
On the other hand, applying a cloud flag to the data would most likely eliminate fronts15

from tropospheric BrO observations. Fronts indicate vertical lifting and are therefore
of particular interest when looking at BCTEs. Hence, BrO amounts may be underes-
timated, if BrO is located below optically thick clouds, and BrO sensitivity can be en-
hanced, if BrO is located within or above a cloud (e.g., Begoin et al., 2010; Sihler et al.,
2012). However, the former (shielding) effect is much less pronounced over bright sur-20

faces (e.g., Begoin et al., 2010), i.e. over areas where the BCTE was observed. This
is demonstrated by Fig. 1 showing SCIATRAN (Rozanov et al., 2005) radiative transfer
simulations of the sensitivity of satellite observations to BrO in the boundary layer un-
der different cloud conditions, solar zenith angles and surface albedos. The SCIATRAN
runs were performed for clouds at 1 to 1.5 km altitude, which is broadly representative25

of GOME-2 results shown in this paper (see Sect. 4). The sensitivity is expressed in
the form of an altitude-dependent airmass factor, the so called box airmass factor. Over
bright surfaces, even clouds with optical thicknesses of 20 or more do not completely
block BrO close to the ground from the satellite view. The latter is explained by the ef-
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fect of multiple scattering between surface and cloud bottom which enhances the light
path below the cloud, partly compensating for the smaller number of photons which
penetrate the cloud. The influence of clouds on box airmass factors does not vary
much for solar zenith angles between 60 and 80◦, which is characteristic for the BCTE
observations discussed in this paper.5

Further investigation of GOME-2 O4 retrievals (not shown) indicate that light path
enhancement due to multiple scattering caused by clouds cannot explain the large
VCDs observed inside the BrO plume for the case investigated in the present study.
This agrees with the box airmass factor displayed in Fig. 1, which only shows a rather
small increase in the upper parts of clouds compared to the cloud free case, even for10

a cloud optical thickness of 100.
GOME-2 total columns of ozone derived using the Weighting Function DOAS (WF-

DOAS) (Coldewey-Egbers et al., 2005; Weber et al., 2005; Bracher et al., 2005) are
incorporated in the present study to better differentiate between stratospheric and tro-
pospheric air flows within the polar cyclone.15

2.2 MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) on board the National
Aeronautics and Space Administration (NASA) Terra and Aqua satellites measures
visible and thermal electromagnetic radiation in 36 spectral bands between 0.4 and
14.4 µm (http://modis.gsfc.nasa.gov). In this manuscript, false colour images are con-20

structed using the 2.1 µm mid-infrared channel for both red and green and the 0.85 µm
visible channel as blue following the blowing snow detection method by Palm et al.
(2011). For such imaging, snow and ice on the ground should appear blue, as their sig-
nal stands out in the visible, while clouds and suspended snow particles should appear
yellow, as these cause signals which stand out in the mid-infrared (Palm et al., 2011).25

MODIS false colour images are used here to investigate if blowing snow may have
contributed as a bromine source during the BCTE and, in combination with GOME-2
ozone observations, to distinguish between stratospheric and tropospheric air flows.
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The MODIS data with 1 km horizontal resolution is provided by NASA through the
MODIS website (http://modis.gsfc.nasa.gov).

2.3 SMOS

The Microwave Imaging Radiometer with Aperture Synthesis (MIRAS) on board the
Soil Moisture and Ocean Salinity (SMOS) satellite measures radiance emitted by the5

Earth at L-Band (1.4 GHz). MIRAS has a footprint of 35 km in nadir, while the footprint
is 45 km at the edges of the swath (Kaleschke et al., 2012). An iterative retrieval algo-
rithm was used to calculate sea ice thickness from the 1.4 GHz near nadir brightness
temperature (Tian-Kunze et al., 2014). SMOS sea ice thickness maps are indicative
of conditions for sea ice surfaces with high salinity because the 1.4 GHz brightness10

temperature is in particular sensitive to thin ice and leads in sea ice.

