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Abstract. The source of bromine that drives polar boundary

layer ozone depletion events (ODEs) is still open to some

debate. While ODEs are generally noted to form under con-

ditions of a shallow stable boundary layer, observations of

depleted air under high wind conditions are taken as being

transport-related. Here we report observations from Antarc-

tica in which an unusually large cloud of BrO formed over

the Weddell Sea. The enhanced BrO was observed over

Halley station in coastal Antarctica, providing an opportu-

nity to probe the conditions within an active “bromine explo-

sion” event. On this occasion, enhanced BrO and depleted

boundary layer ozone coincided with high wind speeds and

saline blowing snow. We derive a simple model to consider

the environmental conditions that favour ODEs and find two

maxima, one at low wind/stable boundary layer and one at

high wind speeds with blowing snow. Modelling calculations

aiming to reproduce the wider regional or global impacts of

ODEs, either via radiative effects or as a halogen source, will

also need to account for high wind speed mechanisms.

1 Introduction

Ozone depletion events (ODEs) are well-documented phe-

nomena that are observed in coastal areas of both the north-

ern and southern polar regions during spring (e.g. Simpson

et al., 2007 and refs therein). Boundary layer ozone values

can drop rapidly from background levels to instrumental de-

tection limits and remain suppressed for several days before
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recovering. In terms of environmental conditions, it is gener-

ally observed that ODEs occur during low wind speeds (e.g.

Jones et al., 2006; Jacobi et al., 2007) when the boundary

layer is shallow and stratified (Anderson and Neff, 2007).

Such a pseudo “reaction chamber” would enclose and there-

fore favour the chemical processes at play (Simpson et al.,

2007). Any ODEs measured during high wind speeds have

been assumed to arise from transport of air masses where the

ozone has previously been depleted (Simpson et al., 2007).

In some instances this is certainly the case, but we present

results here that demonstrate that there are exceptions to this

rule.

ODEs are a phenomenon associated with the sea ice zone.

They are routinely observed at coastal locations when incom-

ing winds have traversed sea ice covered areas. A limited

number of studies have been carried out within the sea ice

zone itself (Hopper et al., 1994, 1998; Ridley et al., 2003;

Jacobi et al., 2007) with all reporting significant and sus-

tained depletion of boundary layer ozone. The ozone de-

struction appears to be driven by halogen chemistry, predom-

inantly involving bromine, and the now well-known reaction

cycle referred to as the “Bromine Explosion” (Fan and Ja-

cob, 1992; Tang and McConnell, 1996; Vogt et al., 1996;

Lehrer et al., 2004) has been proposed to explain the ob-

servations. This cycle can be represented schematically as

shown in Fig. 1, and there are two key features to note.

Firstly, it is autocatalytic, with one atom of gaseous Br as

reactant generating two Br atoms as product. Secondly, it is

a multi-phase process, the second Br atom originating from

the condensed phase. Images from the satellite-borne GOME

(Global Ozone Monitoring Experiment) (Richter et al., 1998;

Burrows et al., 1999) and SCIAMACHY (Scanning Imaging

Absorption SpectroMeter for Atmospheric CHartographY)
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Fig. 1. Simplified schematic of the bromine explosion reactions

(adapted from Simpson et al., 2007).

(Bovensmann et al., 1999) instruments have revealed enor-

mous heterogeneity in BrO vertical column density over po-

lar regions in spring, with tremendous enhancements oc-

curring sporadically (in both time and location) across the

sea ice zone (Wagner and Platt, 1998; Wagner et al., 2001;

Richter et al., 2002).

Considerable debate continues regarding exactly what

substrate constitutes the condensed phase that acts as a

bromine atom source via the bromine explosion. However,

certain facts are clear. The source is associated with the sea

ice zone and its surface is saline. Suggestions for this sub-

strate have included sea salt deposited to the snowpack (Mc-

Connell et al., 1992), acidified sea salt aerosol (Vogt et al.,

1996), sea ice surfaces and/or sea salt aerosol (Frieß et al.,

2004), concentrated brines on new sea ice and in frost flow-

ers (Rankin et al., 2002; Kaleschke et al., 2004), snow and

ice on first year sea ice contaminated with sea salts (Simp-

son et al., 2007). A recent study has considered sublimation

of salty blowing snow as a source of sea salt aerosol which

then acts as the bromine source (Yang et al., 2008). Cer-

tainly it is known that Br2 and BrCl can be produced within

the snowpack, as demonstrated by field observations in the

Arctic (Foster et al., 2001).

Heterogenous reactions, as required for the bromine explo-

sion, are well known to atmospheric chemistry. In order to

proceed, contact must be facilitated between the gaseous and

the condensed phases. In the atmosphere there are two likely

ways in which this can be achieved. For a condensed phase

that is restricted to the surface of the Earth, such as the ma-

jority of those proposed for the bromine explosion, the like-

lihood of reaction can be enhanced by increasing the concen-

tration of reactants in air just above the Earth’s surface. Such

a condition can be achieved under low wind speeds when the

boundary layer is shallow and stratified, and as referred to

above, this matches the conditions under which many ODEs

are observed. The second option involves an air-borne sub-

strate hosting the condensed phase, in line with the sugges-

tion by Yang et al. (2008). In this case, any multi-phase reac-

tion would be favoured by a high and well-dispersed surface

area, and any turbulent mixing that increased air-flow around

the surface.

