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Abstract. The majority of tropospheric ozone depletion thatin Antarctica, but, while a less common effect, major low
event (ODE) studies have focussed on time-series measur@ressure systems in the Arctic can also generate BrO clouds.
ments, with comparatively few studies of the vertical com- Such depressions thus appear to be fundamental when con-
ponent. Those that exist have almost exclusively used freesidering the broader influence of ODEs, certainly in Antarc-
flying balloon-borne ozonesondes and almost all have beetica, such as halogen export and the radiative influence of
conducted in the Arctic. Here we use measurements fronozone-depleted air masses.

two separate Antarctic field experiments to examine the ver-
tical profile of ozone during Antarctic ODEs. We use tether-
sonde data to probe details in the lowest few hundred me-1 Introduction
ters and find considerable structure in the profiles associ-
ated with complex atmospheric layering. The profiles were
all measured at wind speeds less than 7msand on each
occasion the lowest inversion height lay between 10m an

The remarkable behaviour exhibited by tropospheric ozone
(guring spring in both polar regions is well documented (see

40 m. We also use data from a free-flying ozonesonde stud impson et al,, 2007 for full overview), Concgntrations of
to select events where ozone depletion was recorded at alt¥320ne can _fall fror_n backgrouno_i levels to below Instrumenta-
tudes>1 km above ground level. Using ERA-40 meteoro- fion detection limits and remain suppressed fqr timescales

. . ' . . . of the order of hours to days. These excursions are ob-
logical charts, we find that on every occasion the high alti-

tude depletion was preceded by an atmospheric low ressurserved sporadically from coastal locations, and are widely re-
P P y P P Rrred to as tropospheric ozone depletion events (ODESs). The

system. An examination of limited published Ozonesondeozone depletion is driven by halogen chemistry, most notably

data from other Antarctic stations shows this to be a Con'bromine which has a source associated with the sea ice zone
sistent feature. Given the link between BrO and ODEs, we ’

. . {e.g. Neuman et al., 2010). The exact source(s) and mecha-
also examine ground-based and satellite BrO measurements ) . ) . i
) - . nisms responsible for bromine-release are still subject to de
and find a strong association between atmospher}c low P ate, but the combination of concentrated sea salt in a con-
sure systems and enhanced BrO t_hat must arise in the trOp%l'ens;ed phase substrate appears to be a pre-requisite. Under
sphere. The results suggest that, in Antarctica, such depre%ﬁese conditions, and with sufficient acidity, gaseous HOBr
sions are responsible for driving high altitude ODEs and for ' '

. can react with sea salt bromide within the condensed phase
generating the large-scale BrO clouds observed from satel- P

lites. In the Arctic, the prevailing meteorology differs from and generate Bithat is then released to the atmosphere. Sub-
' ' P 9 ay sequent photolysis of this Bigenerates Br radicals that can

react with and destroy £ The BrO thus formed can then
react with HQ to form HOBEr. Altogether, this process is re-

Correspondence toA. E. Jones ferred to as the “Bromine Explosion” (Fan and Jacob, 1992;
BY (aejo@bas.ac.uk) Tang and McConnell, 1996; Vogt et al., 1996; Lehrer et al.,
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2004). Environmental, as well as chemical conditions arel994). The data, presented at a resolution-d¥ m, show a
also critical for ODEs. Various studies have suggested a roléhermally-neutral layer depleted in ozone whose growth with
for temperature in driving ODEs (Tarasick and Bottenheim, height was controlled by an inversion. In the second, the
2002; Jacobi et al., 2006) although this influence remains deezone measurements were used to explore the vertical extent
bated (Bottenheim et al., 2009). The role played by meteorol-of snowpack and halogen chemistry in the Arctic (Tackett et
ogy has also been highlighted, with a critical influence bothal., 2007). No tethersonde measurements of ODEs have pre-
on the onset of ODEs and on their termination (e.g. Hopperiously been made in Antarctica.
and Hart, 1994; Jones et al., 2006, 2009; Morin et al., 2005). There is thus considerable merit in both profiling tech-
Surface ozone has been measured at a relatively largriques, with each revealing different, but complementary, in-
number of coastal research stations in both the Arctic andormation.
Antarctica (Helmig et al., 2007), and these data have been Interms of data coverage, the overriding majority of ozone
used in the majority of ODE studies. Recently, measure-profiling studies published to date have been carried out in
ments of surface ozone over the frozen Arctic Ocean havehe Arctic. Thus far, only one study using ozonesondes
been carried out from ships (Jacobi et al., 2006; Bottenheinto focus on the Antarctic troposphere has been published
et al., 2009). In particular the Bottenheim et al. study has(Wessel et al., 1998), and a few profiles measured from on-
demonstrated the capability for really sustained ozone degoing launch programmes at Neumayer and McMurdo sta-
pletion within the sea ice zone. We note that ship-bornetions have been used as supporting data (Kreher et al., 1997;
BrO measurements have also been carried out (Wagner et aRoscoe et al., 2001; FrieR et al., 2004).
2007; Phler et al., 2010). In this paper we analyse data from two separate field
However, ODEs are 4-dimensional phenomena, withexperiments and use the results to explore the characteris-
structure in the horizontal and vertical components as well asics and implications of low- and high-altitude tropospheric
intime. Relatively few measurements have been made of thezone depletion events. The first, a tethersonde experiment
vertical profile of ozone, given the demands of such a pro-carried out in spring 2007, allows us to probe details in the
cedure. Those that exist, however, have revealed importanbwest few hundred meters of the ozone profile and to ex-
information. For example, it appears that ozone depletionplore the influence of the complex layering within this re-
generally extends from the surface up to a few 100 s of megion of the atmosphere. The second was a programme of
ters, but that occasionally depletion to a few kilometres is ob-free-flying 0ozonesondes that was carried out at Halley during
served (Solberg et al. 1996; Friess et al., 2004; Bottenheinaustral spring 1987. The experiment was aimed at measuring
et al., 2002; Strong et al., 2002; Tarasick and Bottenheimprofiles of stratospheric ozone, and the observations made
2002; Ridley et al., 2003; Wessel et al., 1998). Sometimesn the troposphere have not previously been analysed. The
ozone depleted air can be observed at several kilometres altitata enable us to select cases of high altitude ozone depletion
tude while ozone at the surface is normal (Wessel et al., 1998 e. extending of the order 1 to3 km above ground level)
Roscoe et al., 2001). Further, the vertical extent of an ODEgs a starting point for teasing out mechanisms driving ODE
appears to be strongly modulated by the physical behavioughemistry on wider spatial scales. The combined results en-
of the atmosphere, with temperature inversions forming theable us to move towards a generalised picture of ODEs in

upper boundary of depleted air masses (e.g. Wessel et alantarctica and assess their implications and the challenges
1998; Strong et al., 2002; Tarasick and Bottenheim, 2002). for modelling them both on local and regional scales.

The studies referenced above were all carried out using
ozonesondes on free-flying balloons. These balloons and
their payload access the ozone profile throughout the whol@ Location
of the troposphere providing information on, for example,
the height to which ODEs extend. They are highly effec- The measurements reported here were made at the British
tive at providing the broad vertical picture. However, the Antarctic Survey station, Halley, in the Weddell Sea sec-
balloons rise rapidly so that, with the ozone sonde time contor of coastal Antarctica (Fig. 1). The tethersonde experi-
stant (¢~100s), the ozone profile is considerably smoothedment of 2007 was carried out at Halley V station {35 S,
in the vertical. As a result, much of the detail in the profile 26°34 W) while the free-flying ozonesondes of 1987 were
is not accessible. An alternative to a free-flying system islaunched at the previous, but nearby Halley IV station
offered by tethered platforms, such as blimps. They are lim-(75°36' S, 2642 W).
ited in height by the additional weight of the tether line, but  Halley sits on the floating Brunt Ice shelf, 32 m above sea
tethered platforms enable slow controlled vertical ascent andevel. The surrounding area is snow-covered, but flat and
descent rates. They thus enable significantly enhanced meé#eatureless, with the nearest rock outcrops roughly 200 km
surement resolution with vastly increased detail in the ozoneaway. Halley is roughly 15km inland from the permanent
profile information. Only two tethersonde studies of spring- ice edge, and as the coast effectively forms a promontory at
time tropospheric ozone have previously been reported. Irthis point, the station is close to the Weddell Sea in three di-
the first, one Arctic ODE was probed in detail (Anlauf et al., rections. During springtime, the Weddell Sea is extensively
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27w % 5 W al., 2007). Subsequent modelling studies (Saiz-Lopez et al.,
L= = ="" g, 2008) suggested that BrO ought to be well mixed within a
WEDDELL SEA 200 m springtime boundary layer.

