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Abstract. In-situ measurements of ozone and water vapourthat the depletion occurred over a very extended region (Sto-
in the Antarctic lower stratosphere, were made as part ofarski et al., 1986; Solomon et al., 1986). Between 1985 and
the APE-GAIA mission in September and October 1999.1989 ozone levels continued to decline in such a way that
The measurements show a distinct difference above and bdsy 1989, 70% of the total column ozone content over the
low the 415K isentrope. Above 415K, the chemically per- Antarctic continent was lost during the month of September
turbed region of low o0zone and water vapour is clearly evi-and early October (Deshler et al., 1990). Such loss equates
dent. Below 415K, but still above the tropopause, no sharpto the removal of 3% of the world’s ozone in a period of six
meridional gradients in ozone and water vapour were ob-weeks, demonstrating just how rapidly the global state of the
served. The observations are consistent with analyses of patmosphere can change (Anderson et al., 1991). The ozone
tential vorticity from the European Centre for Medium Range hole of 1992 showed a very dramatic demonstration of the
Weather Forecasting, which show smaller radial gradients atate of ozone depletion during austral spring, as measured
380K than at 450K potential temperature. Ozone loss inozone amounts were about 50% of that of 1979 (Gleason et
the chemically perturbed region above 415 K averages 5 ppbual., 1993).

per day for mid-September to mid-October. Apparent ozone The Antarctic ozone hole occurs within a polar vortex that
loss rates in the sub-vortex region are greater, at 7 ppbv peforms over the Antarctic at the onset of polar night. The
day. The data support, therefore, the existence of a subyortex consists of strong, westerly winds that inhibit mixing
vortex region in which meridional transport is more efficient between the polar region and the middle latitudes, resulting
than in the vortex above. The low 0zone mixing ratios in thein a core of very cold air inside the vortex. Ozone is then
sub-vortex region may be due to in-situ chemical destructiondepleted within this region, as a result of heterogeneous re-
of ozone or transport of 0zone-poor air out of the bottom of actions on Polar Stratospheric Clouds (PSCs) that form in
the vortex. The aircraft data we use cannot distinguish bethe cold vortex air. PSC formation dehydrates and denitri-
tween these two processes. fies air within the vortex. Heterogeneous reactions on the

Key words. Meteorology and atmospheric dynamics (po- surfaces of PSCs, involving halocarbon breakdown products,
lar meteorology) — Atmospheric composition and structure€sult in ozone destruction (Toon and Turco, 1991). The vor-

(middle atmosphere—composition and chemistry) tex remains throughout austral winter, spring, and early sum-
mer. The vortex remains ozone depleted until it breaks down,
whereupon ozone-rich mid-latitude air is mixed with the po-

. lar air, increasing ozone abundances in polar regions and de-

1 Introduction creasing ozone abundances in the middle latitudes.

Since the discovery in the 1980s of anomalously low The exte_nt an_d Iongevi_ty of the_ polar vortex depen_ds on

ozone column abundances over the Antarctic by Farman e§tratospher|c fluid dynamics, particularly the propagation .Of

al. (1985), ozone abundances in the Antarctic between thglanetary waves (Schoeberl and Hartmann, 1991). Whilst

months of September to November have continued to deEhe longevity of the ozone hole each year depends on the

cline. Farman et al. (1985) showed that total ozone levels ha&ongewty of the polar vortex, the spatial extent of ozone de-

been in decline at the Halley Bay station since the 1970s, amﬁ)letIon at any time depends on the extent of cold tempera-

their results were confirmed by satellite data which showedtures’_ the latitude of the termln_ator, and transport gnd mix-
ing within the vortex. The region of ozone depletion and