2.4 CALIOP

The Cloud Aerosol Lidar with Orthogonal Polarization (CALIOP) on board the Cloud-
Aerosol Lidar Infrared Pathfinder Satellite Observation (CALIPSO) satellite is a two-
wavelength polarization-sensitive lidar which provides high-resolution vertical profiles15

of clouds and aerosols (http://www-calipso.larc.nasa.gov). As it is difficult to obtain
cloud information from passive remote sensors over snow or sea ice, CALIOP is used
to investigate cloud top altitudes inside the BCTE. CALIOP data were obtained from
the NASA Langley Research Center Atmospheric Science Data Center through their
website at http://eosweb.larc.nasa.gov/.20
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3 Numerical model simulations

3.1 WRF

The WRF model is a mesoscale numerical weather prediction and atmospheric sim-
ulation system developed at the National Center for Atmospheric Research (NCAR)
(Skamarock et al., 2008).5

Here, we use WRF version 3.6 to simulate meteorological conditions for a 7600km×
7600km sized domain centred on the development region of the BCTE (see Fig. 2
for the borders of the model domain). The model is run with a horizontal grid spac-
ing of 20km×20km, 30 levels in the vertical and a model top at 50 hPa. NCEP Final
Analysis (FNL from GFS) 6 hourly data with 1◦ resolution is used to initialise meteoro-10

logical conditions and as boundary conditions. The NCEP FNL data was provided by
the Computational and Information Systems Laboratory (CISL) Research Data Archive
through their web site at http://dss.ucar.edu/. The simulation starts on 31 March 2011 at
00:00 UTC and ends on 3 April at 00:00 UTC. WRF output is produced at a half-hourly
time step, so that the model output is close to satellite observation times.15

Our model set-up includes the Mellor-Yamada-Janjic planetary boundary layer
scheme (Janjic, 1994), Lin et al. (1983) for cloud microphysics, the Dudhia (1989)
shortwave radiation scheme and the Rapid Radiative Transfer Model longwave radi-
ation scheme (Mlawer et al., 1997).

3.2 FLEXPART20

FLEXPART is a Lagrangian trajectory model suitable for simulating a large range of
atmospheric transport processes (http://www.flexpart.eu). It has been used in atmo-
spheric chemistry research to examine source regions for aircraft, satellite, ground-
based station, and ship-based studies (Stohl et al., 2005; Stohl, 2006; Warneke et al.,
2009; Begoin et al., 2010; Gilman et al., 2010; Hirdman et al., 2010).25

24965

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/24955/2015/acpd-15-24955-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/24955/2015/acpd-15-24955-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dss.ucar.edu/
http://www.flexpart.eu


ACPD
15, 24955–24993, 2015

A bromine explosion
event linked to

cyclone development
in the Arctic

A.-M. Blechschmidt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

In the present study, FLEXPART is run forward in time for a passive BrO tracer which
is transported by winds from 1◦ resolution NCEP Final Analysis 6 hourly data. As knowl-
edge of BrO chemistry is limited, simulations are kept as simple as possible, so that the
BrO tracer is not removed by wet or dry deposition and no assumptions on its lifetime
were made. Convection is accounted for in our model configuration. FLEXPART output5

is produced half-hourly (as for WRF, see Sect. 3.1) on a 1◦ resolution grid.
FLEXPART runs are initialised by daily averaged GOME-2 satellite retrievals of tro-

pospheric BrO following the method of Begoin et al. (2010). To identify the most likely
source regions of tropospheric BrO for this event, which we expect to be located in
close proximity of the plume, only satellite data with values above 5×1013 moleccm−2

10

and between 140 to 280◦ E, to the north of 65◦N are regarded here.
Results from three different sets of simulations will be shown below. The first set of

FLEXPART simulations (FS1) is started and initialised on 1 April at 00:00 UTC by daily
averaged satellite observations from approximately 31 March at 22:00 UTC to 1 April
at 01:00 UTC. Note that possible initialisation times are limited to the 6 hourly time15

resolution of NCEP Final Analysis data. As the BrO plume location is nearly stationary
for all orbits included in this satellite mean, we expect possible effects resulting from
time gaps between initialisation and satellite observation to be negligible. The second
set of simulations (FS2) is started and initialised on 2 April at 00:00 UTC by satellite
observations from 1 April at about 20:00 to 23:00 UTC. Again, the plume is to a good20

approximation stationary for all orbits included in the satellite mean for 1 April. The third
set of simulations (FS3) use the same set up as FS2, but in addition to the latitude and
longitude boundaries given above, only observations up to 76◦N are regarded here.

