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Very low ozone episodes due to polar vortex displacement
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Kühlungsborn, Germany; 2Department of Earth and Planetary Sciences, Johns Hopkins University,
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(Manuscript received 23 August 1999; in final form 13 December 1999)

ABSTRACT

The large-scale ozone distribution over the northern hemisphere undergoes strong fluctuations
each winter on timescales of up to a few weeks. This is closely linked to changes in the strato-
spheric polar vortex, whose shape, intensity and location vary with time. Elliptical diagnostic
parameters provide an empirical description of the daily character of the polar vortex. These
parameters are used as an objective measure to define two characteristic wintertime vortex
displacements, towards northern Europe and Canada, respectively. The large-scale structures
in both the stratosphere and troposphere and the 3D ozone structures are determined for both
vortex displacement scenarios. A linear ozone transport model shows that the contribution of
horizontal ozone advection dominates locally in the middle stratosphere. Nevertheless, the
largest contribution is due to vertical advection around the ozone layer maximum. The findings
are in agreement with an EOF analysis which reveals significant general modes of ozone variabil-
ity linked to polar vortex displacement and to phase-shifted large-scale tropospheric waves.
When baroclinic waves travel through the regions of vortex-related ozone reduction, the com-
bined effect is to produce transient synoptic-scale areas of exceptionally low ozone; namely
dynamically induced strong ozone mini-holes.

1. Introduction spheric air out of the column (Rood et al., 1992;

James et al., 1997). Meanwhile on the large scale,
The distribution of ozone over the northern the hemispheric distribution of ozone is strongly

hemisphere exhibits considerable variability on a influenced by transports involving ultra-long
wide range of temporal and spatial scales. Short- waves (Kurzeja, 1984). Hence, even without the
term, synoptic ozone variations are primarily asso- additional role of long-term zonally asymmetric
ciated with the passage of tropospheric weather trends (Peters and Entzian, 1999) and the interan-
systems (Dobson et al., 1929; Reed, 1950), chiefly nual and intraseasonal variability (Greisiger et al.,
in mid-latitudes. In particular, transient regions of 1998), the day-to-day total ozone variability is
strongly depleted ozone can occur, referred to as derived from a superposition of effects. Similarly,
ozone mini-holes (Newman et al., 1988; McKenna while mini-holes of moderate strength occur
et al., 1989; Peters et al., 1995), formed primarily throughout the storm-track regions of the hemi-
by local airmass ascent across the tropopause sphere (James, 1998), very intense mini-holes are
region resulting in divergence of ozone rich strato- typically observed in combination with some

strongly disturbed circulation pattern in the stra-

tosphere. For example, Petzoldt et al. (1994),
* Corresponding author. Address: Leibniz-Institut für

Petzoldt (1999) have shown case-studies in whichAtmosphärenphysik, Schloßstraße 6, D-18225 Ostseebad
exceptionally deep mini-holes occurred overKühlungsborn, Germany.

e-mail: peters@iap-kborn.de northern Europe during stratospheric warming
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episodes. The primary characteristic of such strato- composite fields are shown for various generalised
types of vortex displacements. Transport modelspheric warmings is a strong displacement of the

polar vortex cold pool away from pole, usually calculations, based on these vortex displacement

scenarios, are shown in Section 4. An ozone-towards north-east Europe and Siberia, allowing
a strong warm anomaly to form over the pole and weighted EOF analysis of the stratospheric and

tropospheric circulations is presented in Section 5,arctic Canada in particular.

Displacement and deformation of the polar while discussions and conclusions are drawn in
Section 6.vortex, an expression of its considerable variabil-

ity, is indeed frequent, contrasting strongly with

the relatively stable vortex over the Antarctic. The
‘‘Berliner Phänomen’’ (Scherhag, 1952), a strong 2. Data
local warming in the stratosphere, is one example

of this variability. Erosion of the polar vortex ECMWF-Reanalysis data for ten winters (DJF),
covering the period December 1982 to Februarythrough breaking Rossby-waves (McIntyre and

Palmer, 1983) has also been observed, as have 1992 inclusive, are employed to provide the daily

meteorological fields for this study. The quantitiesstrong intrusions in connection with processes
leading to polar vortex breakdown (Plumb et al., used are geopotential, temperature and zonal

wind, stored at a reduced resolution of 6°1994). In all such cases, wide-reaching disturb-

ances of the stratospheric circulation are seen, latitude×5° longitude, adequate for the study of
large-scale atmospheric structures. In the vertical,resulting in large changes in ozone transport

fluxes. Hence, it is clear that displacements of the the data are available on 17 pressure levels: 11 in
the troposphere and 6 in the stratosphere, thepolar vortex are likely to have a significant effect

on hemispheric ozone distributions, not only in highest being at 10 hPa. Daily ozone data is

provided by total column ozone observations fromspecial cases such as stratospheric warmings, but
also in general. the Nimbus-7 TOMS instrument, version 7, inter-

polated onto the same grid as above and coveringA new and effective method of describing the

character of the polar vortex are the Elliptical the same ten year period. The elliptical diagnostics
of the stratospheric circulation are derived fromDiagnostics (EDs) of Waugh (1997). The EDs can

be used to quantify the size, shape and locations daily NCEP stratospheric analyses (Randel, 1992).

of the polar vortices. Using these diagnostics
Waugh and Randel (1999) formed a climatology
of the structure of the Arctic and Antarctic vor- 3. Composites based on elliptical diagnostics

of the polar vortextices, and examined the climatological mean struc-
ture as well as the interannual variability.

