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Abstract. An ozonesonde profile over the Network for ber 1987, resulted from transport of ozone-poor Antarctic air
Detection of Stratospheric Change (NDSC) site at Laudeiinto southern midlatitudes. In that event, a significant contri-
(45.0° S, 1697°E), New Zealand, for 24 December 1998 bution of ozone hole dilution into midlatitudes was reported
showed atypically low ozone centered around 24 km altitudeby Atkinson and Plumb (1997). Model results of Eckman
(600K potential temperature). The origin of the anomaly et al. (1996) showed that after breakdown, ozone-depleted
is explained using reverse domain filling (RDF) calculations air from the Antarctic vortex reaches latitudese2(® S and
combined with a PV/@ fitting technique applied to ozone that, before the onset of the next ozone depletion cycle, the
measurements from the Polar Ozone and Aerosol Measureszone levels do not reach the levels of the previous year. The
ment (POAM) Il instrument. The RDF calculations for two severity of Antarctic ozone depletion has steadily increased
isentropic surfaces, 550 and 600 K, show that ozone-poor aiover the past two decades (Bodeker et al., 2002). Further-
from the Antarctic polar vortex reached New Zealand on 24—more, the negative ozone trends observed over the National
26 December 1998. The vortex air on the 550K isentropelnstitute of Water and Atmospheric Research (NIWA) site
originated in the ozone hole region, unlike the air on 600 Kin Lauder (450° S, 1697° E) are greater in summer than in
where low ozone values were caused by dynamical effectsany other season (WMO, 1999). Therefore, the dilution pro-
High-resolution ozone maps were generated, and their exeesses might be the most important cause of the ozone de-
amination shows that a vortex remnant situated above Nevereases over New Zealand in summer.

Zealand was the cause of the altered ozone profile on 24 De- A case study of the influence of the Antarctic vortex break-
cember. The maps also illustrate mixing of the vortex fila- down on the ozone levels above New Zealand in 1998 is pre-
ments into southern midlatitudes, whereby the overall mid-sented here. The cause of an anomalous vertical profile of
latitude ozone levels were decreased. ozone over Lauder is examined. In addition, a method for

Key words. Atmospheric composition and structure (middle generating high-resolution ozone maps for an isentropic sur-
atmosphere composition and chemistry) — Meteorology andace, used here to illustrate the evolution of the stratosphere
atmospheric dynamics (middle atmosphere dynamics) after breakdown of the vortex, is introduced.

) 2 Analysis and results
1 Introduction

The diluti ¢ ir th K | fter break Ozonesonde profiles have been measured at the NIWA site
e dilution of ozone-poor air that takes place after break-, | o,qer from August 1986 to the present (Bodeker et al.,

down of the polar vortices has an important effect on mid- 1998). The profiles for 14 and 24 December 1998 are shown
latitude ozone levels. Evidence for vortex filaments reachingin Fig. 1

midlatitudes in both hemispheres has been given in a number

. The two profiles differ considerably. While the profile
of studies (e.g. Bowman, 1993; Waugh et al., 1997). In north- : N
ern midlatitudes, Knudsen et al. (1998) found that the dilu-for 14 December resembles a typical midlatitude December

: ) ) . ozone profile, ozone on 24 December was less abundant in
tion of chemically depleted ozone air from the Arctic vortex P

o i ; . the whole region between the potential temperature surfaces
plays a significant role in spring and summertime ozone de-

cline. Atkinson et al. (1989) showed that atypically low total of 350 and 750K, with two conspicuous reductions, between

ozone values over New Zealand and Australia, in Decem-550 and 650K, and 680 and 740K.
' Total column ozone dropped from 311 DU on 14 De-

Correspondence tal. Ajtic (j.ajtic@niwa.co.nz) cember to 253 DU on 24 December. This difference was
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Fig. 1. Vertical profiles of ozone (between potential temperature surfaces of 350 and 750K) for 14 and 24 December 1998, over Lauder,
New Zealand (full line). The ozonesonde climatology for the month of December (1986-2001) is plotted for comparison (dashed line).