Each set of FLEXPART experiments consists of six model runs assuming that the
plume was located between 0–1, 1–3, 3–5, 5–7, 7–9 or 9–11 km at time of initialisa-25

tion. This means that the higher elevation runs are initialised by plumes above the
tropopause. As will be described in the following section, the FLEXPART runs show
that the plume resided in the troposphere, confirming that GOME-2 observed a tropo-
spheric feature.
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4 Results

In this section, results on links between the polar cyclone and the associated bromine
explosion will be presented. In principal there are three conceivable explanations for the
occurence of polar tropospheric BrO plumes in GOME-2 satellite images: (1) the plume
is a result of light path enhancement within clouds possibly combined with shielding of5

BrO below optically thick clouds at other locations, (2) the plume is due to subsidence of
stratospheric, bromine rich air towards lower altitudes, which strongly enhances total
column BrO and the stratospheric correction method failed to remove this airmass
from tropospheric BrO VCDs, (3) the plume developed due to the bromine explosion
chemical reaction in the boundary layer with possible subsequent transport towards10

higher altitudes in the troposphere. In Sect. 2.1, it was shown that the first explanation
is not valid for the BCTE investigated in this paper. We will show in the following that
the second point is also not valid, whereas plume development due to the bromine
explosion mechanism in the boundary layer can reasonably explain the occurence of
the observed tropospheric BrO plume.15

Figure 3 shows satellite observations, together with parameters used for GOME-2
tropospheric BrO retrieval, covering different development stages of the BCTE. The
first GOME-2 observation of the tropospheric BrO plume was made on 31 March at
approximately 22:00 UTC (not shown). At this time, the plume was already shaped like
a comma, resembling the clouds of a polar cyclone in appearance. As the bromine20

explosion chemical reaction cycle requires day light, the BCTE most likely developed
between sunrise (approximately at 15:40 UTC) and 22:00 UTC on 31 March. It was
generated to the north of Alaska over the Beaufort Sea, which was covered by sea-ice
at this time of the year. The location as well as spatial pattern of the plume did not
change from the first to the second GOME-2 observation (see next paragraph).25

At 23:30 UTC on 31 March (Fig. 3a, left panel), absolute values of tropospheric BrO
VCDs had increased by about 4×1013 moleccm−2 inside the plume. This may indicate
that the BCTE had intensified, but may also result from differing satellite viewing condi-

24967

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/24955/2015/acpd-15-24955-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/24955/2015/acpd-15-24955-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 24955–24993, 2015

A bromine explosion
event linked to

cyclone development
in the Arctic

A.-M. Blechschmidt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

tions. Figure 4 shows meteorological conditions from the WRF simulation correspond-
ing to GOME-2 observation times shown in Fig. 3. Comparison of both figures shows
that the plume was located to the west of a low pressure system at an occluded front
(shown by 2 m temperature patterns in Fig. 4c, left panel), which means that northerly
wind directions prevailed during the development of the event. Wind speeds reached5

about 10 ms−1 at the plume location. Note that fronts indicate vertical lifting.
On 1 April at 21:30 (Fig. 3a, middle panel), the BrO plume had fully developed. WRF

simulations indicate that the plume was transported cyclonically eastwards around the
low pressure system, which had also deepened at this time of development, reaching
minimum mean sea level pressure values of approximately 983 hPa (see Fig. 4a, mid-10

dle panel). South-westerly winds of up to 15 ms−1 prevailed at the plume location. The
wind speed maximum was located around −160◦ E, 76◦N which coincides with conver-
gent wind directions, indicating strong north-eastwards directed uplift at the southern
end of the BrO plume.