Correspondence toA. R. MacKenzie the region of the polar vortex are, therefore, not necessarily
(r.Mackenzie@lancaster.ac.uk) identical. To distinguish the chemically defined ozone hole
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from the dynamically defined polar vortex, the region with  Five scientific flights were carried out from Ushuaia. Be-
low ozone mixing ratios is called the chemically perturbed low, we focus on the flights of 21 September, 23 September,
region (CPR) (Proffitt et al., 1989). 8 October, and 12 October 1999. The flight of 2 October
Global observations of column ozone have also shown &l999 studied a filament of vortex, and did not penetrate the
decline in abundance, with 3-5% decreases in the middlenain body of the vortex (Redaelli et al., 2001). Since we
latitudes and 6-8% decreases at high latitudes (Stolarski eare primarily interested in the CPR, we will not discuss the
al.,, 1992). There is some debate as to just how isolatedlight of 2 October. During the period of the mission, sci-
the air inside the vortex is from the middle latitudes, and soentists also conducted a series of ground-based and balloon
to what degree polar ozone loss can influence mid-latitudeneasurements, from various locations along the Antarctic
ozone loss. Tuck (1989), Proffitt et al. (1989), and Tuck etPeninsula, from Ushuaia, and from Punta Arenas (Carli et
al. (1993) concluded that the air inside the vortex is contin-al., 2001). This was to validate the measurements taken by
ually mixed with that outside the vortex, creating a situation the Geophysica and to extend the temporal and spatial range
whereby the polar vortex acts as a “flowing processor”. Theyof the results of the project.
hypothesised that a large downward flow exists through the The scientific instruments carried by the Geophysica are
polar vortex which then moves outwards into the middle lat-installed in bays on the aeroplane fuselage, on the wings,
itudes. Contrary to this, Juckes and Mcintyre (1987), Mcln-and in the tail boom (Stefanutti et al., 1999b). Instruments
tyre (1989) and Hartmann et al. (1989) argued that the vortexon board the Geophysica during the APE-GAIA mission col-
behaved like a “containment vessel”. They stated that at théected in-situ and remote-sensing data on both chemistry and
vortex edge was a region of strong radial gradients of potenmicrophysics (Carli et al., 2000). Here we use data from the
tial vorticity (PV) that acted as a barrier to transport acrossFLASH and ECOC instruments, which provide in-situ infor-
the vortex edge, therefore effectively sealing the vortex off mation about ozone and water vapour concentrations within
from the middle latitudes. However, a common feature ofthe stratosphere in the Antarctic region. The remote-sensing
both analyses is that some mixing of air parcels can occur irmeasurements are discussed, and compared to in-situ data, in
the lowermost stratosphere, related to a clear change in thBlom et al. (2001).
dynamical character of the stratosphere below about 400K The FLASH (Fluorescent Aircraft Stratospheric Hygrom-
potential temperature. The lowermost stratosphere is thagter) instrument measures water vapour, from approximately
part of the stratosphere for which adiabatic paths to the tropo8 km altitude to the maximum altitude of the flight. The hy-
sphere exist i.e. isentropic surfaces in the lowermost stratogrometer is an optical fluorescent type based upon Lyman-
sphere will cross the tropopause at some latitude (Holton ef; fluorescence (Merkulov and Yushkov, 1999). The FISH
al., 1995). in-situ total water instrument @er et al., 1999) also flew
Below, we use in-situ ozone and water vapour measureduring APE-GAIA. A detailed intercomparison of the two
ments, along with potential vorticity analyses and TOMS instruments is outside the scope of the present study; further
ozone column fields, to investigate the horizontal and ver-information will be given in a forthcoming paper (“Variabil-
tical extent of the CPR over Antarctica in spring. ity in the tropopause and hygropause over the equatorial In-
dian Ocean during February and March 1999")
ECOC (Electrochemical Ozone Cell) consists of an elec-
2 Data trochemical cell filled with an agueous Kl solution and a
) _ ~ teflon sampler with a pump (Kgret al., 2000). The air is
APE-GAIA (Airborne Polar Experiment-Geophysica Air- cjrcylated through the electrochemical cell where the ozone
craft In Antarctica) aimed to study the chemistry of the yeacts with a solution of potassium iodide (KI). The reac-
Antarctic stratosphere, using the Russian M55 Geophysicgion induces an electric current around the outside of the cell
aircraft (Carli et al., 2000, 2001). The Geophysica is & high-from which ozone concentration can be determined. ECOC
altitude aircraft, able to fly in the upper troposphere andpg 5 sensitivity threshold of 1 ppbv (Kyet al., 2000) and
lower stratosphere, carrying a large payload (1500kg) of in-acquires a measurement every 5sec, therefore it tends to
situ and remote sensing equipment (Stefanutti et al., 1999b),yerage out rapid ozone fluctuations. The FOZAN instru-
The campaign ran from 15 September to 14 October 1999ment (Yushkov et al., 1999), which measures ozone using
from a base at Ushuaia, in Tierra del Fuego, Argentina. APEhe chemiluminescence of a dye on reaction with ozone, also
GAIA was conducted at the beginning of spring in the South-fiey during APE-GAIA. This instrument has a more rapid
ern Hemisphere, which, in terms of the ozone hole, CO'”C'de?response (1Hz), but has a variable sensitivity to ozone and
with the transition phase between the depletion and recoveryherefore, needs careful post-flight re-calibration. Since the
phases (Solomon et al; 1986). The mission was designed tgigher time resolution provided by FOZAN was not required