caused solely by the changes in the ozone profile betweenally controlled trace species in the stratosphere should ex-
350 and 750 K. The layer between 550 and 650 K contributechibit a single, well-defined relationship that defines its cor-
~32 DU to the decrease. The reduction in the ozone mixingrelation with PV anywhere on a given potential temperature
ratio between the 350 and 450K isentropes, contributed ansurface at any given point in time (e.g. Leovy et al., 1985;
other~22 DU, and the reduction in the 100 K-layers centred Allaart et al., 1993). While the validation of such a mapping
around 500 and 700 K addeeb DU to the decrease in total technique in a dynamically quiescent period (northern hemi-
column of ozone. sphere winter of 1999-2000), using POAM Il ozone mea-

The aim of this paper is to examine the origin of the featureSurements, was done by Randall et al. (2002), in this paper
between the isentropes of 550 and 650 K (hereafter referref® use of that same mapping method in a dynamically active
to as “the notch”), seen in the ozone profiles on 24 Decembeperiod (during the Antarctic vortex breakdown) is discussed.
and 31 December 1998 (not shown). On 24 December, the Proxy ozone mixing ratios over middle and high south-
ozone mixing ratio on the 600 K isentrope, wad0% less  ern latitudes in December 1998 were calculated according
than on 14 December. In the subsequent ozonesonde flightp the method of Randall et al. (2002). At that time the
on 31 December 1998, the notch was much smaller, spanninBOAM measurement locations were about podleward of
between the isentropes 6670 and~590 K. Lauder. Briefly, the POAM data from a seven-day period

To explain the notch, we investigated its origin by first centereq around the day of interest were used to derive daily
evaluating the ozone distribution over a more global area dequadratic fits of ozone and PV (where the PV values at the
rived from satellite measurements. The ozone data used wef@@AM measurement locations were determined from a bi-
from the Polar Ozone and Aerosol Measurement (POAM) Il1 linear interpolation of the PV field obtained from the United
instrument (Lucke et al., 1999). Since POAM is a solar oc-Kingdom Meteorological Office (UKMO) analyses (Swin-
cultation instrument, the measurements in each hemispher@ank and O'Neill, 1994). Examples of the POAM data on
are restricted to a single latitude each day. One of the meththe potential temperature surface of 600K for 7 and 24 De-
ods for calculating ozone mixing ratios over a much wider cémber 1998, plotted against PV, are shown in Fig. 2, along
range of geographic locations than were actually observedVith the quadratic fits to the data.
is by advecting the measurements forward or backward in On 7 December, the fit matches the data reasonably well.
time, thus filling in some of the gaps in data (Pierce et al., The lowest ozone mixing ratio values correspond to the
1994; Morris et al., 1995). On the other hand, the same goalowest PV values, and vice versa, which is consistent with
can be achieved by using well-established P¥f@apping the fact that on this day and on this isentropic surface, the
techniques (Butchart and Remsberg, 1986; Schoeberl et alAntarctic vortex still existed (see below). On the other hand,
1989). The mapping assumes that PV is a conserved quantitthis is not true for the fit for 24 December. Furthermore, there
during adiabatic transport and can thus be used as a tracer & substantial scatter in the data for 24 December, which is
atmospheric motions. Under this assumption, any dynamisuggestive of the presence of significant small scale structure
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Fig. 2. Ozone mixing ratio (in ppmv) and PV (in 18-K kg—1 m2 s~1) for the Southern Hemisphere POAM Il measurements on the 600 K
isentropic surface, for two days, 7 December (left) and 24 December (right) 1998. The red line represents the quadratic fits.