Radiation is also required for sustaining the chain reac-

tion, and actinic flux is likely to be modified under condi-

tions of blowing snow. Whether enhanced or attenuated will

depend upon a number of factors including the depth within

the blowing snow layer, the solar zenith angle, the snow den-

sity and the wavelength. An analogy is provided by a mod-

elling study (Lee-Taylor and Madronich, 2002) that consid-

ered light propagation through snowpack. They calculated

that for SZA less than ∼50◦, some actinic flux enhancement

would occur in the top 10 cms of the snowpack. This oc-

curred as a result of enhancements to diffuse light from for-

ward scattering that outweighed attenuation of direct radia-

tion, such that actinic flux is enhanced. Deeper within the

snowpack, actinic flux was attenuated.

A considerable challenge for understanding ODEs and the

associated enhanced BrO, is the difficulty of making obser-

vations within the sea ice zone where initiation reactions

and the majority of propagation reactions occur. Thus far,

a detailed study of processes occurring within a cloud of en-

hanced BrO has not been reported. However, on 9 Octo-

ber 2007, satellite images show a huge pool of air with en-

hanced BrO over the sea-ice covered Weddell Sea. This BrO

cloud also lapped the shore of the Antarctic continent and en-

compassed the British Antarctic Survey station, Halley (see

Fig. 2a). This event provides a rare opportunity to probe

the environmental conditions at play during propagation of

bromine enhancement. In this paper we investigate the for-

mation of this BrO cloud using satellite measurements and

mesoscale meteorological charts, and gain ground-truth from

measurements made at Halley station. The results challenge

the conventional view that a stable shallow boundary layer is

an essential pre-requisite for severe tropospheric ozone de-

pletion and show that ODEs can propagate during extreme

wind events.

2 BrO over the Weddell Sea on 9 October 2007

The Weddell Sea is the name given to the large “bay” that

lies to the east of the Antarctic Peninsula (see Fig. 2a). At

its widest, it is about 2000 km across, and it has an area of

around 2.8 million km2. During winter, the Weddell Sea is

heavily iced, and considerable ice coverage is retained into

the spring and early summer months. Figure 2a shows an

AMSR-E remotely sensed sea ice concentration map (Spreen

et al., 2008) for Antarctica on 9 October 2007. The extensive
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Weddell

Sea Halley

Fig. 2. (a) Map showing position of Halley, the Weddell Sea, and sea ice concentration around Antarctica on 9 October 2007. Note the

extensive sea ice coverage within the Weddell Sea at this time of the year. (b) Daily-averaged BrO column density on 9 October 2007. The

position of Halley is shown by the open circle.

coverage within the Weddell Sea is clear. The Southern Wed-

dell Sea is bounded by the Filchner and Ronne Ice Shelves.

Katabatic winds flowing off the continent maintain large

coastal leads in this area so that the region is known to be

one of new sea ice formation (Renfrew et al., 2002). Within

the pack ice, leads of open water occur when wind diver-

gence acts to stretch the ice field over large areas, balanced

by compression of the pack where wind convergence occurs.

Such conditions occur during synoptic storm events where

winds are sufficiently strong to maintain partial open water

within the pack (Wadhams, 2002).

The spatial extent of the enhanced BrO episode of 9 Oc-

tober 2007 is shown in Fig. 2b. Vertical column densities of

BrO of over 1×1014 molec cm−2 cover the majority of the

Weddell Sea. Although enhanced BrO is common within the

Weddell Sea region, it is unusual to find an event with such

extensive coverage. Furthermore, this is the first occasion

during the modern period of Halley surface ozone records

(re-started in 2003) that satellite data have indicated the pres-

ence of enhanced BrO column densities over Halley station

itself, rather than offshore.

3 Halley ground-based observations of surface O3, me-

teorology and snow salinity

3.1 Surface O3

Surface ozone has been measured continuously at Halley

since 2003 with a break in the record during 2005. During

2007, surface ozone was measured using a Thermo Electron

model 49C, which has a detection limit of 1 ppbv, and a pre-

cision of 1 ppbv. Data are recorded every 1 min so the in-

strument is able to capture rapid changes in surface ozone.

Measurements were made at the Clean Air Sector Labora-

tory (CASLab) which is located 1 km away from the nearest

station generator and in a sector that only rarely receives air

from the base (Jones et al., 2008). Measurements of wind

speed and wind direction are carried out at the main station,

some 1 km from the CASLab. The anemometers and vanes

are located at a height roughly 10 m above the snow surface,

and have an accuracy of about 0.5 ms−1 for wind speed and

5◦ for wind direction (König-Langlo et al., 1998). Data are

also output every 1 min.

Springtime ODEs are a regular feature in coastal Antarc-

tica (e.g. Wessel et al., 1998; Jones et al., 2006; Helmig et

al., 2007). Their appearance at Halley almost exclusively

coincides with a change in wind direction from the prevail-

ing easterlies to winds arriving from over the sea ice to the

west. On these occasions, the change in wind direction is

accompanied by a reduction in wind speed. On 7 October,

such a typical ODE was measured at Halley (see Fig. 3a).

The depletion event terminated on the morning of 8 Octo-

ber (Fig. 3a) with the arrival of an intense springtime storm.

Winds of 25 ms−1 arrived at the base from the east (Fig. 3b

and c) and surface ozone concentrations returned to their nor-

mal background level of roughly 30 ppbv. On the morning of

9 October wind speeds reduced slightly to ∼16 ms−1 but still

arrived at Halley from the east (Fig. 3b and c). Even under

these conditions, just after 06:00 surface ozone values plum-

meted from background values to ∼5 ppbv, and continued to

fall to instrumental detection limits around 09:00 (Fig. 3a).