look at three aspects of stratospheric processes in particulafyr our analysis, we have used ECOC data only.
the contributions of various chemical processes involved in

ozone hole formation, the interactions between air masses of 1yackenzie, A. R., Schiller, C., and Adriani, A., et al.: Vari-
the polar vortex with those of the middle latitudes, and theapility in the tropopause and hygropause over the equatorial Indian
determination of ozone loss in the middle latitudes due toOcean during February and March 1999, Atmos. Chem. Phys. Dis-
transport from the vortex (Carli et al., 2000). cuss., submitted, 2004.
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Table 1. Comparison of vortex edge latitude, from the ECMWF analyses, ozone hole outer edge latitude from TOMS data, and CPR latitude
from in-situ measurements. The vortex edge in the ECMWF analysis is taken to be the latitude-87tF&/U or—44 PVU contour in

the 45-78 W sector. The ozone hole outer edge latitude is taken to be the latitude of the 225 DU contour in tHeVdSetdor. The
uncertainty in the CPR latitude reflects the width of the region with rapidly increasing ozone on the return flight leg.

Date 21 September 23 September 2 October 8 October 12 October
Vortex edge {37 PVU) 63+ 3 57+ 1 65+ 5* 69+ 0.5 554+ 2
Vortex edge {44 PVU) 67+ 2 70+ 0.5 654+ 5* 71+0.5 65+ 1
Ozone hole edge 66 1 65+ 2 61+ 3 73+ 1 64+ 2
CPR edge 61 63+ 2 59+ 2 —** 62 £2

* Convoluted contours in the region of the Antarctic peninsula
** Aircraft did not penetrate main body of vortex

gion of ozone depletion across a well-defined boundary into
ozone-rich air, that is, the aeroplane ascended into the CPR
from below and then exited the CPR during the NNE-ward
horizontal flight. The rapid change in ozone is not seen on
R //\, the outbound flight leg, which was at a lower altitude, but still

. i in the stratosphere. The tropopause was observed to be at ap-
proximately 10.7 km (a potential temperature of 320 K) alti-
T tude during ascent and descent into Ushuaia on 21 Septem-
ber 1999 (data not shown). During the dive the lapse rate
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i o altitudes between 16 and 10 km).