75090 : o 3 Methodology
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SHELF © 3.1 The 2007 tethersonde study
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[ ' Sl A variety of instruments and techniques were used during
‘ the 2007 experiment with measurements for surface ozone,
PRECIOUS |BAY | ground-based routine meteorology, sondes for measuring
768 -4 profiles of ozone and temperature, and an acoustic radar that
SRR S A N' D highlights layers of atmospheric turbulence and thus provides
considerable context for the profile data. Ideally, profiles of
ozone would be measured on a continuous basis, in order
%, to provide maximum information. However, as tethersonde
experiments are highly labour-intensive, it was necessary in-
SO stead to make targeted measurements. This was achieved us-
' ing the surface ozone monitor: when a rapid decline in sur-
face ozone mixing ratios was measured, an alarm triggered
which alerted the overwintering staff to the onset of an event
and the chance to initiate a profiling experiment. It is worth
noting that such tethered profiling work can only be carried
out at relatively low wind speeds, so that all the ODEs probed
usinglthis method occurred at Halley at wind speeds less than
7ms -

0°
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3.1.1 Surface ozone and routine meteorology

Measurements of wind speed and direction are carried out on
a routine basis at Halley. The anemometers and wind vanes
are located near to the main station, at a height roughly 10 m
above the snow surface. The data have an accuracy of about
0.5ms ! for wind speed and Sfor wind direction (Konig-
Langlo et al., 1998) and are available at 1-min resolution.
covered in ice, interspersed with open water leads, of note gy face ozone was measured at the Halley Clean Air Sec-
being a large polynya to the south west of Halley known aStor Laboratory (CASLab), which is located roughly 1km
Precious Bay (Anderson, 2003). To the east of Halley is thesgyth east of the station generators, and in a sector that re-
inland ice, and indeed, the prevailing wind direction at Hal- ~ajves minimal contamination from the base (Jones et al.,
ley is easterly. Beyond the grounding line to the south easbggg). Surface ozone was measured year-round during 2007
of Halley, continental ice rises to the polar plateau. Katabaticusing a Thermo Electron Corp. model 49C. The instrument
winds from the plateau descend towards Halley, but remain,ses a UV absorbance technique and has a detection limit of

aloft of the station, above a cold pool below (Renfrew et al., 1 pphy (parts per billion by volume) and a precision of 1 ppbv
2002). For a significant amount of the time during spring, air for 1-min averages of 10-s data.

arrives at the base from across the sea ice zone. There is thus

a range of air masses with different histories in the vicinity 3.1.2  Blimp profiling system

of Halley. Year-round measurements of BrO (as well as nu-

merous other trace gases) were performed at Halley durindn order to provide detail in the very lowest region of the at-
the 2004/05 CHABLIS (Chemistry of the Antarctic Bound- mosphere, we employed a tethered AB400 blimp (Cameron
ary Layer and the Interface with Snow) campaign (JonesBalloons Ltd) as the airborne platform, which allowed a con-
et al., 2008). The measurements, made using a long-pattrolled and variable ascent/descent rate. The blimp was able
DOAS, revealed a springtime maximum, with highest mix- to carry a payload of-2 kg (in addition to the tether line)
ing ratios observed when air had been over the sea ice withimnd was made of lightweight fabric (LAM30) that had been
the previous 24 hours, but still present up to 6 pptv in air thatused successfully in previous profiling experiments carried
had spent at least 4 days over the continent (Saiz-Lopez etut at low temperatures (Rankin and Wolff, 2002). The blimp

Fig. 1. Maps showing location of Halley station as well as other
locations referred to in the paper.
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had an internal volume of 11.3%nand was stored inflated lithium primary cell, which lasted many flights because of
inside a 4S Weatherhaven between experiments. A singl¢he small duty cycle of the transmitter.

reel (1000 m length) of 2mm diameter Dyneema SK75 per- The height of the sonde was subsequently calculated from
formance cord (Dynamic) (English Braids Ltd) was used asthe hydrostatic equation, and the ozone mixing ratio adjusted
the tether line, providing a balance between tensile strengtlior the ozonesonde time constant (previously determined to
(900 kg breaking load) and weight. The ascent/descent ratee 100s).

for the blimp was usually between 0.03 and 0.15 fngnax-

imum 0.25ms 1), which, with the time constant of the ECC 3.1.4 Sodar

sonde (see below), yielded a vertical measurement resolution

of between 4 and 19 m (varying from flight to flight) with a A single axis, vertically pointing monostatic acoustic

mean of 11 m. sounder (sodar) was used to gain qualitative information
about the physical structure of the lowest 600 m of the at-
3.1.3 \Vertical profiles of ozone and temperature mosphere. This technique has been used in a previous study

at Halley and is more fully described elsewhere (Anderson,

Ozone was monitored using an electro-chemical cell (ECC}2003; Jones et al., 2006). In brief, 10-s profiles of echo inten-
sonde (Komhyr, 1969, 1995). The sondes were Sciencgity are displayed as time-height images, or echogrammes,
Pump Corp. Model 5A, with customised electronics, pow- that indicate the intensity of atmospheric turbulence within
ered by three 9V lithium cells in parallel. No correction was a stratified atmosphere. Lack of echo can arise either from
required for reduction in pump speed with height given that|ack of stratification, or lack of turbulence, so an exact in-
these were tropospheric measurements. However, below grpretation is not possible. However, some known fea-
battery voltage of 2.9V, the pump voltage would fluctuate, tures of the lower atmosphere are visible. For example, the
resulting in fluctuating pump speeds. Data were thereforeechogrammes from Halley often reveal multiple horizontal
rejected once the battery voltage dropped below 2.9 V. Theayering within the lower atmosphere which correlates with
other calibration factors vary by a few percent depending onchanges in the vertical potential temperature gradient (more
the concentration of KI and buffers, but the calibration is oth- or less positive) (Anderson, 2003). The echogrammes also
erwise close to absolute (standard formula given by Komhyrinclude signals of convection, and “fossil convection”. Fos-
etal., 1995). For tropospheric measurements, where the pasil convection refers to the residual signal after convection
tial pressure of ozone is small, errors in calibration are generis no longer active and can be explained as follows. During
ally small compared to errors in determining the zero of theconvection, plumes of warm air rise from the surface. At the
measurement (see below). edge of these plumes there is both a temperature gradient and

Before a flight, a sonde was prepared and the output sigshear-generated turbulence, the combination of which gener-
nal checked using an ozoniser set to deliver about 50 ppbvates strong sodar echo return. If the source of surface heating
The zero was checked by sampling through an active charis removed, this echo structure takes some timkaour) to
coal filter — if zero did not stabilise to within a few tens of diffuse and disperse. Hence, although the convection is dead,
mV of the zero of the electronics (250 mV) within 10 min, the sodar registers a blurred after-effect, described as “fossil”
the sonde was set aside and another prepared. The zero wasnvection (Culf, 1989).
again checked outside before a flight. The sodar used in this experiment was not able to probe