The depletion event terminated rapidly in the early morning

of 10 October accompanied by an increase in wind speed.

www.atmos-chem-phys.net/9/4639/2009/ Atmos. Chem. Phys., 9, 4639–4652, 2009
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Fig. 3. Surface ozone and meteorological measurements from Hal-

ley. The date marks 00:00 for each day.
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Fig. 4a. 2-day back trajectories arriving at Halley (marked with

a star) on 8 October 2007 between noon and midnight. Top panel

shows lat/lon plot and lower panel shows vertical profiles. All tra-

jectories originate at height over the inland ice and have no contact

with sea ice.
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Fig. 4b. 2-day back trajectories arriving at Halley (marked with

a star) on 9 October 2007 at 08:00 (yellow), 10:00 (pink), 12:00

(red), 14:00 (blue), 16:00 (green), and 18:00 (cyan). Although the

lower panel suggests continuous “contact” with the sea ice, at the

wind speeds encountered within the cyclonic system, no stratifica-

tion would be possible and the entire boundary layer would have

been mixed by the vigorous turbulence (see text for full discussion).

In order to explain these observations we carried out

back trajectory analyses using the Hybrid Single-Particle La-

grangian Integrated Trajectory (HYSPLIT) model via the

NASA ARL READY website (www.ready.noaa.gov/ready/

open/hysplit4.html) (Rolph, 2003; Draxler and Rolph, 2003).

Two-day back trajectories were driven by meteorological

fields from the NCEP Global Data Assimilation System

(GDAS) model output. The trajectories were calculated us-

ing model vertical velocity at a resolution of 1◦ by 1◦, with

an end point at the latitude and longitude of Halley and 10 m

above ground level. Figure 4a shows that on the 8 Octo-

ber 2007, descending air arrived at Halley between noon and

22:00 which had originated over the inland ice and had had

no contact with sea ice during the two days of approach.

Consistent with this picture, surface ozone at Halley was

present at background mixing ratios during this time period.

The air parcel trajectories changed markedly during 9 Octo-

ber. Figure 4b shows that the trajectories arriving from 08:00

onwards had all spent considerable time over the Weddell

Sea sea ice zone. The lower panel shows the apparent height

Atmos. Chem. Phys., 9, 4639–4652, 2009 www.atmos-chem-phys.net/9/4639/2009/
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of the air parcels en route to Halley and suggests continu-

ous “contact” with the sea ice during the previous two days.

However, the model output must be interpreted with caution.

The trajectories are “flat” because the air is neither descend-

ing nor ascending. As we will see later, under the wind

speeds occurring over the Weddell Sea at this time, no verti-

cal stratification within the boundary layer would be possible

due to vigorous mixing from turbulence. Surface ozone mix-

ing ratios, as shown in Fig. 3a, were significantly depleted

by 08:00 on October 9th, and remained suppressed through-

out the day. The termination of the depletion event is shown

in Fig. 4c, as the air parcel trajectories move progressively

away from the sea ice covered Weddell Sea. Consistent with

the surface O3 observations, trajectories arriving at Halley at

midnight and 02:00 h had travelled over the Weddell Sea. Re-

covery of the ODE began around 02:30 (Fig. 3a), and indeed,

the air parcel trajectory arriving at Halley at 04:00 had origi-

nated away from the sea ice covered Weddell Sea. By 05:30

the ODE had terminated completely, and the back trajecto-

ries show once again that air arriving at Halley had originated

over the inland ice.

The combination of these data shows us i) that the air de-

pleted in ozone measured at Halley originated over the Wed-

dell Sea sea ice zone, ii) that the enhanced BrO evident in

SCIAMACHY data coincides with depleted surface ozone

measurements made at Halley, and iii) the time that the low

ozone air (and hence the cloud of elevated BrO) arrived at

Halley. Once we have pinned down the timing, we can use

other measurements made at Halley to probe the meteorolog-

ical conditions within the edge of the BrO cloud.

3.2 Boundary layer height and stability

As outlined earlier, the propagation of BrO within the

bromine explosion reactions, and associated ozone depletion,

are often associated with a stratified shallow boundary layer.

We can therefore use information gathered at Halley to con-

sider the height and stability of the boundary layer during

the 9 October ODE. An acoustic radar, or sodar, is run on

a routine basis at Halley. It provides qualitative information

on the turbulent boundary layer by recording backscatter in-

tensity of a vertically propagating acoustic pulse (Neff and

Coulter, 1985). In particular, the sodar can provide informa-

tion on the height of the boundary layer, that is, the height

at which surface-generated turbulence becomes negligible

(Culf, 1989). Going in to the storm of 8 October, the sodar

showed that the top of the boundary layer was around 100 m

above ground level; once the storm arrived, wind noise oblit-

erated the acoustic signal, and it was no longer possible to es-

timate boundary layer depth via this method. Although there

is no direct data on boundary layer depth during the storm it-

self, the increase in surface stress (from the increase in wind)

will tend to increase the depth of a well mixed boundary layer

(Zilitinkevich and Mironov 1996). It is reasonable to assume
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Fig. 4c. 2-day back trajectories arriving at Halley (marked with

a star) on 10 October 2007 at 00:00 (pink), 02:00 (cyan), 04:00

(green), 06:00 (red), and 08:00 (blue). Recovery of the ODE is

evident from ∼0200 as the trajectories move away from the Weddell

Sea sea ice zone. By 05:30 no surface ozone depletion is evident at

Halley, and indeed, the trajectories arriving at Halley after this time

show, once again, descending air that has originated over the inland

ice.

that the boundary layer height on 8/9 October was at least

100 m.

Air temperature profiles from a 32 m mast show the atmo-

sphere to be un-stratified prior to the event. With the vigorous

shear-driven mixing near the surface, this lack of stratifica-

tion was maintained throughout the storm of 8 to 9 October,

with zero temperature gradient observed between the mast

sensors.