On 2 April at 19:30 UTC (Fig. 3a, right panel), the plume had moved further north-15

eastwards with the low pressure system and reached the Canadian High Arctic
Archipelago. Values inside the plume had decreased and the plume had lost its comma-
shape indicating the dissolving stage of the BCTE. Likewise, the low pressure system
weakened and the cyclone lost frontal structure (see Fig. 4, right panels). However,
wind speeds were still quite high (up to about 13 ms−1) and blowing from southerly20

directions at plume location.
On 3 April (not shown), parts of the diluted plume were observed at the Polar Envi-

ronment Atmospheric Research Laboratory (PEARL) on Ellesmere Island by ground-
based Multi Axis-DOAS. The BCTE arrived at PEARL late on 3 April. Investigation of
NCEP/NCAR Reanalysis (Kalnay et al., 1996) data (not shown) reveals that on 5 April,25

the weather system associated with the BCTE had joined another, more southerly low
pressure system. This resulted in low wind speed weather conditions different from
those discussed in this study. The measurements at PEARL, documenting the arrival
of the plume during blowing snow weather conditions followed by local recycling of BrO
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under stable shallow boundary layer conditions, are described in detail by Zhao et al.
(2015). Overall, the observed lifetime of the high wind speed BCTE is about four days
according to GOME-2 observations, covering the onset (evening of 31 March), mature
stage (evening of 1 April) and dissolving stage (evening of 2 April).

The BrO plume observed by GOME-2 is spatially correlated to low temperatures5

around 350 gpm (see Fig. 4d, the difference between geopotential heights and altitudes
above ground is assumed to be negligible) simulated by WRF, although the relation is
less clear during the development of the event compared to later stages. The correla-
tion is also present at higher altitudes up to roughly 500 gpm during the development
stage and roughly 1000 gpm for the mature and dissolving stage of the BCTE. This10

is in agreement with the results by Sander et al. (2006) (see Sect. 1), who found that
recycling of BrO on aerosol surfaces is most efficient at low temperatures.

Figure 5 shows sea ice thickness retrieved by SMOS for 1 April. This date is chosen
as a proxy of sea ice thickness conditions for other days during the BCTE (potential
bromine sources deduced from SMOS images do not change significantly from late15

March to early April 2011). SMOS shows reduced sea ice thicknesses in the area
around −170◦ E, 77.5◦N and −158◦ E, 74◦N. Comparing GOME-2 observations of the
BrO plume to SMOS retrievals and considering wind directions simulated by WRF, we
infer that the former identified region may have acted as a bromine emission source
during the onset of the BCTE, while the latter region may have been a source of20

bromine during the mature stage of the event.
To identify the location of the BrO plume with respect to cyclonic air flows, ozone

VCDs [DU] from GOME-2 as well as MODIS false colour images close to GOME-2
observation times are shown in Fig. 3c and e, respectively. Note that further inspec-
tion of all MODIS observations of the BCTE available before and after each GOME-225

observation indicates that MODIS orbits shown in Fig. 3 are to a good approxima-
tion representative of cloud/blowing snow conditions at GOME-2 observation times.
The dry conveyor belt is a low moisture, ozone-rich air stream within an extra-tropical
cyclone, descending from the lower stratosphere towards tropospheric altitudes. On
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satellite images, a dry intrusion can be identified as a nearly cloud free region sand-
wiched between a high-topped cloud band associated with the cold front and an often
lower cloud head (Browning, 1997). The location of this air stream, coinciding with high
ozone VCDs observed by GOME-2, is indicated by red arrows plotted on top of MODIS
false colour images in Fig. 3e. Apart from enhanced ozone VCDs near the cloud head,5

where the dry conveyor belt most likely overlaps with tropospheric air flows, the dry
conveyor belt is clearly separated from the BrO plume. Moreover, the plume pattern
is not significantly correlated with low WRF tropopause heights shown in Fig. 3d. In
this sense, this BEE differs from previous case studies for which the dry conveyor belt
complicated the interpretation of tropospheric BrO or total column BrO from satellite10

retrievals (e.g., Begoin et al., 2010; Salawitch et al., 2010), so that the contribution of
stratospheric air to the observed BrO plumes remained uncertain. Note that the high
ozone values coincide with high GOME-2 stratospheric BrO VCDs (Fig. 3b), which is
in agreement with conclusions drawn in this paragraph.