in the ozone distribution; this is discussed in more detail be-the quadratic PV/@fit may not be sufficient to define the
low. Daily fits such as those depicted in Fig. 2 were usedobserved structure in the PV4@orrelation on this particular
to derive proxy ozone throughout the southern middle andday. In principle, the PV/@fitting can incorporate numerical
high latitudes. In the regions where PV values were outsiddunctions or higher-order analytic functions more accurately
the PV range of the POAM measurements, the proxy ozondo represent small-scale structure in the ozone distributions.
values were calculated by extrapolating the PYfD. An Drawbacks to this include the inability to extrapolate beyond
example of the PV and proxy ozone maps, for 24 Decembethe measured range of PV values if numerical functions are
1998, on the 600K isentrope, is given in Fig. 3. used and the introduction of spurious structure with higher-
The proxy ozone derived in such a manner was compare@rder analytic functions.
with Lauder ozonesonde data for 14 and 24 December 1998. In this work, the insufficient resolution of the PV field
The ozone values at Lauder were bilinearly interpolated fromis addressed whilst retaining the quadratic fitting procedure
the proxy ozone field, and the results are shown in Fig. 4.  validated (in more quiescent conditions) by Randall et al.
The agreement is very good, except on the 600 K surfac€2002). To improve the geographic resolution of the ozone
on 24 December. The proxy ozone map in Fig. 3 thereforefield at the time the notch was observed, reverse domain fill-
does not reproduce the low ozone values on 24 Decembeng (RDF) analyses (Sutton et al., 1994) were performed. Air
1998, at 600K over Lauder. The ozone mixing ratio de- parcels, initialized over the New Zealand region (3488
rived from the PV/Q fit is approximately 1 ppmv greater 162-178 E on a I latitude by 2 longitude grid) from 23-26
than what the ozonesonde measured (Fig. 4). December 1998, were traced back to their point of origin on 7
As mentioned above, however, the POAM ozone data,December 1998 (the choice of this date is discussed below).
from which the 24 December proxy was determined, werelsentropic trajectories at two potential temperature surfaces
only poorly represented by the quadratic Py/@lation  within the notch, 550 and 600 K, were examined. In theory,
(Fig. 2). The double-valued nature of the P\¢/Grrelation  assuming no photochemical change and negligible vertical
(i.e. two very different values of ozone for the same valuemotion and mixing, the high-resolution ozone field on 23-26
of PV) has two implications. First, small scale features in December can be computed by using the ozone distribution
the PV field, including any possible vortex remnants, are noton 7 December and simply carrying it forward in time along
adequately represented, probably because the UKMO datdne computed trajectories.
have relatively low horizontal resolution .8 in latitude, The RDF code uses winds interpolated from the original
3.75° in longitude). Second, over this dynamically active pe- UKMO grid onto a 8 x 5° horizontal grid and a vertical grid
riod (seven days centred around 24 December), the chang@anging from 2 km to 60 km in 2-km increments. A fourth or-
in the PV values associated with vortex remnants might leadler Runge-Kutta method is used to integrate advection equa-
to decorrelation of PV and ozone. tions; bilinear interpolation is used to calculate winds at par-
Furthermore, even if the resolution of the PV field can becel positions. The coordinate system of the code is spheri-
improved and assuming that PV and ozone are correlated;al, apart from a polar cap of 25adius where it is polar-



2178 J. Ajtt et al.: Antarctic air over New Zealand

Oz (ppmv)
600 K

PV FIELD PROXY O3

Fig. 3. Polar stereographic (30-98) low-resolution absolute PV (in K kgt m2s~1) and ozone fields on the 600K isentropic surface, on
24 December 1998. Dots represent the actual POAM measurement locations. The overplotted contours border the regions where the absolu
PV was higher (solid) and lower (dashed) than that sampled by POAM.
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Fig. 4. Lauder ozonesonde (full line) and POAM ozone (diamonds) comparison for seven isentropic surfaces (400-700K) on 14 and 24
December 1998.

stereographic. The time-step for calculations was two hoursthe years 1991-2000. For each year, the date when the daily

A procedure used to determine the vortex breakdown date§1@Ximum fell below 10% of the maximum value of the refer-
was based on the work of Nash et al. (1996), where the prod‘?nce climatology, was taken as the breakdown date. The cal-

uct of the first derivative of the PV versus equivalent latitude quﬁtid dates for the ,500 K isentrop;}e are in goo:j agreement
and mean wind speed along PV isolines is representative ofith the dates determined by Waugh and Randel (1999), and

vortex strength. For the years 1991-2000, and the isentrope%ons'Stem with the analysis of Waugh et al. (1999).