éog 1WM i Fy The most noticeable feature of the water vapour time se-

gs ' . ; ] ries in Fig. le is the increase in water vapour as the Geo-

;; WW e physica dives. However, at cruise altitudes, there is also an

£ - v - = m i) increase of 1 ppmv in the water vapour mixing ratio on the
Time (Hours) return flight leg. This increase is concurrent with the sharp

change in ozone concentration shown in Fig. 1d. The rela-
Fig. 1. Altitude, latitude, longitude, ozone and water vapour as atjve change in concentration of water vapour over the polar
function of time for the 21 September 1999 flight. Note that as thevortex is clearly not as great as that of ozone. However, the
stratosphere is relatively dry in comparison with the troposphere,Changes in 0zone and water vapour concentrations both ,show
the water vapour data in subplot (e) has been enlarged so that th% . .
stratospheric portion can be clearly observed. the boundary of the CPR, as noted previously (Proffitt et al.,

1989).

In Table 1 we compare the latitude of the edge of the CPR,

3 Results and Discussion as measured in-situ, with the latitudes of the edge of the vor-

tex and the edge of the TOMS ozone hole. The latitude of
Figure 1 shows the time series relationship for ozone, watethe edge of the CPR is generally two or more degrees equa-
vapour, altitude, latitude and longitude for the flight of 21 torward of the edge of the TOMS ozone hole, defined as the
September 1999. The flight path taken by the Geophysicalatitude of the 225 DU contour. This difference in latitudes
indicated in sub-plots a), b) and c) of Fig. 1, was initially is usually within the error bars of both measurements (the
SSW at about 14.7 km (geometric altitude, potential temper-calculations of the errors associated with each measure are
atures between 370K and 380K). The aeroplane then dive@lescribed in the caption for Table 1. The latitude of the edge
down into the troposphere, re-ascended, and returned in a dPf the CPR is generally approximately coincident with the
rect northerly direction, climbing to an altitude of 18 km. latitude of the edge of the vortex, as diagnosed from the lat-

The ozone concentration remained low throughout the outitude of the—37 PVU contour in the middle of the region of

bound flight leg. However, on the return flight leg, at ap- large PV gradient.
proximately (60 S 70 W), a sharp increase in ozone con-  Figures 2 and 3 show the ozone and water vapour data,
centration was observed. Similar observations were recordetespectively, for all the flights, plotted against altitude and
in other flights during the APE-GAIA mission, i.e. a sharp against latitude relative to the edge of the CPR. The abso-
change in ozone concentration, only observed on the returriute latitude of the edge of the CPR varies as the polar vortex
higher altitude portion of the flight. The return flight leg on varies, due to planetary waves, so the graphs in Figs. 2 and
21 September 1999 shows the Geophysica passing from a r& are normalised by setting the latitude of the edge of the
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Fig. 2. Ozone as a function of potential temperature and latitude,
relative to the edge of the chemically perturbed region above 415 K,
for all flights.

500

450

3.5

N

o

=)
T

w
@
=]

Potential Temperature

300

Fig. 4. Potential vorticity for 23 September 1999, diagnosed from
ECMWF analyses, for the 380 K and 435 K isentropic surfaces.
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Fig. 3. Water vapour as a function of potential temperature and lat-ident, since there is a much more gradual change in ozone
itude, relative to the edge of the chemically perturbed region aboveor water vapour mixing ratios with latitude (see below). The
415K, for all flights. outbound flight leg on 23 September 1999 occurred at a suf-

ficiently high altitude for the CPR boundary to be defined

by the ozone mixing ratio on both the outbound and return
CPR to O in each case. The latitude of the CPR edge wasflight legs. The CPR boundary of the outbound flight was at
estimated from the in-situ 0zone measurements at higher al60.4° S (theta=420 K), whereas on the return portion of the
titude. Plotting the data in this way shows that the data—flightitwas at 62.6 S (theta=430 K). This change in the lati-
for ozone at least—occupy a relatively large amount of thetude of the CPR is due primarily to a planetary-wave-induced
relative-latitude potential-temperature domain. Below, weundulation in the position of the vortex, rather than any vari-
will classify data from above 415K as “in CPR” or “out of ation in the edge of the CPR with height (Fig. 4). The CPR
CPR”, and classify data from below 415 K as “beneath CPR”edge on the return leg is used in Table 1 and for the normali-
or “not beneath CPR". sation in Fig. 2.