The ozonesonde signal was transmitted to the ground viahe atmosphere below20m height due to ringing of the
external inputs to a custom-made meteorological sonde. Thantennae, and the solid apparent echo shown in the figures
meteorological sonde included a wind vane, a radio transis spurious. Spurious echoes are also generated by surface
mitter (Radiometrix, 10mW at 173 MHz), a temperature winds in excess of 8 mg as these cause wind noise around
compensated pressure sensor (Vaisala PTB100B, resoluticihe sodar antenna guy-lines. Finally, noise can be generated
0.1hPa), a temperature sensor (Betatherm 1K7A329I, accuby people working near the antenna which is visible as thin
racy 0.2 K), and 3 rotating wind cups on a near-vertical axisvertical strips in the echogramme.
with rotating disc and optical counter sampling speed for 1 s
intervals. It also included a tilt compensated 3-axis compas$.2 The 1987 free-flying ozonesonde system
(Honeywell HMR3300), incorporating a 2-axis accelerom-
eter allowing for up to 60 deg pitch and roll — this yielded A programme of ozonesonde flights was conducted at Hal-
wind direction, the sonde being fixed relative to the wind ley IV during 1987 in order to study stratospheric ozone de-
by its wind vane. The sonde used a microcontroller (Par-pletion (Gardiner and Farman, 1988). ECC mark 3A son-
allax STAMP 1) and a 14-bit digitiser with 8 channel multi- des (Science Pump Corp.) were used to determine partial
plexer (AD7856). Sensors were sampled once every 10 s begressures of ozone at various heights and were operated ac-
fore powering the transmitter for a few ms to transmit data, cording to Komhyr (1986). The ECC sondes were linked to
a procedure that avoided RF interference to the sensor sigvlZ 403 MHz radiosondes which transmitted the data back
nals. The meteorological sonde was powered by a single 9 \{o the station. After a flight, the ozonesonde calibration was
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checked with a Dobson spectrophotometer measurement i” 4
available. Data were transmitted every 20 s, which, with an
ascent rate of roughly 5 m8 yielded a vertical resolution of
about 100m. Data were stored at standard pressure level
and at significant levels in the ozone profile, resulting in ir-
regularly spaced vertical grids. Ozonesonde launches begal
in mid April and continued until late November. For the ma-
jority of that time, sondes were launched every ten days orso, s
but from early August until late October they were launched
roughly every 1 to 3 days, depending partly on weather con- _ ¢
ditions. They were released on a routine basis at approxi-
mately the same time on each launch day1:00 GMT).
There were no surface ozone observations at Halley in 1987
so we have only a 1-point measurement at ground level on the
days with launches and no information at all on days withno \\ 1
ozonesonde launches — a fact that becomes important whel s i
analysing the results. 107 3
|
|
|
|
|
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During the 2007 austral spring, six tethersonde flights were g§228283383238¢88838833828¢3:¢8
achieved, with surface air masses in each case approachiny

I-r|]alley frpm the Wes(tj/or SOUth.'WeSt (see E'g' Zb(; €. &:jcross':ig' 2. Timeseries ofa) surface ozongb) wind direction, andc)
the sea ice zone and/or Precious Bay. The wind speeds du\5\7ind speed measured during the period of the tethersonde profiling

. . l .
ing each flight ranged from 1 m_é to 7ms (see Fig. 2C),  experiments. The red lines indicate the mid-point of the tethersonde
so all cases probed were relatively low wind speed ODESyyofiling experiments.

The timing of each flight relative to the condition of surface
ozone is shown on Fig. 2a, and it is clear that launches were
carried out during all stages of an ODE, i.e. during onset (24a layer there is no inversion in the classical sense, and so no
August 2007, 2 September 2007-flight a, 7 September 2007)pbvious upper limit to the boundary layer based on temper-
at totality (21 August 2007), and during termination (25 Au- ature structure alone. For this reason, when presenting the
gust 2007, 2 September 07-flight b). The profiles gfddd  tethersonde data we discuss atmospheric layering primarily
potential temperature measured during each experiment aria terms of the vertical potential temperature gradi%%(z),
shown in plots A and B of Figs. 3 to 8. Plot C of each fig- and also the mixing height. The former gives an indication of
ure shows the flight track of the tethersonde superimposed oatmospheric stratification, and the latter the height to which
the sodar trace to show the different air masses encounteretixing can be expected. To further assess degrees of mixing
by the sonde. Plot D shows the corresponding time-series ofve calculate the Richardson numb&i)(when data quality
O3 and potential temperature measured along the flight trackallows. Riis a measure of the balance between turbulence
Data were filtered according to battery voltage; once the volt-generation (by wind shear) and turbulence suppression by
age started to drop, data were removed, so the amount of dagdratification (i.e. potential temperature gradient), and is de-
recorded varies with each flight. As such data have not prefined as:
viously been assembled we examine them in some detail on 89/8
<

a case by case basis. Ri=2—1%
(aU/az)

ODEs are often referred to as boundary layer events, with
the boundary layer top, or “inversion”, acting as the lid to the

depletion. Indeed, an inversion is classically defined as theavhereU is the wind speed; is the acceleration due to grav-
region of the boundary layer where the potential temperaturéty (=9.81 ms2), T is ambient temperature (KRi is thus
gradient is positive. However, in polar regions, this becomesa measure of stability (and hence degree of mixing) within
problematic. A key feature of polar regions during winter an air mass; smali (large shear and small stratification)
and spring is the persistent, deep, continually stratified loweimplies strong turbulence and hence strong vertical mixing;
atmosphere that is characterised by a positive temperaturkiarge Ri implies suppression or even absence of turbulence,
gradient throughout (Anderson and Neff, 2008). Within suchand hence low or zero mixing. Traditionally, a critical value
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of Ri=0.25 is taken to be the transition from one regime to lUl/ms"  direction/°
the other (Stull, 1988), although fluxes (and hence turbu- s $ 180 200 220

120

lence) are still observed in the environment at super-critical 5| A ! B % E
Ri (Galperin et al, 2007). AR is based on gradients it is o i e
sensitive to measurement error, especially winds, and the rel- ] il

atively short sample time o/ at each level means tHei

estimate will have error of up to 50%. £ 100 l
4.1.1 Profile experiment 21 August 2007 o I

1
During the flight of 21 August 07, ozone was almost com- J“’j :
pletely depleted in a layer extending from ground level to 2o S|
~30m (Fig. 3b). This layer was characterised by a strong

[ : ¢ 0 235
. . . . . . 240 250 260 10 20 30 16.2 164 166 168 17 17.2 174
gradient in potential temperaturé’, i.e. was highly strati- 0/K  O,/ppby fime / hours after 00:00 UTC

fied, andRi within this layer was~0.4, indicating intermit-

tent or limited mixing. Between 30m and 40 m there is a Fig. 3. Tethersonde profiling experiment of 21 August 20Q&)
clear discontinuity in both @and6, and above this discon- profile of potential temperature (black = ascending flight; red
tinuity, little change in either @or ¢ is visible up to the = descending) with wind speed during ascending flight shown in
175 m range of this flight. For the region from 40 m to 120 grey;(B) profile of ozone (black = ascending flight; red = descend-
m, it is possible to calculat@i. Even thougl’% is small (see  ing) with wind direction during ascending flight shown in grég)

Fig. 3a),Ri is large &1.4) driven by the very weak wind sodar trace which shows, using a false-colour scale, how structure
P ' S g ; within the atmosphere develops with time — the flight path of the
shear (not shown). The result implies that this region of theblimp is shown by the black and red line@) measurements of

atmosphere is laminar and th_at mixing IS nggllg!ble. ozone (circles) and potential temperature (blue line) plotted against
_The sodar echogramme (Fig. 3c) shows little in the way Ofime By comparing (C) and (D) itis possible to see at what altitude,
air mass structure above 40 m. Below 40 m, the echogrammeng in which air mass, measurements of ozonefawere made.

shows a strong continual echo between 30m and 40m.

Within the lowest 30 m there is evidence of residual struc-

ture, likely to arise from fossil convection (see Sect. 3.1.4). data show that above the 10-m discontinuity, the atmosphere
The atmosphere thus appears to be split into two masses$s stratified throughout, and indeed, there is no turbulence

a depleted layer extending from the surface~t80 m and  signal on the sodar echogramme.

a layer above~40 m with background ozone mixing ratios.  Our interpretation of these data is that a relatively warm

Between is a transition region some 10 m deep. air mass, already depleted in ozone, was transported across
During descent, no structure is evident in either Oz un- the sea ice zone towards Halley. As it traversed the ice shelf,

til the sonde reaches the region of fossil convection (Fig. 3cthe heat from the air mass was absorbed by the radiatively-

and d), when small scale structure is again evident in bothcooled snow surface, generating the strong gradient in poten-

The ozonesonde battery voltage dropped just after the instrutial temperature. The rate of ozone depletion, however, was

ment had once again entered the transition region, so belowot affected, so the signals in ozone and potential tempera-

this altitude data have been filtered out. ture are effectively decoupled.