The MODIS images shown in Fig. 3 reveal that the BrO plume moved with the oc-15

cluded front and generally coincided with cloudy areas. As clouds indicate vertical mix-
ing, it is likely that the plume development is closely linked to regions of vertical uplift
and high wind speeds near the cyclone centre. In agreement with the study by Jones
et al. (2009), these weather conditions are favorable for blowing brine wetted snow
production, which may have acted as a bromine source during the BCTE. This con-20

clusion is strengthened by mesoscale features shown in Fig. 6, which shows a zoom
of the MODIS image for 1 April at 19:45 UTC in Fig. 3. There are yellow-brown, paral-
lel, stripy features visible in the image. Blowing snow detection from MODIS is difficult
as clouds and blowing snow particles both stand out in the mid-infrared (Palm et al.,
2011) and therefore appear yellow in Fig. 6. It is therefore not clear if the stripy features25

are snow billows or just cloud streets, or a mixture of both. Nevertheless, as shown
by WRF simulations (see above), the stripes occur in an area of high wind speeds
and convergence, which most likely causes vertical lifting near the ground. Moreover,
SMOS satellite observations (Fig. 5) show reduced sea ice thicknesses in the area of
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the stripy features observed by MODIS (see above). A reduced sea ice thickness in-
dicates younger and saltier sea ice. Snow lying on top of younger sea ice, is covered
in brine and more salty itself. This possibly favored the bromine explosion chemical
chain reaction together with weather conditions in the area of stripy features observed
by MODIS.5

Left panels in Fig. 7 show CALIOP vertical feature mask giving insight into vertical
cloud and aerosol distributions inside the BrO plume for all development stages of the
BCTE. CALIPSO footprints corresponding to these CALIOP observations are given by
red and black dotted lines plotted on top of MODIS false colour images and GOME-2
tropospheric BrO VCDs in Fig. 3e and a, respectively. Again, further inspection of all10

MODIS observations of the BCTE available before and after each CALIOP observa-
tion indicates that MODIS observations shown in Fig. 3 are to a good approximation
representative of cloud conditions at CALIOP observation times. Comparing the verti-
cal feature masks with GOME-2 tropospheric BrO VCD along corresponding CALIPSO
footprints (Fig. 7, right panels) shows that at the plume location, clouds and aerosols15

were restricted to about 3 km height in the vertical (with the exception of the onset of
the event, for which some parts of the plume occured in an area of higher cloud tops).
Note that approximate BrO plume locations are indicated by red dashed boxes in Fig. 7.
Cloud tops indicate boundaries regarding vertical mixing. Hence, it is likely that verti-
cal transport of tropospheric bromine from the ground was also limited to 3 km height20

along CALIPSO footprints. However, the maximum time difference between CALIOP
and GOME-2 observations is about 1.5 h so that cloud and aerosol conditions shown
in Fig. 7 may differ in the vertical from the one at GOME-2 observation time.

FLEXPART simulations from FS1 for the mature and dissolving stage of the BCTE
are displayed by Fig. 8 together with corresponding GOME-2 observations of tropo-25

spheric BrO VCD for reference. For 1 April, the best agreement between FLEXPART
and GOME-2 is achieved by assuming that the BrO plume was located within a 1 km
thick layer at the surface at time of initialisation (1 April at 00:00 UTC). The magnitude of
BrO observations within the plume is reproduced well by FLEXPART. The model under-
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estimates background values outside the BrO plume. The latter is most likely due to the
fact that only satellite retrievals within a specific area around the BrO plume and above
a BrO threshold value were used for model initialisation (see Sect. 3.2). This is also
the case for all other FLEXPART results shown in this paper. The agreement between
satellite retrievals and model output is also rather good regarding spatial distribution5

of the plume, for runs initialised by plumes between 1 and 7 km altitude (see Fig. 8c).
Note that 1–3 and 5–7 km plume results broadly resemble those for 3–5 km runs and
are therefore not shown in Fig. 8. However, the magnitude of BrO tropospheric VCDs is
considerably lower than those of the satellite observations and the plume slightly turns
anticlockwise with height, so that the spatial agreement is not as good as for the sur-10

face plume run. Simulations substantially lose resemblance to GOME-2 retrievals for
the 7–9 and 9–11 km runs (Fig. 8d and e, respectively), suggesting that a stratospheric
origing of the BrO plume is rather unlikely.