of 500, 550 and 600 K, the daily maxima of the product were 7 December 1998 was chosen as the initial day for our
calculated. For each calendar day, the median of the dailyanalysis for two reasons. The fact that it is a few days before
maxima during this ten-year period was then calculated, prothe determined breakdown dates for 550 and 600 K, ensures
ducing a reference climatology of the product maximum for that the analysis was done for the period when the Antarctic
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Fig. 5. Polar stereographic (30—98) high-resolution ozone map on the 600 K surface, on 24 December 1998.

vortex was still intact and the vortex properties were well imum and maximum PV value at the POAM measurement
defined (e.g. PV value of the vortex edge). On the otherlocations on 7 December. Hence, unlike the low-resolution
hand, by choosing 7 December as opposed to some earligrase, no extrapolation of the P\4Git was done, thus pre-
date, the RDF trajectories were not run for longer than 19venting the occurrence of unrealistically high or low ozone
days. Nevertheless, as a test of sensitivity to the initial dateyalues. The high-resolution proxy ozone map for 24 De-
all the calculations were additionally performed by using 5 cember on the 600K surface is shown in Fig. 5. The same
December and 9 December as the initial days. calculations performed, by going back to 5 December and 9
Parcels originating within the vortex on 7 December were December, produced high-resolution maps which are quali-
identified by comparing their PV values with the PV values tatively identical to the one in Fig. 5.
defining the vortex edge according to the method of Nash Figure 5 shows a filament of ozone-poor air situated above
et al. (1996). On 23 December, on the 550 and 600 K surthe South Island. It also reveals the fine details in the strato-
faces, no vortex parcels were present above the New Zealargphere after the Antarctic vortex broke down. None of this
region. On 24 December10% and~25% of the total num- is evident in the low-resolution proxy ozone map (Fig. 3).
ber of parcels over the New Zealand region on the 550 andt is clear that the discrepancy between the ozonesonde and
600 K potential surfaces, respectively, originated within thelow-resolution PV/Q proxy ozone values for 24 Decem-
vortex. On 25 December there were more than 50% of theber (Fig. 4) is due to small-scale horizontal variations in the
vortex parcels on both isentropes (the South Island of Newozone field on 24 December that the P/Aiting technique
Zealand was completely covered by the vortex air at 600 K).does not accurately model.
On 26 December, at 550 K, the number of vortex parcels was This result illustrates the value of combining P\é/@ap-
more than 80% and, at 600 K, it dropped¥d5%. The num-  ping with the RDF calculations. The mapping as applied in
ber of parcels for all four days examined and for both of theRandall et al. (2002), gives excellent results when the PV
isentropes, obtained by using 5 December and 9 Decembdield is relatively smooth and lacking in fine-scale horizon-
as the initial days, did not differ from the above results by tal structure but works less well during dynamically active
more than 4%. times such as vortex breakdown, when the presence of fila-
To investigate the ozone values associated with the vorments can lead to a much more highly structured ozone field.
tex parcels, proxy ozone values were derived according tdn conjunction with the PV/@proxy fields calculated during
the POAM-based quadratic PV4@it for 7 December. The less active times, the RDF calculations enable the reconstruc-
parcels were then “labelled” with these ozone values andion of ozone fields even in the presence of a highly struc-
their locations at the start of the trajectory calculation (e.g. 24tured PV field.
December) were used to produce a “high-resolution” proxy Finally, to examine whether the air contained in the notch
ozone map for that date. In the process of calculating highwas chemically depleted, the vertical motion of vortex air
resolution ozone values, “cut-off” levels were set at the min-parcels between 1 October, the time around which deple-
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Fig. 6. Polar stereographic (30—98) high-resolution ozone maps on the 500 K surface for nine selected days in December 1998.