4.1.2 Profile experiment 24 August 2007 4.1.3 Profile experiment 25 August 2007

During this flight, the ground-based surface ozone measureThe flight of 25 August 2009 revealed more complex vertical
ments (Fig. 2a) show that ozone was only partially depletedProfiles, with three distinct air masses probed. The greatest
and that the ODE was still developing. The profile in po- 0zone depletion was evident in the well-defined and highly-
tential temperature (Fig. 4a) shows a well-defined and ex-Stratified layer that extended t820m above the ground
tremely shallow layer extending from the ground+d0m  (Fig. 5a and b). Heat was flowing down a thermal gradi-
height. This layer is also visible in the sodar echogrammeent from the atmosphere into the radiatively-cooling snow
(Fig. 4c) which, after some initial wind noise, shows a shal- surface below at about 5WrA as measured by a sonic
low (~20m) near-surface turbulent layer which decreasesgnemometer at 4m (not shown). Ozone mixing ratios in-
in height during the flight. Interestingly, there is no equiv- creased to between 15 and 20 ppbv in the region between
alent discontinity in ozone visible from the sonde profile ~20m and~80m while 99/, . although small, remained
(Fig. 4b). According to these data, ozone mixing ratios werepositive (indicating stratification). Frony80 m to~100m,
depleted, but roughly constant from the surface to a heighg transition zone is evident, characterised by an increase in
of ~80m, and above this altitude, mixing ratios gradually stratification (’9/3Z=0.08 Knt1), and within which ozone
returned to background amounts. The potential temperaturenixing ratios increased rapidly. The sodar data (Fig. 5c)
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Fig. 4. As for Fig. 3, but for 24 August 2007. Please note the Fig. 5. As for Fig. 3, but now for 25 August 2007. Please note the
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-1 ; . o
show a clear layer of increased backscatter, indicating en-  , '7° &
hanced turbulence within this region. This layer is either | %
being generated in situ by wind shear, or is a remnant of A B §
past shear action (fossil turbulence, see Culf, 1989); for this 3 gg :
event, the wind profile data are not of sufficient quality to i" f, |

4 |

address this uncertainty. Above 100 m, ozone mixing ratios ¢ :
reached, and remained at background amounts of roughlyz 2 f P
30 ppbv to the top of the flight track at 200m. On the de- £ | f &
scent flight, the~100 m turbulent layer was still evident in ! I o
the sodar echogramme (Fig. 5¢) and, according to the sharp "/~ | 3 E
discontinuity in ozone (Fig. 5a and d), was acting as a signif- 5. 5 ’i |
icant barrier to mixing. [

We interpret these data as indicating three main air masses  °20 250 20 0 ° 16 85 17 17520

6/K Oslppbv time / hours after 00:00 UTC

with different histories that had been retained. Interestingly,
in this example, a correlation between ozone and potential, o »o ¢ ki 3 but for the first flight on 2 September 2007.

;(epr::gferature is maintained in the lowest layer of the atMo-5, .. <e note the difference in scales.

4.1.4 Erofile experiment 2 September 2007 — daytime The surface winds on this occasion were ligh® ms™,
flight but the profile of wind speed, and more significantly, wind
The first flight on 2nd September was carried out miCI_direction (not shown) reveals that the two air masses were
afternoon during the onset of an ODE. It revealed a serie %oelesoto'nscé;::grﬂ(]\?vfsvvt)ervﬁf?ﬁ ttr;]eeal:;)grelfl:g%dnfr?hn; t,:i?
3; Fl)ae);erresa::nh égeofa :hmeozzrr]]?jr: (ggglvﬁiegn g;e .?Lc;u;l)%v:;dwtgsinass originated from 8%10° sector (North East). Within
once again, a well-defined and very 'sha'llow layer reach-he transition region, the winds drop to zero, and bacas
ing only ~1,5m above the ground (Fig. 6a and b) ,Higher North. In the lower region there is a local maximum in wind
up were two clearly-defined air masseé that conta.ined We"_speed, (from near zero at the surface, and zero again in the
mixed ozone, i.e. with little or no vertical gradient. The transition region). Given the neutral stratification, the wind
first spanned ,thé .region betwee60 m and 180 m, and was shear in this rggion shopld p'roduce awell mixgd air mass. In
characterised by 0zone mixing ratios-020 ppbv and small the upperar[e]gloni the ngs mcr'eas.e mor?i)tonlc'ally through-
potential temperature gradient@.01Kn 1), i.e. neutrally ~ OUt With /9;70-033s™. This givesRi=0.7, implying
stratified. The second extended above 250 m to the top of th¥ery weak mixing. ] o
profile (~370 m), with ozone mixing ratios of28 ppbv and " T?e 59?"” data Sho"‘é two issoc'?tﬁd echo tlr?yers W'th'”d
89/3Z=0.02 Knt. Aregion of mixing, with a clear gradient ¢ ransttion region, and we interpret these as the upper an
in both Oy ands, lay between 180 m and 250 m lower limits of the shear region, where the air masses are slid-
’ ' ing over each other. The clear difference in wind direction
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implies a different history for the air masses, the lower being!" 0Z0n€ is measured over this distance. However, between

recently advected over the ocean, the upper being continentdi?® M and 120m, there is a transition zone with clear dis-
air (King, 1989, 1993). continuities in both ozone and potential temperature. Above

~120m, ozone mixing ratios return to background amounts
4.15 Profile experiment 2 September 2007 — night-time ~ (~30PPbV).

flight The sodar (Fig. 8c) shows associated echo return within
the lowest 20 m, and again within the transition zone around

A second f||ght was carried out late on 2nd September Wh|chloo m altitude. Thus far, the event is similar to that of the
was only able to measure to 85 m altitude. Above this heightfirst flight on the 2nd of September (above), except in the
the battery failed, probably because of the lower tempera@mount of ozone depletion near the ground. Further similar-
tures. It was dark during this flight, and, according to the ity is observed in the winds, where, although not reversing in
surface ozone measurements (Fig. 2a), the ODE was in itgirection, the easterly component of the wind increases with
recovery stage. Figure 7a shows that the lowest atmospheri@eight by 2 ms* within the transition zone, implying again
|ayer was extreme|y shallow, extending to less than 10 mmaritime air advected underneath continental air. Further ev-
above the ground, but that, again, this structure was not reldence is apparent in the sodar data, where fossil convection
flected in the ozone profile (Fig. 7b). During the dark, ozone-is quite plain within the 20m to 100 m depleted zone, sug-
depletion chemistry would not be active, so a strong correla-gesting that the air has recently traversed a polynya, with as-
tion betweer® and G would not necessarily be expected. ~ sociated convection (Anderson, 1993; Culf, 1989).

4.1.6 Profile experiment 7 September 2007 4.1.7 Tethersonde study: implications

The final tethersonde flight of this campaign was carried outThis was the first concentrated assessment of the detailed
on 7 September during daylight hours (Fig. 8). According vertical structure of a number of ozone depletion events.
to the surface ozone data (Fig. 2a), the air measured at HalFhe overall technique used to study ODES, using tethersonde
ley was only partially depleted, and the sonde was launchedaunches triggered by surface ozone data, worked well, with
close to the maximum depletion observed. Battery voltagea number of ODEs probed and under a variety of stages of
was good to~140 m on the ascent flight. depletion. The tethersonde was able to probe the lowest few
The flight shows three distinct atmospheric layers. A hundred meters in considerably greater detail than could be
strong positive potential temperature gradient extends fronachieved using a free-flying sonde.
the surface te~20 m indicating highly stratified air (Fig. 8a). The tethersonde study revealed the enormous complexity
This structure is not matched by structure in the ozone prowithin the lowest layers of the atmosphere and the influ-
file (Fig. 8b). These data suggest an air mass whose poterence exerted by atmospheric structure and dynamics on ob-
tial temperature structure is still evolvirgg routeto Halley, served ozone profiles. The observations suggest that numer-
while ozone has not changed. Between 20 m and 100 m, thecal modelling studies aimed at reproducing ODEs observed
potential temperature gradient is much weaker, but nonetheat coastal sites will need to account in some detail for the
less positive and therefore stratified. No significant changenfluence of atmospheric dynamics on ozone mixing ratios.
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Such data would then provide excellent constraints agains#.2 The 1987 free-flying ozonesonde study

which to test ideas on local ozone depletion processes. It is

also clear that the lowest atmospheric layer at Halley can bet.2.1  Time-series of ozone profiles

extremely shallow at times, something that is more closely

associated with sites on the Antarctic plateau. Data from the free-flying ozonesonde study show consider-

The data, further, highlight the difficulty in defining a rel- ably less fine-scale detail than the tethersonde profiles de-
evant boundary layer height. This issue is important, forscribed above, but enable a much broader view to be gained
example, when translating a measured surface flux into ®f 0zone behaviour throughout the troposphere. Figure 9
boundary layer concentration, and also when deriving a mix4S @ contour plot derived using measurements from all the
ing ratio from a slant or vertical column density. Assessmentozonesonde launches between 26 July 1987 and 14 Novem-
of mixing height would therefore seem a welcome compan-ber 1987. The dots represent the individual data points and
ion to many chemical measurement programmes. Furthefience show the data coverage, the degree of smoothing in the
considerable variability can exist in the profile of ozone, anddiagram and the days when no sonde launches were made.
it appears that concentrations can be influenced by severdihe lack of at least daily data coverage becomes problem-
physical layers at different heights. For example, a signifi-atic later, when trying to understand mechanisms driving
cantly lower mixing height can be rapidly established as airhigh altitude ozone depletion by linking with meteorologi-
moves from over the convective sea ice zone (mixing heightcal information available at 6-hourly resolution. The reason
of the order 100 m) to over the stably stratified ice shelf (mix- for the lack of sonde launch varies — sometimes due to the
ing height~20m). We note also that the relationship be- planned schedule, but sometimes due to high wind speeds, a
tween ozone and potential temperatute ¢an be very sub-  fact which becomes relevant later.
tle, and that correlations do not always exist between these There are various features in Fig. 9 that are immediately
parameters — especially near the ground. obvious. Firstly, the data coverage varies quite considerably