3.3 Blowing snow

Wind stress acting over snow tends to transport ice/snow par-

ticles. Above a threshold speed of ∼8 ms−1 (measured at

10 m), particles can be dislodged from their resting place on

the surface, bounce into the airstream, and gain momentum

from the wind (Mann et al., 2000). The accelerated particles

then dislodge other particles in a cascade. For winds within

the 8 ms−1 to 12 ms−1 range, snow transport is exclusively

due to this “saltation” process, and remain in a layer ∼10 cm

deep above the surface. Above ∼12 ms−1, the turbulence

www.atmos-chem-phys.net/9/4639/2009/ Atmos. Chem. Phys., 9, 4639–4652, 2009
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in the atmosphere generates sufficiently vigorous diffusion,

that particles are lofted out of the saltation layer. It is at this

level that “blowing snow” is reported, observed as a reduc-

tion in visibility, and measured as particles at and above 1 m.

As wind speeds increase above 12 ms−1, the total volume

of snow above a unit area increases. At a given height, the

particle number density for all size bins increases but with

a small mode shift towards larger particles. Given the wind

speeds recorded at Halley, blowing snow would therefore be

expected. Weather observations are made at Halley every 3 h

by the meteorological observer and amongst the information

recorded is the amount of blowing snow. On 9 October, dur-

ing the ODE, the weather logs do indeed report considerable

amounts of blowing snow.

3.4 Snow salinity

Measurements of surface snow were made at Halley on var-

ious days after the storm of 8/9 October. On 10, 12, 13 and

14 October, accuvettes were pushed directly into the wall of

mini-snowpits, three samples being taken on each occasion

at 2 cm depth. On 19 October, a deeper snow pit was sam-

pled, again, using accuvettes pushed directly into the wall of

the pit. All samples were stored frozen, and returned to the

UK for analysis using an ion chromatograph (IC). Figure 5a

shows the concentration of bromide in snow at 2 cm depth

on 10, 12, 13, 14 October (averages from the three samples

taken on each occasion) and on 19 October. A rapid decline

in bromide concentration is clear. The hourly weather logs

from Halley report snow fall over this time period on nu-

merous occasions, so this decline can be accounted for by

burial by subsequent snowfall. No samples were taken be-

fore 10 October as sampling was done in response to the

storm. However, information on bromide concentrations

prior to this period can be gained from Fig. 5b which shows

the bromide profile derived from the deeper snow pit that

was sampled on 19 October. Clearly the bromide peak has

been buried to a depth of ∼6 cm. It shows, further, that the

bromide concentration of snow during the 8/9 October storm

was roughly a factor 5 higher than the background concen-

tration at this time of the year.

From the measurements made at Halley we can therefore

deduce that, within the edge of the enhanced BrO cloud,

the boundary layer was very well mixed, extended to at

least 100 m above the ground, and contained considerable

amounts of blowing snow. The snow pit data suggest that

this blowing snow had an enhanced salinity, with concentra-

tions several times higher than the normal background.

4 Probing the regional observations

To probe the regional scale situation, we use SCIAMACHY

images (retrieved from SCIAMACHY nadir measurements)

achieved during individual satellite swaths, as opposed to the
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Fig. 5. (a) Concentration of bromide in surface snow sampled on

various days following the 8/9 October storm; (b) Concentration of

bromide in a snow pit sampled on 19 October 2007. By this time,

the peak in bromide concentration driven by the 8/9 October storm

has been buried to a depth of ∼6 cm.

composite image shown in Fig. 2b. Although coverage is

limited by the satellite orbit, there is a considerable increase

in the amount of information available on the days of in-

terest. In particular, it is possible to consider the speed at

which changes in BrO column density occurs. The swaths

are recorded at roughly 1 1/2 hour intervals, the time given

being the overpass time (UT) at 75◦ S for the individual or-

bits. As the satellite moves quickly, the time difference along

one orbit is very small over the region of interest.

To provide information on the mesoscale meteorological

systems at play we use charts from the European Centre for

Medium-range Weather Forecasts (ECMWF) operational nu-

merical weather prediction system. The latter have been used

previously in a study of ODEs at Halley (Jones et al., 2006),

and are known to be of high quality even in the Antarctic

coastal zone (King, 2003). Specifically, we consider the 10-

m wind speeds (both as vectors and contours).

On 8 October, the ECMWF 10-m wind vector charts show

the presence of a strong cyclonic event centred over the Wed-

dell Sea (Fig. 6a and b). By noon the storm encompasses the

entire Weddell Sea, with winds in excess of 16 ms−1. Along

the coast by Halley wind speeds are higher due to the effect

of enhanced katabatics. ECMWF data show that wind speeds

in this area are in excess of 24 ms−1, a result that is supported

by ground-based measurements at Halley station. Figure 7a,

b, and c show BrO column density from individual SCIA-

MACHY swaths also for 8 October 2007, taken at intervals

of roughly 1 1/2 h. Within the available spatial coverage it

is possible to say the following: at 09:06 (Fig. 7a) there ap-

pears to have been a limited patch of enhanced BrO over the

Filchner ice shelf (∼80◦ S). The fact that the rest of the swath

shows background levels of BrO suggests that this enhanced

BrO is isolated from any other area of high BrO that might

have been present within the Weddell Sea area. 1 1/2 h later

(Fig. 7b), a strip of enhanced BrO extends from the Filchner

up to the furthest extent of the satellite swath at around 68◦ S

(a distance of over 1400 km). Indeed, the enhanced BrO is
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Fig. 6. ECMWF chart showing 10-m wind vectors on 8 October 2007 at (a) 06:00 and (b) 12:00. The position of Halley is shown by the

open circle.

a) b) c)

Fig. 7. BrO column densities across the Weddell Sea region of Antarctica on 8 October 2007 at (a) 09:06 a.m., (b) 10:46 a.m., (c) 12:27 p.m.