A sharp meridional gradient in the mixing ratio can be  The change in the character of the meridional gradient of
seen in the upper portion of each graph, indicating the po-ozone above and below 415K, corresponds to a change in
sition of the CPR. This sharp gradient separates the area dhe dynamics of the polar region. For example, Figs. 4a and
high mixing ratios on the right from the area of low mixing b show the potential vorticity map for 380K and 435K isen-
ratios on the left and is true for both ozone and water vapourtropic surfaces, respectively, on 23 September 1999. The
Below approximately the 415 K isentrope, the CPR is not ev-central blue area denotes the central region of the polar vor-
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tex and the edge appears as a narrow edge of steep potenti. “1000
vorticity (PV) gradients. The PV maps show that at 380K, s
below the transition zone in Fig. 2, the steep PV gradients areg ,,, Lt S —
disturbed on one side of the vortex. wol WM”" Ly WM
Mclintyre (1995) described a transition zone at approxi- I
mately the 400K isentrope between the stratospheric polar >
vortex region and a stratospheric region below, which he 9% 15 1 05 0 e 29 e A
called the stratospheric sub-vortex region. He states that the
sub-vortex region is like the polar vortex in that it is a region 2500
of low temperature, yet different in terms of transport. The |

Ozone(ppbv)

data in Fig. 2 show a sharp change in ozone concentratlor> 1500 TIN i e
on higher isentropic surfaces, demonstrating the resistance 0§ il

the stratospheric polar vortex to mixing. The lower isentropic §™ WJ

surfaces show little change in ozone concentration with lat- 5} " 1
itude, which is in the region where Mcintyre (1995) states o —— s s & w5
that the sub-vortex exists. The lack of a distinct change in Latitude

concentration of either ozone or water vapour in this region .
would suggest that mixing does occur between the strato-
spheric sub-vortex and the middle latitudes.

The lowermost isentropic surfaces in the lower strato-
sphere are stirred strongly as a consequence of the movement
of synoptic scale weather systems. The transition isentrope at
400K is therefore the altitude below which the stirring pro- Mean 0zone mixing ratio outside the vortex is anonymously
cess overcomes the processes of vortex edge formation, stil?W. Whilst the mean ozone mixing ratio inside the vortex is

ring it out of existence (Mclintyre, 1995). The isentropic sur- similar to values from other flights. The data for the above-
415 K-outbound mean mixing ratio are relatively few, and all

face of the transition zone depends upon the intensity of th% low th ial h
synoptic scale weather systems in the tropopause and ther elow the 425K potential temperature. The CPR edge may