Finally, as the blimp profiling system cannot be deployedduring this period shown. For example, from 2 August to
under windy conditions, the low altitude profiles reported 6 September, sondes were launched every day. In contrast,
here are, by definition, all relatively low wind speed eventsfrom 7 September to 15 September there were only 3 sonde
(~1ms?!to~7ms1). Low wind speed ODEs are often launches. Also obvious are the ODEs, indicated by the blues
associated with local depletion (e.g. Simpson et al., 2007)0f the false colour scale, which were measured between 22
and indeed two local ODEs previously studied at Halley August and 7 October. The vertical extent of the ODEs varies
were measured at wind speeds between zero~ahohs ! considerably. There are various occasions when depletion
(Jones et al., 2006). The majority of the tethersonde pro-extends only to a few hundred meters above the ground (e.g.
files reported here appear to arise from local processing un25/26 August and 7 October). However, there are also pro-
der quiescent conditions, and it is interesting to note that thdiles showing ozone depletion to several kilometres altitude,
ozone depletion is restricted to the lowest 10s~H00m  to a maximum o#3.5km on both 29 September and 3 Oc-
altitude. Maps of BrO measured by the satellite-bornetober. Of note also are two dislocated events, where ozone at
SCIAMACHY (SCanning Imaging Absorption SpectroMe- ground level shows unperturbed background concentrations,
ter for Atmospheric CHartographY) instrument (Richter et but by an altitude of roughly 200 m, significant depletion
al., 1998; Bovensmann et al., 1999) (not shown), indicateis apparent. Such ODEs are, by definition, unattainable by
no major increases in the BrO column in the Halley regionsurface measurements, and are an example that the ground-
during the ODEs measured by the tethersonde. This may bbased record does not reveal the complete picture regarding
linked to the low sun at the time of satellite overpass overODEs. Studies aimed at addressing trends in ODEs would
Halley at this time of the year but alternatively may imply need to take that into account.
that on these occasions the local production of bromine com- The data thus hold significant amounts of information, but,
pounds was not sufficient to significantly enhance the BrOas the record is somewhat limited by periods when no son-
column. In terms of export of halogens or of air low in ozone des were launched, they must be interpreted with care. For
that might affect the radiative balance of the atmosphere, iexample, a severe ODE is evident on 22 August with less ex-
therefore appears that low wind speed ODEs, driven by locatensive depletion apparent on 25 and 26 August. However,
processing, have few wider atmospheric implications. Theiras there were no sonde launches on 21, 23 or 24 August, and
merit, however, lies in their providing excellent cases againswith the lack of surface @observations in 1987, it is not
which to test kinetics and chemical mechanisms involved inpossible to say when this event started or whether this was a
depleting polar tropospheric ozone. single long event or two shorter ones. The sonde data must

be viewed as a series of snapshots.

They can nevertheless considerably extend our under-
standing of ODEs that occur at Halley. For example, a key
guestion that can be addressed with these data is: what drives
ODEs to such remarkable altitudes? Given that the depletion
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23/07/87 12108/87 01/09/87 21/09/87 11/10/87 31/10/87 20/11/87 Fig. 10. 5-day back trajectories showing the contrasting origin of
date air arriving at different altitudes at Halleya) 21 September 1987:

the pink and red trajectories correspond to air arriving at 980 and
Fig. 9. Contour plot showing the vertical profile of tropospheric 950 hpa respectively; the green, turquoise, and blue lines are the
ozone against time derived from balloon-borne ozonesonde ascenigajectories for air parcels arriving at Halley at 900, 850 and 800 hPa
during austral spring 1987. Tick marks are at 00:00 GMT every 4respectively (i.e. between1 km and~2 km above ground level —
days. Each dot indicates a measurement point; the irregular verticahe gltitude region of low ozone air in the profile on this dag)
grid is apparent, but so is the relatively good data coverage of ODEspg September 1987: the pink and red trajectories correspond to air
arriving at 980 and 950 hPa respectively; the green, turquoise, and
blue lines are the trajectories for air parcels arriving at Halley at 900,
of ozone is caused by a source associated with sea ice, i.850 and 700 hPa respectively (i.e. betweegnkm and~3 km above
initially ground-based, how can the signature of depletion at-ground level — the altitude region of low ozone air in the profile on
tain heights to several kilometres above the ground? We exthis day). Halley is marked by the black circle on the plot; trajectory
plore this issue in the rest of this paper, focussing on eventgarkers are at 24 h intervals.
where ozone depletion was evident in the profile up to and

above 1km altitude. We initially consider the air mass ori- )
gin of dislocated events using 5-day back trajectories. Weracked over the sea ice zone. On 21 September the route

then consider profiles where depletion is continuous upward¥/as over the frozen southern Weddell Sea with an approach

from ground level, and the regional meteorological situationt© Halley from the south west. On 28 September, air had
around the time of the profile measurements. originated much further north, tracked the coastal fringes of

the sea ice zone and finally arrived at Halley from a north
4.2.2 Origin of the dislocated events easterly direction. The maritime origin is confirmed by data
from radiosonde launches carried out separately but on the

Back trajectories were calculated for both of the dislocatedsame day. The humidity profile in the radiosonde data (not
events using the on-line trajectory model of the British At- sShown) reveals, in both cases, an increase in moisture in the
mospheric Data Centre (fully describedttp://badc.nerc.  0zone-depleted layer. The fact that the profile at Halley was
ac.uk/community/trajectory/ The trajectories were calcu- dislocated thus appears to be driven simply by different large-
lated using meteorological fields from the ECMWF at a res-scale air mass origins. This conclusion is in line with obser-
olution of 2.5, the maximum available for this time period, vations reported by Wessel etal. (1998) where an ozonesonde
and were run backwards from Halley for 5 days. In eachlaunched at Neumayer statiorf (&, 70° S) revealed air with
case trajectories ending at different pressure levels were calimited ozone depletion at ground level that was overlain by
culated in order to provide information on the history of air @ highly depleted air mass. Wessel et al. explained their ob-
mass at different heights in the ozone profile. servation as cold katabatic surface winds, originating over

Figure 10a and b show the histories of air arriving over the continental ice shelf, ||ft|ng up warmer and less dense
Halley on 21 and 28 September. On each occasion, aifarine air masses that had lower ozone mixing ratios. We
at ground level shows unperturbed concentrations of ozonéeturn to this later.
while those at altitude show significant depletion. The back
trajectories show that in both cases, air arriving close t04.2.3 The broader picture
ground level (980 and 950 hPa) had originated over the cold
continent to the east of Halley. Air arriving at higher alti- To further explore the drivers of high altitude ODEs we con-
tudes, shown by the sonde data to be depleted in ozone, haider charts of mean sea level pressure (mslp), together with
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Fig. 11. (a)Ozonesonde measurements on 22 August 1987 compared with an un-depleted profile for the middle of the sanfig) month;
mean sea level pressure on 21 August 1987 (nqoh};,0-m wind vectors on 21 August 1987 (noon) — wind speeds identified as: black =
8ms 1; orange = 8 to 12 nws!; red = 12ms1. Halley is marked by the black circle on the plots.