In contrast to GOME-2 observations, FLEXPART still simulates a comma-shaped
plume at the dissolving stage of the BCTE for the 0–1 and 3–5 km simulations. More-15

over, the plume is located northwards of where it actually occurred. The lowest eleva-
tion run overestimates satellite retrieved tropospheric VCDs of BrO. This may be due to
the fact that no removal processes of BrO are included in the FLEXPART set-up. The
higher elevation runs do not show a comma-shaped plume and simulated tropospheric
VCDs are on the order of observed ones. Again, the simulated plume is located further20

northwards of where it actually occurred. Overall, the simulations from FS1 for the dis-
solving stage of the BCTE show that other emission sources as the ones included in
FS1 most likely contributed to an enhanced lifetime of the BrO plume after the evening
of 1 April.

FLEXPART simulations from FS2 and FS3 for the dissolving stage of the BCTE25

(together with the corresponding GOME-2 tropospheric BrO observation) are given
in Fig. 9. Results for runs with emissions between 1–3 km and between 5–7 km look
quite similar as results from the 3–5 km run and are therefore not shown in this Figure.
Like FS1, FS2 shows comma-shaped plumes for runs up to initialisation altitudes of
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9–11 km. FS2 runs predict large values of tropospheric BrO vertical column density in
the same area as the satellite observations, but also further northwards of the satellite
observed plume. FS2 overestimates the magnitude of values reached inside the plume.
In contrast to FS1 and FS2, FS3 results agree well with satellite observations at the
dissolving stage of the BCTE. The simulated plume has largely lost its comma-shape5

for FS3. The best agreement between satellite retrievals and FS3 runs is achieved
when assuming that the plume was located between 0 and 1 km altitude at time of
initialisation (2 April 00:00 UTC). The fact that FS3 results compare much better with
satellite data than FS2 and FS1 shows that emission sources around −150◦ E, 75◦N
contributed to the long observed lifetime (about four days) of the BrO plume. WRF10

simulations show that high wind speeds, convergent air flow and hence uplift occurred
in this region (see above). This, together with SMOS and MODIS images suggests
that recycling of bromine on salty blowing snow most likely caused the long observed
lifetime of the BCTE.

Overall, FLEXPART runs show that the plume was located in the troposphere with15

largest concentrations close to the surface, confirming that GOME-2 observed a tropo-
spheric feature. Further investigation of FLEXPART runs shows that the plume resided
between 0 and 3 km altitude during the whole simulation time. Provided that cloud
top heights are representative of the upper limit of convection, FLEXPART simulations
agree well with cloud top heights observed by CALIOP, further indicating that the BrO20

plume most likely occured in the lowest three kilometres of the troposphere.

5 Summary and conclusions

An intense BCTE which developed on 31 March 2011 over the Beaufort Sea has been
investigated based on combined use of satellite observations and numerical models.
Despite the short atmospheric lifetime of BrO, the high wind speed BCTE was ob-25

served for about four days in GOME-2 satellite images. Comparison of GOME-2 satel-
lite retrievals to FLEXPART and WRF model results reveals that the BrO plume moved
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eastwards with a polar low pressure system. To our knowledge, this is the first study on
a BEE that documents not only a link between plume occurrence and high boundary
layer wind speeds, but also to frontal lifting near the cyclone centre as well as different
development stages of the weather system. Our findings support Sihler et al. (2014)
who stated that most of the ozone destruction during BEEs occurs in fronts. The BCTE5

intensified on 1 April in the evening, when the low pressure system deepened and wind
speeds increased. The BCTE reached its dissolving stage on 2 April in the evening,
when the low pressure system weakened and the cyclone lost frontal structure. High
values of tropospheric BrO VCDs in regions of low wind speed which occurred near
the cloud head at the onset and mature stage of the event can be explained by produc-10

tion of gas phase bromine in high wind speed regions and subsequent anti-clockwise
transport around the cyclone centre towards the cloud head.

The high wind speeds and vertical lifting associated with the front of the polar cy-
clone are consistent with weather conditions which cause production of blowing snow
reported in other studies (e.g., Jones et al., 2009; Begoin et al., 2010). The MODIS15

false colour image from the mature stage of the BCTE shows mesoscale features re-
sembling snow billows or cloud streets at the occluded front of the low in an area of
high wind speeds and vertical uplift simulated by WRF. The latter coincides with re-
duced sea ice thicknesses retrieved from SMOS which means that any snow lying on
sea ice in this area would have been more salty. Therefore, recycling of bromine on20