The position of Halley is shown by the open circle.

likely to be present within areas that were not accessible to

the satellite at this time; this is evident from the high levels

of BrO that are present right at the most northerly edge of

the swath image. Figure 7c shows the BrO column density

around noon, and that the columns are enhanced within the

western area of the Weddell Sea.

The question then arises, whether the BrO is transported,

or has evolved in situ. To address this, we focus on the sec-

tor that lies between the 40◦ and 50◦ W longitude lines. In

Fig. 7a, we see that the most northerly swath data within this

sector show BrO columns of below 6.5×1013 molec cm−2.

By 10:46 (Fig. 7b), column densities in this area are around

9×1013 molec cm−2. Given that there is a patch of enhanced

BrO apparent over the Filchner Ice Shelf around 09:06 a.m.

(Fig. 7a), could this be a source region, with BrO being trans-

ported north along the wind vectors? The answer is that at the

wind speeds in this area at this time (around 12 ms−2), trans-

port alone could have moved enhanced BrO only 65 km in

the 1 1/2 h between the satellite swaths. This is insufficient

to account for the observations of Fig. 7b. The swath images

strongly suggest in situ generation/propagation.

Interestingly, Fig. 7b shows a tongue of enhanced BrO that

effectively spans the 40◦ to 50◦ W longitude region of the

Weddell Sea. The equivalent plot, but now of noon 10-m

wind speed contours (Fig. 8), emphasises that this region is

the windiest over the Weddell Sea, with wind speeds over

16 ms−2. We examine the link to wind speed below.

On 9 October, the storm over the Weddell Sea was still

raging (see Fig. 9a and b). The cloud of BrO had extended

such that it covered the majority of the Weddell Sea, and col-

umn amounts up to 16×1013 molec cm−2 were evident over

significant areas of the sea ice zone (Fig. 10). The cyclone

was moving eastward, such that by 06:00, it had reached Hal-

ley. The enhanced katabatics found at the edge of the cyclone

had moved inland, and the winds at Halley were those of the

cyclone’s edge, i.e. around 15 ms−2. Again, the wind speeds

at Halley (given in Fig. 3b) provide important ground truth

for the ECMWF data. These events show that the BrO cloud

over the Weddell Sea had grown considerably under mete-

orological conditions of high wind speeds. The notion of

the bromine explosion (and ozone depletion events) requir-

ing low wind speeds and a stable boundary layer in order to

propagate are clearly not supported by these observations.
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Fig. 8. ECMWF chart showing contours of 10-m wind speeds at

12:00 on 8 October 2007. Contours are shown at 4 ms−1 intervals;

areas with wind speeds of over 12 ms−1 are highlighted in grey.

Note the wind speed maximum over the Weddell Sea is co-located

with the BrO column density maximum shown in Fig. 7b. The po-

sition of Halley is shown by the open circle.

4.1 Discussion

Yang et al. (2008) use a three-dimensional numerical model

to investigate the role of snow on sea ice and its potential, via

blowing snow, to be a source of sea salt aerosol and subse-

quently of bromine. Based upon specific conditions of wind

speed and relative humidity, they calculate the total sea salt

aerosol production as well as its size distribution. They de-

rive a bromine source based on the bromine depletion fac-

tor – the amount by which aerosol bromide is depleted rel-

ative to bulk sea water – which is dependent on the aerosol

size distribution. They assume that once an aerosol parti-

cle has formed it immediately releases bromine in the form

of Br2. They find that under high wind conditions, ozone

is entrained into the model boundary layer from the upper

troposphere such that O3 mixing ratios remain at at least

10 ppbv. Complete BL ozone destruction is only achieved

under stable conditions where stratification prevents down-

ward mixing of ozone from aloft. We present observational

evidence from Antarctica that is consistent with an associ-

ation between blowing snow and ozone depletion/enhanced

BrO.

An obvious question at this stage is the capability of the

satellite instrument to “see” into blowing snow. i.e. is it pos-

sible that it can measure BrO within blowing snow, or is it

more likely that it is measuring BrO that is located above

the blowing snow layer? Experience from ground-based ob-

servations suggest that a good signal can be achieved with

long light-paths under blowing snow conditions. However,

from satellites, it can be expected that the blowing snow will

reflect a proportion of the photons, and the penetration into

blowing snow of the remaining photons has not previously

been assessed. The analogous snowpack modelling study of

Lee-Taylor and Madronich (2002) outlined in Sect. 1. is also

relevant here, as, assuming that BrO is present within the

blowing snow, it is reasonable to expect to see at least part of

it from the satellite, the reduced light penetration being partly

offset by the enhanced light path. More quantitative state-

ments would have to rely on radiative transfer calculations

within blowing snow itself which go beyond the scope of this

paper. We note, however, that the association between high

BrO events and blowing snow is also apparent from earlier

ground-based studies (Kreher et al., 1998; Frießet al., 2004).

We therefore assume that this relationship exists, and use the

observations presented in this paper to explore whether the

role played by blowing snow is indirect (i.e. via aerosol) or

whether there might be an alternative route for bromine pro-

duction, namely that the blowing snow itself might be a di-

rect halogen source, and that the additional step of aerosol

production is not essential for the argument.