10-m wind vectors (which indicate the speed and direction ofabove. Again a typical un-depleted profile from the middle
winds at 10 m above the ground), to gauge the regional meef the month is also shown, and it is clear that on 21 Septem-
teorological situation around the time of the observed ODEsber 1987, ozone is depleted+®000 m, but with the largest
We utilise the European Centre for Medium Range Weatheibite from the profile extending from200 m to~1000 m.
Forecasts (ECMWF) 40-year reanalysis (ERA-40), which isThe back trajectories in Fig. 10a show that the air originating
described in Uppala et al. (2005). The reanalysis has beewithin the most depleted layer arrived at Halley from over
retrieved on a Gaussian N80 grid, with a grid cell spacing ofthe southern Weddell Sea. Figure 12b shows the mslp on
~125km. this day, and the presence of a large, moderately deep low
In the relevant plots the 10-m wind speed vectors are claspressure system over the Weddell Sea. Figure 12c¢ shows that
sified by a series of colours according to their speed. Thehe wind speeds at 10-m maximise in the 8th 12mst
thresholds were chosen according to a study on an Antarcrange, suggesting that snow and ice would be lofted into a
tic ice shelf (Mann et al., 2000) which concluded that when saltation layer. The air, shown by the back trajectory analysis
the 10-m wind speed reached between 8tend 12 ms? to arrive at altitudes over Halley of between 900 and 800 hPa,
(shown in amber on the plots) particles of snow or ice werewith its route across the southern Weddell Sea, is thus highly
dislodged from the snow surface and bounced intdl@ cm likely to have been impacted by the depression. The follow-
deep “saltation layer”. At 10-m wind speeds in excess ofing day the winds were too high to launch a sonde, so we
12 ms 1 (shown in red on the plots) particles were lofted out have no information on whether depletion was sustained.
of the saltation layer and formed what is classically referred The ozonesonde launched on 24 September 1987 shows
to as blowing snow. ERA-40 wind vectors are likely to give a small but limited amounts of depletion in the ozone profile
good indication of wind speed, and therefore reflect whethernot shown). That launched on 25 September 1987, in con-
snow was lofted or blowing. trast, shows clear and significant depletion in the ozone pro-
Figure 11a shows the profile of ozone as measured usfile to over 2000 m altitude (see Fig. 13a). From the mean
ing the free-flying balloon-sonde on 22 August 1987. Thesea level plot of the 24 September 1987 (Fig. 13b), a sig-
figure also shows an un-depleted profile from the middle ofnificant low pressure system was situated offshore of Halley
the same month. The degree of ozone depletion is clear, exen this day. The associated winds (Fig. 13c) are just below
tending from ground level t6-2000 m altitude. Figure 11b) the 12ms? threshold in the vicinity of Halley, and above
shows the mslp chart for the preceding day, 21 August 198712 ms™* on the western side of the Weddell Sea. Thus, the
with a huge low pressure system situated off-shore of Halleyatmosphere on the day prior to the depleted profile measure-
and encompassing the majority of the Weddell Sea area. Thment was significantly impacted by the storm, but no re-
10-m wind vectors on 21 August 1987 are shown in Fig. 11c)sponse was evident at that time in the Halley profile. On
and their colouring shows that over large areas, snow/ice wil25 September 1987, it is clear from the ERA-40 data (not
be lofted either into a saltation layer or higher into the at- shown) that the depression, although still present, was con-
mosphere as blowing snow. Unfortunately no sonde wassiderably weaker than on the 24th. By the 26 September
launched from Halley on 21 August 1987 precisely becausel987, although depletion is still evident in the ozone pro-
of the high winds. By 22 August 1987, ERA-40 charts show file (Fig. 14a), the centre of the depression had shifted north-
that the depression is still present over the Weddell Sea, buwvards (Fig. 14b) and the wind speeds across the Weddell Sea
that it is much less intense than on the 21st. had eased considerably (Fig. 14c). It is likely that the de-
Figure 12a shows the ozone profile on 21 September 1987letion evident on the 26th was a remnant of earlier ozone
the first dislocated event for which we calculated trajectories destruction.
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Fig. 12. (a)Ozonesonde measurements on 21 September 1987 compared with an un-depleted profile for the middle of the safime month;
mean sea level pressure on 21 September 1987 (n@@rdO-m wind vectors on 21 September 1987 (noon) — wind speeds identified as:
black = 8 ms™1; orange = 8 to 12 ns!; red = 12 ms™1. Halley is marked by the black circle on the plots.
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Fig. 13. (a)Ozonesonde measurements on 25 September 1987 compared with an un-depleted profile for the middle of the safime month;
mean sea level pressure on 24 September 1987 (n@r)0-m wind vectors on 24 September 1987 (noon) — wind speeds identified as:
black = 8 ms™1; orange = 8 to 12ms!; red = 12ms™1. Halley is marked by the black circle on the plots.
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Fig. 14. (a)Ozonesonde measurements on 26 September 1987 compared with an un-depleted profile for the middle of the safime month;
mean sea level pressure on 26 September 1987 (n@mr)O-m wind vectors on 26 September 1987 (noon) — wind speeds identified as:
black = 8 ms™1; orange = 8 to 12 n&!; red = 12 ms™1. Halley is marked by the black circle on the plots.

Figure 15a shows the ozone profile measured on 28&ured at Halley. The 10-m wind speed vectors suggest that
September, the second dislocated event described above. Thige depression resulted in considerable amounts of blowing
back trajectory calculation (Fig. 10b) shows that air in the or saltating snow in the atmosphere (Fig. 15c). Similar to
layer between 900 and 700 hPa3000 m) had passed over the event described above, mslp and 10-m wind vector charts
the sea ice zone to the north west of Halley before arriving(not shown) indicate that on 28 September, the low was still
over the base. The mean sea level plot for 27 September 1983resent although weaker, but with wind speeds still sufficient
(Fig. 15b) shows that a large low pressure system was presetd cause suspended snow. By 29 September, the depression
in this area on the day before the depleted profile was meainfluencing Halley had completely dissipated (Fig. 16b) such
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Fig. 15. (a)Ozonesonde measurements on 28 September 1987 compared with an un-depleted profile for the middle of the safime month;
mean sea level pressure on 27 September 1987 (n@@r)O-m wind vectors on 27 September 1987 (noon) — wind speeds identified as:
black =< 8 ms™1; orange = 8to 12 ms!; red = 12ms 1. Halley is marked by the black circle on the plots.
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Fig. 16. (a)Ozonesonde measurements on 29 September 1987 compared with an un-depleted profile for the middle of the safime month;
mean sea level pressure on 29 September 1987 (n@r)0-m wind vectors on 29 September 1987 (noon) — wind speeds identified as:
black = 8 ms™1; orange = 8 to 12ms!; red = 12ms™1. Halley is marked by the black circle on the plots.

that the winds in the vicinity of Halley had eased (Fig. 16c) —4.2.4 Free-flying ozonesonde study at Halley:
a new low pressure system had formed in the western Wed- conclusions
dell Sea area but with no influence on air masses at Halley at
that time. The ozonesonde released at Halley on 29 Septenin a recent paper we derived a relationship describing the
ber shows that ozone depletion extended from the surface tbkelihood of ODEs based upon wind speed (see Jones et al.,
well over 3000 m altitude (Fig. 16a) most likely a remnant of 2009, Fig. 12d). The pre-requisite of low wind speeds and a
processing over the previous days. stable boundary layer has been described by a number of au-
The final sonde launch of 1987 that showed ozone deplethors (e.g. Jacobi et al., 2006; Jones et al., 2006; Simpson et
tion at considerable altitudes was that of 3 October. Theal., 2007). In addition, Jones et al. (2009) demonstrated that
sonde was launched around 1600, and Fig. 17a) shows th&DEs can develop under conditions of high winds and blow-
depletion was evident from the surface+@500m, with a  ing snow. The conclusion was arrived at from a detailed case
maximum around 800 m altitude. ERA-40 mslp charts overstudy around Halley and the Weddell Sea in which an active
the preceding time period show that a low pressure systenDDE appeared to be generated during an intense Antarctic
was present over the Weddell Sea on 3 October which wastorm. Ground-based measurements at Halley showed that
at its most intense at 0600, i.e. 10 h before the sonde launcturing the storm, saline blowing snow was lofted into the
(see Fig. 17b). The associated 10-m wind vectors (Fig. 17catmosphere. Concurrent satellite data revealed an extensive
suggest that the atmosphere would have been influenced knggion of enhanced BrO across the Weddell Sea. These ob-
lofted and blowing snow in the Halley region around 06:00. servations added considerable support to two 3-D modelling
No significant depletion is evident in the ozonesonde launchstudies of Yang et al. (2008, 2010) which suggested that
of 2 October. These data help to provide some time con-blowing snow events over sea ice could be a major source of
straints for ozone processing and suggest that significant desea salt aerosol, and that this aerosol could in turn generate
pletion can occur within 10 h of the low pressure maximum. bromine that would destroy tropospheric ozone. No informa-
tion about the vertical profile of ozone was available for the
Halley case study.
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Fig. 17. (a)Ozonesonde measurements on 3 October 1987 compared with an un-depleted profile for the middle of the sar(ig) month;
mean sea level pressure on 3 October 1987 (06(6D),0-m wind vectors on 3 October 1987 (06:00) — wind speeds identified as: btack =
8ms1; orange = 8 to 12msl; red = 12ms 1. Halley is marked by the black circle on the plots.