fore may be somewhat above or below 400 K. In our data thepe further equatorward at around 420 K than at the higher po-
transition zone appears to be at about 415 K, which Corretentlal temperatures sampled during the return flight leg, or
sponds roughly to 70 mbar and 18 km altitude. The Stlrrlnga filament of low ozone air may have been sampled at 420K
process transports air parcels between the sub-vortex and tr%’ts'de the main body of the CPR.
middle latitudes (Mclntyre, 1995), which would account for ~ Tables 2 and 3 show lower average ozone mixing ratios
the lack of change in ozone and water vapour concentratio? October than in September within and beneath the CPR,
below 415K in Figs. 2 and 3. Tuck et al. (1997) observedbut no trend outside and not beneath the CPR. Averaging
expanses of air from the polar regions within the middle lat-the September flights, and comparing to the flight of 12 Oc-
itudes in a zone between the tropopause @rd00K, pro-  tober, gives apparent ozone destruction rates of 5ppbv per
viding more evidence for meridional transport and mixing day above 415K, and 7 ppbv per day below. These deple-
across the sub-vortex. tion rates are lower than those calculated for earlier in the
Tables 2 and 3 show mean ozone mixing ratios, for bothsPring (see the discussion in Santacesaria et al., 1999). The
the outbound and return legs of each flight, i.e. both abovdower rates reported here are to be expected, since most of
and below the 415K transition zone. Averages are calcuthe available ozone has already been destroyed.
lated for portions of each flight outside and within, beneath Figure 5a and b show a close-up of the ozone mixing ratio
or not, the CPR. Table 2 shows, with the exception of the out-in the region of the vortex edge below and above the tran-
ward flight leg on 12 October 1999, that above 415K theresition zone, respectively. Figure 5b shows the sharp change
is a clear distinction between the mean 0zone mixing ratiosin ozone concentration that represents the polar vortex edge
The ozone mixing ratios are much lower inside the vortexand demonstrates its layered structure. The pleated effect
than outside. Table 3, however, shows a different relation-at the edge of the polar vortex is thought to be caused by
ship below 415 K: 0zone mixing ratios are similar inside andthe folding and stretching of air on the equatorward side of
outside the vortex. Average ozone mixing ratios below 415 Kthe vortex, which occurs as a consequence of planetary wave
and beneath the CPR are similar to those above 415K and ibreaking (Bowman and Magnus, 1993). This results in thin
the CPR, and slightly lower than those below 415K but notstrands of low ozone air being pulled out of the ozone hole
below the CPR. more often than mid-latitude air being pulled into the vortex
Table 2 shows an unexpected relationship for the flight of(Chen, 1994). The steep PV gradients at the vortex act as
12 October 1999. On the outbound leg of this flight, the a barrier to large-scale exchange with the middle latitudes.
mean ozone mixing ratio above 415K outbound is greateBowman (1993) and Chen et al. (1994) both found that there
inside the vortex than outside. Looking at the rest of the datavas an exchange across the vortex in the lower stratosphere.
within Table 2, it is apparent that, on 12 October 1999, theTheir transport calculations suggested strongly the existence

Fig. 5. The concentration of ozone across the region of the polar
vortex at above 415K (bottom panel) and below 415K (top panel)
potential temperature.
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Table 2. Mean ozone mixing ratios (ppmv) above the 415 K isentrope, measured by the APE-GAIA mission in September and October 1999.
Standard deviations are reported along with the means. “CPR” stands for chemically perturbed region.

Flight 21 September 1999  Flight 23 September 1999  Flight 12 Ocotober 1999

e CPR Outbound _ 0.23:0.08 0.290.18
nside Return 0.46:0.18 0.46-0.22 0.18-0.13

_ Outbound _ 1.28£0.15 0.15-0.07
Outside CPR Return 1.98:0.27 2.22:0.10 1.60-0.47

Table 3. Mean ozone miximg ratios (ppmv) below the 415K isentrope, but above the tropopause, measured by the APE-GAIA mission in
September and October 1999. Standard deviations are reported along with the means. “CPR” stands for chemically perturbed region.

Flight 21 September 1999  Flight 23 September 1999  Flight 12 Ocotober 1999

Seneath CPR Outbound 0.32.0.09 0.36:0.05 0.18:0.10
enea Return 0.44-0.09 0.3%0.02 0.26:0.04

Outbound 0.46:0.12 0.66:0.25 0.32:0.19
Not beneath CPR Return 0.430.22 0.36:0.11 0.43:0.18

of a transition altitude, above which the Antarctic polar vor- CNR), C. Blom (FZ Karlsruhe), and M. Chipperfield (University
tex is effectively isolated, and below which it is less isolated. of Leeds, UK). We wish to thank the Geophysica pilots and crew.
Figure 5a s for an outbound flight leg, and for the same rangé/Ve gratefully acknowledge the TOMS data team (NASA, Goddard
of latitudes as in Fig. 5b. However, unlike in Fig. 5b, there is SPace Flight Center) for the provision of the total ozone satellite
no significant change to indicate the presence of an isolated2t@- , _ )

CPR. Instead, there is a rather smooth meridional gradient in Topical Editor O. Boucher thanks L. Stefanutti and another ref-

ozone, with ozone mixing ratios decreasing towards the pole.eree for their help in evaluating this paper.
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