In order to achieve and sustain an ozone depletion event it

is necessary to generate and re-cycle Br radicals. As shown

in Fig. 1, this is a multi-phase process, requiring contact be-

tween the gaseous and the condensed phases. Based solely

on the premise that such contact is a prerequisite to any up-

take and therefore reaction, we explore here the environmen-

tal conditions that favour contact between trace gases and

blowing snow. Specifically, we model certain parameters that

would influence the probability of contact between gaseous

and condensed phase molecules, and the way in which they

vary with wind speed. We consider only the likelihood of

contact and do not account for any subsequent uptake or re-

action probabilities. The question of salinity is discussed be-

low. Here we focus on two parameters, namely boundary

layer height and snow surface area. We take a simplified ap-

proach in order to gain qualitative information rather than

strict quantitative conclusions, which would go beyond the

scope of this present paper. For example, we do not con-

sider the issue of “effective surface area” – the fact that for

heterogeneously-distributed salts, it is not the total surface

area that matters, but the surface area of substrate with suf-

ficient salinity. Instead we assume that sufficient salinity is

available and that it is evenly distributed across the snow sur-

face, i.e. that the snow surface area and the effective snow

surface area are one and the same thing. Neither do we con-

sider the pH of the substrate and the mechanism by which a

sufficiently low pH is achieved to enable reactions to proceed

(e.g. Simpson et al., 2007).

A qualitative model of the effect of blowing snow can

be built by combining the contribution from the height of

the boundary layer, hz, with the available snow surface area

within blowing snow. Neither of these terms is accurately
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Fig. 9. ECMWF chart showing 10-m wind vectors on 9 October 2007 at (a) 06:00 and (b) 12:00. The position of Halley is shown by the

open circle.

a) b) c)

Fig. 10. BrO column densities across the Weddell Sea region of Antarctica on 9 October 2007 at (a) 08:35 a.m., (b) 10:15 a.m., (c) 11:56 a.m.

The position of Halley is shown by the open circle.

parameterised in the literature, and their relative influence on

rates of atmospheric chemical reactions is even less under-

stood. The model can, however, offer a conceptual frame-

work to explore these issues.

hz, as measured by acoustic radar, is relatively small in

polar regions compared to mid-latitudes (Anderson and Neff,

2007), extending to 100 m at moderate wind speeds and re-

ducing to 10 m or even less in near calm conditions. Neff et

al. (2008) suggest that hz is linearly related to surface stress,

u∗. We propose a simple function which describes the ten-

dency for hz to increase with wind speed, assuming that u∗

is proportional to the 10-m wind speed, U10. We note that

the shallowest boundary layers observed at Halley (a flat ho-

mogenous terrain with similarities to a plane of sea-ice) with

sodar or tower are ∼10 m. These occur under near calm con-

ditions. When 10-m winds are of the order of 10 ms−1, the

Halley sodar shows turbulence ∼60 m. A highly simplified

parameterisation of hz would therefore be:

hz = 5U10 + 10. (1)

We do not suggest this is a suitable scheme for modeling

purposes, but the function is sufficient to indicate the essence

of the bi-modal nature of ozone depletion as a function of

wind speed.

The available surface area of ice within the blowing snow

can be estimated from a parameterisation of the number den-

sity, ND , which itself is a function of wind speed, U , height,

z, and particle radius, r .

ND can be approximated from Halley measurements us-

ing two functions described in Mann et al. (2000). First,

the function for total particle number at a given height and

wind speed, Ntot(z, U ) and second, the function for a typical

particle size distribution as a function of height, NPSD(z, r).

Mann (2000) describes NPSD(z, r) as having a maximum in

the 20–50 µm range, with the mode of the distribution de-

creasing with increasing height. The total number of parti-

cles of a given radius at a given height and for a given wind

speed, ND(z, U , r), is then a convolution of these functions:

ND (z, U, r) = Ntot (z, U) × NPSD (z, r) (2)
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i.e. Ntot is the sum over all radii, and NPSD is invariant with

wind speed.

Measurements of the total number of snow particles at 8 m

as a function of U are given in Mann et al. (2000), from

which we derive an empirical function by least squares fit:

Ntot (8, U) = 100.08U+1.20U1/2

(3)

Ntot(z,U ) for any z is then

Ntot (z, U) = Ntot (8, U)
( z

8

)

−Wf s
κu∗

(4)

where κ = 0.4 is the von Kármán constant and −Wf s is the

estimated mean fall speed of the particles. Following Mann

et al. (2000), we used Wf s = 0.12 ms−1, which will add a bias

by over-estimating the settling speed of the smaller particles.

u∗ is estimated from the 10-m wind speed assuming surface

similarity under neutral stratification:

κU

u∗

= ln

(

z

z0

)

(5)

where z0 is the roughness length of the surface, taken as

5×10−5 m (King and Anderson, 1994), and setting z = 10.

The particle size distribution, NPSD (z,r) is given in Mann

et al. (2000) for a known mean particle radius, r:

NPSD (z, r) =
e−r/βrα−1

βαŴ (α)
(6)

where β = r
/

α, and Ŵ (α) is the Gamma function. Mea-

surements give α= 1.8. Although r is a function of both z

and U , large variability in the data only allow an estimate of

r (z) for all blowing snow measurements, and this will again

bias the final functions. Taking mean values from Mann et

al. (2000) gives:

r = 10−5ez/10 (7)

Combining Eqs. (6) and (7) gives NPSD(z, r).

Equation (4) gives the total number of particles for a given

height and wind speed. This set of equations (Eqs. 3, 5 and

6) therefore gives an estimate of ND . The surface area con-

tribution Abs(z,U10,r) for any given radius, r , is given by

assuming spherical particles:

Abs (z, U10) = 4π

∫

∞

0

r2ND (z, U10, r) dr. (8)

The unit of Abs(z,U10,r) is surface area per unit volume,

that is, m−1. Figure 11a is a contour plot of the contribution

to total snow particle surface area as a function of particle

radius and height for U10 = 20 ms−1. It clearly shows that

there is very little contribution to blowing snow surface area

for z>10 m, and that the radius of maximum contribution de-

creases with increase in z. To estimate total ice/snow surface

Fig. 11. (a) The surface area of ice in blowing snow at

U10 = 20 ms−1, as a function of particle radius and height. Note

that height is on a log axis and that the contour units are ice surface

area (m2) per unit volume (m−3) per metre radius (m−1); (b) The

total surface area of ice in blowing snow at U10=20 ms−1 within a

unit volume at height z.

area within a unit volume at height z, the function can be in-

tegrated numerically from, say, r = 0 to 1000 µm with steps

of δz sufficiently small to capture the form of the function.