blowing snow is a reasonable explanation for the long observed lifetime of the plume
and also for its development during the onset of the event. Moreover, the WRF sim-
ulations indicate that low temperatures in the area of the BrO plume in the lowest
kilometre of the troposphere may have favored the bromine activation cycle as pro-
posed by Sander et al. (2006). Our results are consistent with Zhao et al. (2015) who25

observed the arrival of the BrO plume together with blowing snow at PEARL on 4 April
with a MAX-DOAS instrument and Millimetre Cloud Radar data. Investigation of NCEP
Reanalysis data (not shown) confirms that the BCTE initially developed when the low
pressure system moved northwards towards the Beaufort Sea and reached potential
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source regions for salty blowing snow production observed by SMOS. Results pre-
sented in this paper document that weather conditions associated with fronts within
polar cyclones are favorable not only for development of BEEs, but also to sustain high
values of tropospheric BrO, thereby extending plume lifetime substantially.

GOME-2 satellite observations of tropospheric BrO and total column ozone together5

with MODIS false colour images show, that the plume was spatially separated from
the dry conveyor belt associated with the polar cyclone. In this sense, this BEE differs
from previous case studies for which the dry conveyor belt as a potentially bromine-
rich stratospheric airstream complicated the interpretation of tropospheric BrO or total
column BrO from satellite retrievals (e.g., Begoin et al., 2010; Salawitch et al., 2010).10

Moreover, FLEXPART simulations suggest that the BrO plume developed in a 1 km
thick layer near the surface and was then transported up to 3 km altitude. This combi-
nation of model results and satellite observations shows that the BrO plume observed
by GOME-2 most likely resided in the lowest parts of the troposphere over the entire
lifetime of the BCTE. Our findings are consistent with Jones et al. (2010) who found that15

ozone depletion events which extend above 1 km in the vertical are usually associated
with high wind speed conditions. Our results demonstrate that the close proximity of
fronts and dry conveyor belts needs to be considered when deciding whether cyclone-
like shaped plumes observed from satellite are of tropospheric or stratospheric origin,
as both would be expected to show a comma- or spiral-shaped BrO pattern. This is-20

sue can be solved by using meteorological model data in combination with satellite
observations.

The BrO plume occurred at the same location as low level clouds observed by
MODIS and CALIOP. As described in Sect. 2.1, light path enhancement and shielding
of boundary layer BrO from the satellite sensors view cannot account for the plume pat-25

tern observed by GOME-2. Assuming that clouds are representative of vertical bound-
aries regarding convection, cloud and aerosol top heights observed by CALIOP agree
well with FLEXPART results indicating that plume transport was limited to the lowest
3 km of the atmosphere.
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In recent years, global climate models have been extended to successfully reproduce
tropospheric BrO and BEEs observed by satellite (e.g., Yang et al., 2010). However, our
results suggest that a mesoscale model like WRF/Chem (Grell et al., 2005) may be bet-
ter suited for incorporating the bromine explosion chemical mechanism in a chemical
transport model, as mesoscale snow billows produced by high wind speeds will not be5

resolved by global models.
As the present paper is based on one event only, more studies characterising links

between polar cyclones and BCTEs on a climatological basis are required. Especially
links to fronts should be investigated further. Moreover, possible links between strength
and frequency of BCTEs and climate change need to be investigated in future research.10

Our results suggest that global warming potentially not only affects strength and fre-
quency of BEEs by replacing perennial by younger sea ice (Nghiem et al., 2012), but
also through effects on cyclone strength and frequency. According to Vavrus (2013),
the frequency of extreme Arctic cyclones is expected to increase as a result of global
warming. This, in addition to an increased area of younger sea ice, may lead to more15

frequent BCTEs in the future. This in turn impacts on the oxidative capacity of high
latitudes, the depletion of tropospheric O3 and deposition of mercury.