Windy conditions in themselves are of course not suffi- riod up to 2001 we utilise the ERA-40 reanalysis (described
cient to drive ozone depletion, and the 1987 observationgarlier), and for more recent data we analyse the ECMWF In-
clearly demonstrate this point. For example, on 24 Septemterim Reanalysis, which starts in 1989 and is updated to the
ber 1987, a large and vigorous low pressure system wagresenttime. The latter has also been retrieved on a Gaussian
operative across the Weddell Sea, with lofted and blowingN80 grid, with a grid cell spacing o£125 km.

snow likely present in the region of Halley. However, the wessel et al. (1998) focussed on dynamical processes oc-
ozone profile measured at Halley on this day did not reveakuring during ODEs observed at Neumayer station in austral
significant ozone depletion. An interesting feature revealedspring 1993. They highlighted three dislocated events, the
by the ERA-40 surface temperature charts is that temperamost intense featuring depletion 8000 m altitude. From
tures across the Weddell Sea were significantly higher on 24ack-trajectory calculations, they concluded that the dislo-
September than on the following day when ozone depletiorcation arose because air low in ozone, with a source over
was observed to over 2km. Further, ODEs observed undethe sunlit sea ice, was uplifted over continental air. They
conditions of high wind speeds can arise from transport tofyrther noted that the ozone-depleted air was transported to
the observation site of air masses already depleted in 0zonReumayer by marine cyclones that developed over the ice-
(e.g. Simpson et al., 2007). Thus separating out the role otovered South Atlantic Ocean. Although the discussion was
low pressure systems, into chemically driving depletion asjn terms of transport, rather than as a key player in the deple-
opposed to transporting already-depleted air masses, is Ngon process, a clear link was nonetheless made between high
simple task. altitude ODEs and low pressure systems.

So, Win_d_y cont_jitions are not a sufficient, but are a neces- 5 paper by Kreher et al. (1997) presents a number of 0zone
sary condition. Itis clear from the data presented here that albrofiles, and extends the picture by including halogen data.
the 1987 events with high altitude ozone loss were associateqlhey describe measurements of BrO made in austral spring
with significant atmospheric depressions, windy conditions, 1 gg5 4t Arrival Heights, part of the New Zealand station on
and lofted or blowing snow. In each case, the low pressurgy,o edge of the Ross Sea (778 166.7 E). The observa-
system preceded the measurement of the depleted profile, byt < \vere made with a zenith sky DOAS (Differential Opti-

unfortunately the temporal resolution of the data is too lim- cal Absorption Spectrometer) at high solar zenith anglé (86
ited to allow a clear statement on the timescales involved i”and 90) — i.e. twilight dawn and dusk. In particular, they

processing gnd depletion which might be used to test/confirm, . ;s on two events with enhancement in tropospheric Bro,
the mechanisms proposed by Yang et al. (2008, 2010). ¢ first from dusk on 24 to dusk on 26 August and the sec-

ond from dusk on 15 to dusk on 16 September. The authors

5 Discussion link their BrO data with ozonesonde measurements made at
the nearby McMurdo station on 25 August and 15 Septem-
5.1 Re-visiting earlier published studies ber, which show depletion in the profile to several kilometres

altitude. We studied the ERA-40 meteorological charts for
Although the analyses from 1987 Halley are very consistentthat region and time period, and found that on 23 August,
these are a limited number of events measured at a singlthe day before enhanced BrO was observed, a low pressure
location. In order to expand our dataset, we consider heresystem was situated in the area which by noon was over the
published ozone soundings made at other Antarctic stationRoss Sea. By 18:00, its position was such that, as well as en-
that also show high altitude ozone loss. To gain the broadehancing katabatics descending from the Antarctic Plateau, it
picture, we again turn to ECMWF re-analyses. For the pe-was drawing air from the sea ice zone to Arrival Heights (see
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Fig. 18a). Wind speeds were sufficiently high to cause salta-
tion and blowing snow (Fig. 18a). The storm lasted through
the night but ERA-40 charts show that it eased over the fol-
lowing day, such that by 18:00 on 24th, 10-m wind speeds
around Arrival Heights were below the threshold for lofted
snow. A similar situation arose around the time of the sec-
ond enhanced BrO event. An atmospheric depression, cen-
tred over the boundary between the Ross Ice Shelf and the
Ross Sea on 14 September resulted in high wind speeds in
the region around Arrival Heights and generally high winds
across the whole area (Fig. 18b). By the following day, when | b)
the BrO enhancement was first measured, the low had moved
to the western side of the Ross Sea and winds around Arrival
Heights were dominated by katabatic flow, although still high
enough for saltation (not shown).

A subsequent paper by Roscoe et al. (2001) used the re-
sults of Kreher et al. (1997) and expanded them to include
some additional data from Neumayer. Specifically, the au-
thors considered zenith sky DOAS and ozonesonde measure;
ments from Neumayer that showed enhanced tropospheric
BrO on 2 August 1995 that coincided with an ozone pro-
file that was severely depleted te3 km altitude. ERA-40
charts show that on 1 August 1995, a moderate depression
was situated offshore of Neumayer, with winds in the coastal
region above the threshold for saltating and blowing snow
(see Fig. 18c). By 2 August, this low pressure system had
eased considerably, although, according to ERA-40 charts
(not shown), wind speeds were still sufficient to loft snow
into a saltation layer. No ozone sonde was launched on 1
August, so we have no way of knowing the state of the ozone
profile during the windier preceding day. Again, however, a Fi9- 18. Charts of mean sea level pressure and 10-m wind vec-
high altitude ODE and enhanced BrO were associated Witﬁ(Ors ctomtcfldept”w(;t_h high altit“)di QDF; d_'sﬁgsszegz earllteiggspers

. see text 1or tu ISCussionja) Arrival Reignts: ugus
ar]I r? t;n r?é?g ?élgégrvpzfjrsirr?esrsyZEZT-(2004) focused on me (18:00);(b) Arrival Heights: 14 September. 1995 (12:009) Neu-

’ o\ : amayer: 1 August 1995 (12:00). The positions of the stations are
surements maqe at Neum_ayer station |.n austral spring 199%arked by the black circles on the plots. Wind speeds are identified
and 2000. Their data set included zenith sky DOAS obsers: pjack = 8 ms~; orange = 8 to 12 ms’; red = 12ms L.
vations of BrO as well as ozone soundings and they inter-
preted their results in the context of duration of sea ice con-
tact. From their data they derived a meteorological scenari®c.2 Expanding the low pressure system/BrO link
to describe conditions responsible for depletion in the ozone
profile, in which an air mass located over the sea ice is drivenrhe papers by Jones et al. (2009) and Yang et al. (2008, 2010)
south towards the station by an eastward moving depresdescribed above raise the idea that atmospheric low pressure
sion. They further note that air masses from the sea ice aréystems with sufficient wind speeds to loft saline blowing
transported to altitudes 4000 m by advection processes Show can be a source of bromine to the atmosphere with the
caused by cyclonic activity above the ice covered ocean. Wegpotential to deplete tropospheric ozone. Considerable evi-
discuss the FrieR et al. paper further below. dence to support this idea can be found within earlier publi-

Thus, in all previous studies of Antarctic ozone profiles, cations. For example, Kreher et al. (1997) note that the initial
there is either a stated link to low pressure systems, or a linkphase of both BrO events they observed coincided with high
that can be derived by some additional analysis (using thesurface winds and blowing snow. Frie et al. (2004) note that
ERA-40 charts). There are also the first hints of a link be-most periods of elevated BrO were accompanied by strong
tween low pressure systems and BrO. enhancement in Pabsorption, a diagnostic for tropospheric

light path. The authors suggest that, as well as snow drift, it
was very likely that the light path enhancement was at least
partially caused by sea salt aerosol.

a)

120W

150E
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Importantly, satellite observations of BrO are available
from the GOME (Global Ozone Monitoring Experiment) in-
strument (Richter et al., 1998; Burrows et al., 1999) from
1996 to 2004, so are available for the period of measurements
reported by Friel3 et al. (2004). Indeed maps of BrO total
vertical column density (VCD) are presented for a number of
days to support the zenith sky DOAS observations reported
in the Friel et al. paper.