This is shown in Fig. 11b. It demonstrates that, when 10-m

wind speeds are 20 ms−1 , the majority of blowing snow sur-

face area is found in the lowest layers of the boundary layer.

The total surface area of snow available for air-ice interac-

tion, Atot, includes both the ground-based snowpack surface

and the blowing snow component. For a unit snowpack sur-

face area, Atot can be derived:

Atot = 1 +

∫

∞

0

Absdz. (9)

This approach ignores any activity that might occur within

the firn itself, and assumes that in the non-blowing snow

situation all heterogenous reactions occur on the uppermost

face of the snowpack. Although such an approach introduces

some bias, the relative importance of enhanced snow surface

area itself as opposed to enhanced ventilation (i.e. enhanced

movement of air past snow surfaces as induced by increasing

wind speed) is not clear at present.

We have thus now derived the equations necessary to de-

scribe the two key environmental parameters that influence

the degree of contact between gaseous and condensed phases

(i.e. the suspended condensed phase and ground-based snow-

pack surface) and the way in which they vary with wind

speed. The variation of boundary layer height with wind

speed is shown graphically in Fig. 12a with a linear relation-

ship with wind speed. That of the snow surface area within

blowing snow is shown in Fig. 12b, assuming a 1 m2/m2
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Fig. 12. (a) The variation of boundary layer height with wind speed;

(b) The variation of snow surface area within blowing snow accord-

ing to wind speed; (c) The enhancement function that accounts for

the influence of ventilation according to wind speed; (d) the poten-

tial for boundary layer ozone depletion found by dividing the data

from (b) by (a) (the dashed line, accounting for ventilation, is b.c/a).

See discussion.

availability at zero wind speed (i.e. solely the ground-based

snowpack). As wind speeds increase, blowing snow is gen-

erated, thus increasing the surface area of snow per unit area

of earth surface. At high wind speeds, the snow surface area

increases exponentially.

The probability of contact between a gaseous and a con-

densed phase is determined by the availability of both. For

trace gases with a ground-based source, their concentration

increases with decreasing boundary layer height. The proba-

bility of contact can therefore be described as:

contact ∝
snow surface

boundary layer height

Assuming that the snow surface is sufficiently enhanced in

Br− and of an appropriate pH, then one can propose that

degree of ozone depletion ∝
snow surface area

boundary layer height

However, the actual contact between a suspended snow

particle and a gaseous molecule is enhanced by ventilation,

which is achieved both by the particle fall rate and by local

turbulence around the particle. Full calculation of particle

ventilation is highly complex and goes beyond the scope of

this paper; instead, we employ a proxy derived from the cal-

culation of ice particle evaporation rate within blowing snow

in Déry and Taylor (1996). Their model study implies that

rate of sublimation within the blowing snow, Qsubl, is mostly

dependent upon wind speed, and an empirical function can

be extracted,

Qsubl = 100.1U10−2.3 (10)

which gives the cumulative sublimation rate in g m−2 s−1 for

a column of blowing snow over a unit area; units from Déry

and Taylor (1996) have been retained. Using this as a proxy

for any air-ice interaction within blowing snow, a ventilation

enhancement, Venh, is given by

Venh (U10) =
Qsubl (U10)

Qsubl (8)
(11)

so that Venh = 1 for U10 = 8 ms−1, that is, the threshold wind

speed for the onset of blowing snow. This enhancement func-

tion is shown in Fig. 12c. The enhanced total surface area,

Aenh, for air-ice interaction therefore becomes

Aenh = 1 + VenhAbs . (12)

Figure 12d shows how the potential for boundary layer

ozone depletion varies with wind speed both with and with-

out accounting for ventilation.The first thing to note is that

there are two maxima. The first arises at very low wind

speeds. This is consistent with reports that ODEs are fre-

quently observed under conditions of a stable shallow bound-

ary layer when reactants are constrained into a small volume

of the atmosphere. The second maximum arises at high wind

speeds. It is driven in this analysis by the additional snow

surface area derived from blowing snow, an effect that is

considerably exacerbated when ventilation is taken into ac-

count (the dashed line). This result is consistent with the

observations reported here, that BrO enhancement and as-

sociated ozone loss can also occur under conditions of high

wind speed and turbulent mixing within the boundary layer.

An important remaining question for our analysis of this

event, however, concerns the salinity of the wind-blown

snow. It is known that within the sea ice zone, snow lying

on sea ice has an enhanced salinity. Blowing snow that orig-

inates within the sea ice zone is therefore likely also to be

saline. We argue, based on the satellite BrO data, that the

region around Halley was within the boundary layer zone

where bromine was actively being propagated, possibly also

initiated. To be consistent with this, the blowing snow at

Halley during the event would need to be saline. The results

from both the surface snow and snow-pit sampling presented

in Fig. 5 are consistent with this idea, but are only part of the

story. It is important to note that these are bulk concentra-

tions measured once the snow has melted. The results say

nothing about the distribution, and hence the “availability”,

of bromide within/on the snow particles. For example, the in-

fluence of a specific bulk bromide concentration distributed

evenly throughout a snow particle would be very different to

one distributed heterogeneously, with patches of high con-

centration interspersed in a non-saline background. Given

the distance from the coast, the concentration of bromide in

blowing snow at Halley is likely to be substantially lower

than over the sea ice zone as dilution would occur by mix-

ing with continental snow. The relative change in snowpack

bromide observed at Halley, however, reflects the wider pic-

ture of significantly more airborne salinity associated with
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the storm than under background conditions. Whether this

change is driven by deposition of salty snow, or by subse-

quent deposition of aerosol cannot be resolved from these

particular observations. However, other studies at Halley

have shown that sharp spikes in snowpack impurities such

as nitrate and sea salt (sodium) are associated with specific

snowfall deposition events (e.g. Jones et al. 2008; Wolff et

al., 2008). The observations also open the possibility of en-

hanced initiation processes within the snowpack.