In summary, this manuscript has demonstrated the important role of frontal systems
in generating tropospheric BrO in the lower troposphere. Further studies are required
to quantify the relative importance of surface production of BrO and brine coated snow20

and ice lifted by frontal systems, future changes of BCTEs as well as their impact on
tropospheric chemistry.
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Figure 1. Radiative transfer simulations showing sensitivity of satellite observations to BrO in
the boundary layer under (dashed lines) cloud free and (solid lines) cloudy conditions. The
panels show the influence of (left) solar zenith angle θ, (middle) cloud optical thickness τ and
(right) surface albedo a on the box airmass factor. All simulations are at a wavelength of 350 nm,
θ = 50◦, τ = 20, and a = 0.9 unless noted otherwise.
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Figure 2. The WRF model domain (red box).
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Figure 3. Satellite observations, together with parameters used for GOME-2 tropospheric
BrO retrieval, of the BCTE showing (a) GOME-2 BrO tropospheric VCD [1013 moleccm−2],
(b) GOME-2 BrO stratospheric VCD [1013 moleccm−2], (c) GOME-2 ozone VCD [DU], (d) WRF
tropopause height [km] and (e) MODIS false colour images. Shown from left to right are differ-
ent development stages of the BCTE: onset (31 March 2011 at 23:30 UTC for GOME-2 and
WRF, 23:15 UTC for MODIS), mature stage (1 April 2011 at 21:30 UTC for GOME-2 and WRF,
22:20 UTC for MODIS) and dissolving stage (2 April 2011 at 19:30 UTC for GOME-2 and WRF,
19:45 UTC for MODIS). Red arrows plotted on top of MODIS false colour images indicate the
location of the dry conveyor belt (see Sect. 4 for further details). The red dotted lines in MODIS
false colour images and black dotted lines in GOME-2 BrO tropospheric VCD images corre-
spond to CALIPSO tracks for the CALIOP observations shown in Fig. 7.
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Figure 4. WRF weather simulations of the BCTE for (a) sea level pressure [hPa], (b) wind
direction (black arrows) and wind speed [ms−1] (coloured shadings), (c) temperature [K] at 2 m
above ground and (d) temperature [K] at 350 gpm (note that the colourbar differs for (c, d).
Shown from left to right are simulations for different development stages of the BCTE: onset
(31 March 2011 at 23:30 UTC), mature stage (1 April 2011 at 21:30 UTC) and dissolving stage
(2 April 2011 at 19:30 UTC).
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Figure 5. SMOS satellite retrievals of sea ice thickness [m] for 1 April 2011. Values larger than
1 m are generally related to large uncertainties and are therefore shown in light grey colour.
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Figure 6. MODIS false colour image for 1 April 2011 at 22:20 UTC. Shown is a subarea of the
MODIS image given in the middle panel of Fig. 3e. Snow and ice on the ground should appear
blue, while clouds and suspended snow particles should appear yellow (see Sect. 2.2).
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Figure 7. Satellite observations of the BCTE showing CALIOP vertical feature mask (white
– clear air, light blue – cloud, black – aerosol, beige – no signal, brown – surface, dark blue
– subsurface) on the left and GOME-2 BrO tropospheric VCD [1013 moleccm−2] along the
CALIPSO tracks on the right. Corresponding CALIPSO tracks are plotted on top of GOME-
2 BrO tropospheric VCD and MODIS false colour images in Fig. 3 (a, e), respectively. Shown
are observations for different development stages of the BCTE: (a) onset (31 March 2011 at
21:17 UTC for CALIOP, 23:30 UTC for GOME-2), (b) mature stage (1 April 2011 at 20:21 UTC
for CALIOP, 21:30 UTC for GOME-2) and (c) dissolving stage (2 April 2011 at 17:47 UTC for
CALIOP, 19:30 UTC for GOME-2). The red dashed boxes indicate approximate locations of the
BrO plume. Longitudes on x axes are given in degrees West.
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Figure 8. FLEXPART FS1 simulations of BrO tropospheric VCD [1013 moleccm−2] for (left)
1 April 2011 at 21:30 UTC (mature stage of the BCTE) and (right) 2 April 2011 at 19:30 UTC
(dissolving stage of the BCTE) assuming that the plume was located between (b) 0–1 km,
(c) 3–5 km, (d) 7–9 km and (e) 9–11 km altitude at time of initialisation. The corresponding
GOME-2 retrievals of BrO tropospheric VCD [1013 moleccm−2] are shown by panels in (a) for
comparison. See Sect. 3.2 for details on the model set-up.
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Figure 9. As in Fig. 8 but for FLEXPART (left) FS2 and (right) FS3 simulations for 2 April 2011
at 19:30 UTC (dissolving stage of the BCTE).
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