We are thus able to combine, for some days, observations
of surface ozone, the ozone profile, BrO from both ground- | b)
based zenith sky DOAS and satellite-borne imaging, together
with ERA-40 charts of regional meteorology. We refer to
data published by Friel3 et al. where it exists, and supplement
with other sources where necessary. We focus on the three
days from the Friel3 et al. paper that show the most severe
depletion in the surface ozone record.

Firstly, on 9 September 1999, Friel3 et al. show that mea-
sured surface ozone wasb ppbv; the ozonesonde launched
that day shows that the depletion extended to roughly 1.5km |
altitude; the zenith sky DOAS shows a simultaneous in-
crease in BrO above background. In addition, we present in
Fig. 19a) ERA-40 charts of mean sea level pressure and 10-m
wind vectors. They reveal a major low pressure system over
the Weddell Sea, with wind speeds in excess of 12ythat
is co-located with a cloud of enhanced BrO (see Friel? et al.,
2004) .

Equally severe depletion is evident in the surface

ozone record for 11 September 1999, and again, BrO_
observed by the DOAS is enhanced. No ozone prc)_Flg. 19. ERA-40 mean sea level pressure charts and charts of 10-

. . - . ._m wind speed vectors that coincide with the high altitude ozone
EI:y da;ﬁt Iihgresg;iﬁzd ilsn etlt]/zilgtl;llzrs freotmal'thpeapNe;uf;;;re"rsdepletion events discussed by Friel3 et al. (2004). Maps of BrO from

. : . ; the GOME satellite (see Friel3 et al., 2004) show enhanced BrO
web  service [fttp://www.awi.de/en/infrastructure/stations/ asgqciated with the low pressure systems shown here. Neumayer is
neumayerstation/observatories/meteorologicdiservatory/  marked by the blue circle on the plots.
dataaccess/uppeair_soundings/fullverticalresolution)

(Kdnig-Langlo, 2007a). Ozone depletion (not shown) is

clear to roughly 3km altitude. The GOME map for 11 pressure system on 23 September (Fig. 19c and FrieR et al.,

September 1999 shows an extensive cloud of BrO to theFig. 13).

north of Neumayer, which, according to the ERA-40 charts Recently it has been shown by Theys et al. (2009) that

of mslp and 10-m wind vectors (Fig. 19b), again coincidessome enhancement in total BrO column can be caused by in-

with a vigorous atmospheric low pressure system. creases in stratospheric BrO due to a decrease in tropopause
On 23 September 2000, the third example, FrieR et alheight coincident with low surface pressure. For the cases

show that surface ozone is depleted~b ppbv, while BrO  we have discussed here, tropospheric BrO columns (derived

is enhanced. They further present GOME BrO showing ausing climatological data validated using ground-based bal-

“hotspot” offshore of Neumayer. The ozone profile, againloon and satellite limb stratospheric BrO observations) indi-

from the Neumayer web service @Kig-Langlo, 2007b), cate the same structure of BrO enhancements that are evi-

shows that ozone depletion extended to roughly 2 km alti-dent in the total column, with tropospheric column amounts

tude, and the ERA-40 charts show a low pressure system offup to 8x 1013 molec/cnt (N. Theys personal communication,

shore of Neumayer (see Fig. 19c). This case raises the issu#010). Given that calculated stratospheric columns at south-

of timing, as the low pressure system of 23 September is thern high latitudes range from 2.5 to 4503 molec/cn?

residual of a more vigorous system that was influencing thgTheys et al., 2009), the BrO hotspots shown in the BrO to-

Neumayer region over the previous two days. tal column cannot be attributed to the stratosphere and must
The maps and charts presented in Fig. 19 also show othedrise from a tropospheric source.

occasions of coincident low pressure systems and enhanced

BrO. These are particularly evident around the Ross Sea,

with a very clear example being the BrO hot spot and low
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It thus appears from this ensemble of data and analyse5.4 What about the Arctic?
that high altitude ozone depletion events are associated with
atmospheric low pressure systems, but that the associatiofn obvious question that arises at this point is whether this
arises as a product of the BrO generation and concomitanflechanism also operates in the Arctic. The Arctic and
ozone destruction, and not merely as a result of advectivé\ntarctic sea ice zones are very different. Geographically,

processes. one is a frozen ocean surrounded by land masses while the
other is peripheral to a large continent. As a result of the dif-
5.3 Why atmospheric low pressure systems? fering topography, there are considerable differences in me-

teorology in the two polar regions. The frozen Arctic Ocean
Satellite imagery and high resolution meteorological analy-is dominated by high pressure systems while the sea ice zone
ses reveal that there is a spectrum of atmospheric low presaround Antarctica is subject to repeated lows. Early Arctic
sure systems in high southern latitudes from the mesoscal@ork by Hopper et al. (1998) linked high pressure systems
(less than 1000km horizontal resolution) “polar lows” to with ozone depletion to 200-400 m altitude and sustained
synoptic-scale depressions with a diameter of 2000 tosurface ozone depletion within the sea ice zone. More re-
3000km. Polar lows tend to have a lifetime of less thancent measurements, also made within the Arctic sea ice zone,
24h, but they can be very vigorous with winds in excesshave also found sustained surface ozone loss during extended
of gale force (Rasmussen and Turner, 2003). The synopticperiods of high pressure (Jacobi et al., 2006; Bottenheim et
scale lows usually have a lifetime of several days, althoughal., 2009). Further, a recent paper (Jacobi et al., 2010) has
the detailed structure of the systems can Change COﬂSideI’abeund that low pressure Systems moving northwards into the
during its evolution. Central Arctic from mid-latitudes are associated with tran-
On satellite imagery most depressions are characterised bsitions to higher mixing ratios of ozone, more typical of
having the cloud organised into comma-shaped or spiralitemote background sites, and that ozone mixing ratios are
form bands, which often define the boundaries between aiFstrong|ynegative|worre|ated to atmospheric pressure during
masses. The imagery also shows that many polar lows desych events. This is the opposite conclusion to our findings
velop in the southerly air flow to the west of a large depres-for Antarctica, and highlights the existence of critical differ-
sion during cold air outbreaks. ences between the Arctic and Antarctic atmospheric systems.
By definition, all low pressure systems are associated with However, although we have not explored in any detail the
low level convergence and general ascent, with divergencgotential for low pressure systems in the Arctic to drive high
at upper levels. However, the cloud bands indicate areas ojltitude ozone depletion or major enhancement to the BrO
particularly marked ascent, and models and radar data havgolumn, it appears that it can occur. A particularly striking
shown that the air flow in these areas consists of a number oxample can be found between 25 and 28 March 2007, dur-
“conveyor belts”, streams of rapid advection with slope, anding which time satellite observations of both total and tro-
not just simple ascent up a frontal surface. A warm conveyomospheric column BrO from the SCIAMACHY instrument
takes air from the surface to the upper levels of the cyclonicshow an enormous area of enhanced BrO covering approxi-
system, the air being replaced by the descending cold aifmately half of the Arctic Ocean basin (Begoin et al., 2010).
Larger depressions can have ascent from the surface to thgt the same time, ERA-40 meteorological charts show a
upper troposphere. huge and windy depression, not only covering the same re-
Polar depressions thus provide the conditions for highgion, but propagating eastward in tandem with the BrO (see
wind speeds, and thereby blowing snow, at ground level, angegoin et al., 2010). We derived 10-m wind speed vectors
a mechanism to transport processed air to considerable altfor this event and found that wind speeds were indeed suffi-
tudes. cient for lofted and blowing snow (plots not shown). Such a
While blowing snow appears to contribute to the mech- meteorological situation is unusual in the Arctic, so how im-
anism for ODEs at high wind speeds, this mechanism deportant this mechanism is for ozone depletion, particularly to
pends critically on there being sufficient salinity in the snow. high altitudes, and for the production and export of halogens
Simpson et al. (2007) reported that saline snow was ubidfrom the Arctic, remains an open question and goes well be-
uitous on first-year sea ice and contained significant quanyond the scope of this paper. Given the changing state of
tities of salts necessary for halogen activation. Around thethe Arctic, and projected future changes, however, it seems
coast of Antarctica, the seasonal variation in sea ice extenimportant to assess the contribution and how this might de-

is enormous, ranging from the annual maximum (roughlyvelop as the Arctic warms and coverage of first year sea ice
18 million kn?) to the minimum (roughly 2.5millionkd).  increases.

There is thus an enormous reservoir of first-year sea ice
around Antarctica with the potential for halogen activation.
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