A further question relates to the pH of the blowing snow.

However, although it is straightforward to melt snow samples

and derive a pH, what is relevant in this case is the pH of the

surface, and not of the bulk. Deriving the pH of a quasi-

liquid surface is far from trivial, and an assessment was not

possible during the work reported here.

The notion that blowing snow could be a direct source of

bromine and hence of ozone destruction thus appears to be

consistent with observations and the analysis conducted here

provides some insight into why ODEs are observed under

specific wind conditions (i.e. either low wind speeds or high).

We can now consider the ideas of Yang et al. (2008) within

the framework of the observations presented here. The model

of Yang et al. assumed that each blowing snow particle

would contain a sea salt aerosol nucleus, and that snow parti-

cles would sublime, thus generating naked aerosol. We have

shown that at the wind speeds that occurred over the Wed-

dell Sea on 8 and 9 October (ground-truthed by observations

at Halley) the blowing snow profile would extend to ∼10 m

above the ground. The effectively 100% relative humidity

within the blowing snow cloud would render sublimation in

this region impossible so that no naked aerosol would be

found. Above the blowing snow layer, where entrained sub-

saturated air would maintain ice evaporation, some naked

aerosols are likely to be present. This evaporation process

is likely to be slow because the ventilation velocity of the

particles is inefficient, being related to the 1/8th power of the

radius (Déry and Taylor, 1996), implying an asymptotic ven-

tilation (and hence evaporation rate) of zero as the ice parti-

cle evaporates. However, for a sustained system with suffi-

cient energy, sea salt aerosol generation will certainly occur.

Yang et al. (2008) suggest that coarse sea salt particles would

have a short lifetime in air, and would thus not be an impor-

tant source of bromine. Given the amount of turbulence dur-

ing this blowing snow event, we suggest that the majority of

aerosol would be mixed at some point through the blowing

snow layer. When this occurs, we suggest that the aerosol

would either be scrubbed by the blowing snow (contributing

additional salinity to the snow particles) or would condense

water vapour onto their surfaces. They would certainly not

remain “naked” once within the blowing snow layer.

For the storm of 8 and 9 October, the following scenario

thus appears: a saline blowing snow layer that extends to

roughly 10 m above the ground; above the blowing snow

layer, an enhanced cloud of aerosol, generated by sublima-

tion of blowing snow. The extreme turbulence of the storm

would mix trace gases between these layers and the poten-

tial exists for processing (generation, reaction, uptake) within

either layer (that is to say, we cannot preclude either sub-

strate as processor based on the observations available). Al-

though we have no profile measurements of either BrO or

O3, if the vertical mixing timescale exceeded the reaction

timescale then a vertical gradient in either would be unlikely.

Certainly, the fact that BrO was visible from space suggests

that at least some BrO existed above the blowing snow layer

(unless a signal from within the snow layer was accessible

as a result of light path enhancement through multiple scat-

tering). It then appears likely that O3 would be severely

depleted throughout this turbulently-mixed layer (at least

100 m). Given the very large spatial extent of the storm, en-

compassing effectively the whole of the Weddell Sea region,

a significant reduction in regional tropospheric ozone, as well

as a significant export of reactive bromine compounds, could

be expected as a result.

5 Summary and conclusions

On 9 October 2007, satellite observations show that vertical

column densities of BrO were enhanced across the Weddell

Sea region of Antarctica. The enhanced BrO extended over

Halley station, providing an opportunity to probe an active

event of propagating BrO and depleting surface ozone us-

ing ground-based data. The observations at Halley show that

during this event, wind speeds were high and blowing snow

was prevalent. Charts of meteorological parameters gener-

ated from the ECMWF operational numerical weather pre-

diction system are consistent with such conditions occurring

across the Weddell Sea sea ice zone. The observational re-

sults demonstrate clearly that the mechanisms driving ODEs

are not restricted to those of a shallow stable boundary layer.

We considered the environmental parameters that influ-

ence ODEs by modelling how the contact between gaseous

and condensed phases (blowing snow in this case) varies with

wind speed. The results yielded two maxima, firstly un-

der low wind speeds and a stable boundary layer, and sec-

ondly, under high wind conditions. The latter are associated

with vigorous turbulent mixing, blowing snow, and ventila-

tion. We conclude that the system is highly dynamic, with

aerosol generation and consumption, and, as a result of the

turbulent mixing, no vertical gradient in trace gas concen-

trations. These conclusions should now be tested within

an explicit photochemical model complete with suspended

surface area data and appropriate radiative parameterisation.

Such work would enable scaling up to consider high wind

speed mechanisms in modelling calculations that assess the

wider influence of ODEs, either the regional radiative re-

sponse or the associated halogen source. Further, we con-

sider that an assessment of light propagation into blowing

snow would advance our confidence in deriving quantitative
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conclusions from satellite observations of BrO concentra-

tions under blowing snow conditions.
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