tion reaches maximum, and 7 December 1998, was analyze®zone Experiment, were used.
Diabatic RDF calculations, for the parcels that were inside
the Antarctic vortex on 7 December 1998, were performed The results for 600 K showed that over the examined pe-
with the heating rates of Rosenfield et al. (1994). The ozongiod, the air parcels descended from higher altitudes (mean
profiles used in the calculations of the heating rates werepotential temperature surface ef700K), where ozone-
monthly, zonally averaged profiles for 1979 derived from depleting heterogeneous chemical reactions do not take place
the solar backscattered ultraviolet instrument on Nimbus-7(Collins et al., 1993). Smaller ozone mixing ratios inside
(McPeters et al., 1984), except for the Antarctic region fromthe vortex, compared to the surrounding air, were caused by
23 August to 31 October. For this time period, the daily, two- two dynamical effects. First, horizontal mixing of midlat-
dimensional (latitude-height) fields reconstructed (Schoeberitude ozone-rich air, from which the vortex air is isolated,
et al., 1989; Lait et al., 1990) from ozone values measuredeads to accumulation of ozone outside the vortex (Randall
by Proffitt et al. (1989) during the 1987 Antarctic Airborne et al., 1995). Second, diabatic descent of vortex air above
the ozone mixing ratio peak, reduces ozone levels at those
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Fig. 7. Ozone mixing ratio (in ppmv) and PV (in 18K kg;rl m? 5*1) for the Southern Hemisphere POAM lll measurements on the 500 K

isentropic surface, for three days, 4, 12 and 20 December 1998. The red line represents the quadratic fits.

altitudes (Bevilacqua et al., 1997). In contrast, the results fodast five days of mixing are neglected in the high-resolution
550K showed that a significant number of air parcels orig-proxy ozone maps.
inated between 500 and 600K, in the region of the ozone The first plot (5 December) in Fig. 6 shows ozone-depleted
hole, where they underwent chemical depletion. air well confined within the vortex and relatively high ozone
values in midlatitudes. The following three plots show a
highly distorted vortex and filaments peeling off from the
edge of the vortex and reaching midlatitudes. At the same
time, the midlatitude ozone levels steadily decreased. The
last five plots show the period 21-27 December, in which an
In this section we discuss combining the PY¥/@apping  evolution of one of the vortex filaments can be examined. On
and RDF calculations to illustrate the evolution of high- 21 December, during the process of vortex breakdown, the
resolution ozone reconstructions during December. Figure Gilament started forming south-east of New Zealand. Over
shows a selection of high-resolution proxy ozone maps forthe period of seven days it can be seen how the shape and
December 1998 on the 500 K potential temperature surfacethe size of the filament changed. On 24 December, the fil-
Vertical motion calculations showed that the air at this isen-ament is in the vicinity of New Zealand but not reaching it.
trope mostly ascended from lower altitudes (mean potentiaRDF runs performed with different initial days, including 7
temperature surface 0f480K) where ozone depletion is December, showed that the location of this filament did not
most severe. Hence, the 500 K potential temperature surfacenange. In fact, this filament is a part of the same vortex rem-
was chosen to illustrate the evolution of the Antarctic vortex nant as the filament at 600 K, situated above New Zealand on
ozone-depleted air. this day, and different positioning of these two filaments is a
The calculations of the proxy ozone mixing ratios con- consequence of vertical misalignment (Waugh et al., 1997).
sisted of two steps. In the first step, high-resolution PV val-After 24 December, the ozone amounts inside the filament
ues were derived from isentropic RDF calculations run forincreased while the width of the filament decreased. By 27
five days back from the day of interest. The averaged heatingPecember, this filament had a noticeably smaller area with
rates for the month of December 1998 on the 500K isen-the lowest ozone values approximately three times greater
trope, for the region poleward of 68, were approximately —than on 24 December.
—0.4 K/day; for midlatitudes (30-60) were~ 0.3 K/day. Three PV/Q fits (along with the data) used to generate the
Therefore, the errors in the calculations arising from the as-high-resolution proxy ozone maps on 9, 17 and 25 December
sumption of two-dimensional flow are negligible. In the are shown in Fig. 7. From these illustrative plots, the evolu-
second step, the quadratic P\§/@ on the initial day was tion of PV and ozone values sampled by POAM as well as
used to derive ozone at the trajectory end-points. In thisthe evolution of the PV/@fit, can be seen. The minimum
manner, the advantages of both of the methods were usedV values changed more rapidly than the sampled minimum
Even though the RDF technique explicitly neglects mixing ozone values. On the other hand, the maximum PV values
between parcels, the process of mixing is implicitly repre- were almost constant, while there was a slight decrease in
sented in the daily POAM measurements and thus only thehe ozone values corresponding to those maximum PV val-

3 Discussion
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