The goal of this paper is to use the ED-approach A new and efficient method of describing the

behaviour of the stratospheric polar vortex, usingto characterize the dynamically induced 3D ozone
structures during observed polar vortex displace- a set of basic parameters known as Elliptical

Diagnostics, has been constructed by Waughments and to determine the associated configura-

tions of the large-scale stratospheric- and, in turn, (1997). Daily Ertel’s Potential Vorticity (PV)
(Ertel, 1942) fields on a set of reference isentropestropospheric circulations. The relative contribu-

tions of horizontal and vertical advection to the in the middle to upper stratosphere were exam-

ined. At any of these levels, the polar vortex istotal ozone changes at various altitudes during
vortex displacements will be determined through characterised as a large area of relatively high PV

in polar regions, typically with sharp PV gradientsthe use of a simple linear transport model for

ultra-long waves. A general basis for understand- at its boundaries, with significantly lower PV
surrounding it in middle latitudes. On each isen-ing how the additional passage of a baroclinic

system through a vortex-induced low ozone region trope, an optimal PV value may be chosen as
being typically representative of the vortex edge.can produce transient extremely low ozone levels,

as in the Petzoldt case studies, can then be formed. The contour of this PV value is traced for each

day, forming a meandering, wavy circuit, centredThe data used are described in Section 2. The
ED methodology is introduced in Section 3 and somewhere in the polar regions, having broadly
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Table 1

Centre No. indep. events
Scenario Equiv. area* (lat, long) Aspect ratio (days)

EVS >15.0° <75°, 15°E–60°E <1.50 10 (19)
CVS >12.5° <80°, 120°W–45°W <1.50 10 (23)

*Equivalent area is the surface area of the vortex, expressed as an inverse latitude, this being the number of degrees
latitude from the pole that the edge of the vortex would reach if it were made circular and centred exactly over the
pole. Hence, a 15° equivalent area vortex would reach to 75°N if it were thus relocated and reshaped.

an elliptical form. To simplify matters and produce Vortex Shift’’ (CVS for short), the vortex is dis-

a useable dataset, Waugh (1997) superimposed a placed towards arctic Canada. The precise defini-
basic ellipse over the actual vortex edge, estimating tion of these cases is given in Table 1, above. All
this using an objective best-fit method. The charac- 900 days in the available dataset are examined,
ter of the ellipse is represented by a set of para- and those on which the vortex passes all of the
meters (the so-called EDs) defining its surface respective parameter tests are used in constructing
area, the position of its centre, its aspect ratio and the relevant composites. The total number of days
the orientation of its major axis relative to the on which each scenario occurred is indicated in
Greenwich meridian. The EDs can then be used the table. Since the vortex may remain stable
to quantify the vortex structure. Note that one within a scenario definition for a few days at a
limitation of the EDs is that a single ellipse is time, the number of independent events counting
used to characterise the vortex and so they cannot towards each scenario composite is also shown.
adequately represent situations when the vortex The sensitivity of the results to small variations in
splits into two fragments, such as during strato- the parameter tests given in table has also been
spheric warmings; although it would be possible tested. While a certain level of arbitrariness in
in principle to calculate EDs for both fragments setting the parameter thresholds is hard to avoid,
in such a case. the results appear to be qualitatively robust.

For this study, we use the 500 K EDs from
Composite fields of geopotential at 30 hPa and

Waugh and Randel (1999) to estimate the struc-
300 hPa, expressed in absolute form and as anom-

ture and behaviour of the Arctic polar vortex. The
alies from respective monthly climatological nor-

500 K isentrope is used as there is a strong vortex
mals, and of column total ozone are shown for

at this level throughout the Dec.–Feb. period. To
scenario EVS in Fig. 1. At 30 hPa, the geopotential

show structures associated with a polar vortex
field shows up the displacement of the polar vortex

displacement, we have constructed mean compos-
explicitly. A strong negative geopotential anomaly

ite fields based on various specified vortex scen-
lies near 30°E, 60°N, while an equally strongarios. Several scenarios have been tested, each
positive anomaly is seen over arctic Canada. Inbased on quite different configurations of the ED
the upper troposphere, however, a significant anti-parameters, yielding a range of broadly consistent
cyclonic ridging is in evidence, with anomalyresults. Of these, we present two scenarios of
values approaching 30 dam north-west of Europeparticular interest: cases in which the vortex shifts
near 15°W, on the western flank of the strato-off the pole while remaining strongly intact.
spheric polar vortex. Almost exactly mid-wayIn the first scenario, the polar vortex is displaced
between the upper and lower geopotential anom-towards north-east Europe and north-west Russia,
aly centres is a very strong negative ozone anom-while remaining intense and broadly circular,
aly, centred squarely over north-west Europe nearreferred to as the ‘‘European Vortex Shift’’ scenario
5°E, exceeding −60 DU. This signal is highly(EVS for short). This is of particular interest, since
statistically significant, exceeding even the 99%this type of vortex displacement has been con-
confidence level near its centre and is strongnected to cases of strong ozone mini-hole events
enough to leave the total field with a mean closedover northern Europe (Petzoldt et al., 1994). In a

second, comparative scenario, the ‘‘Canadian area of low ozone over northern Europe. In the

Tellus 52B (2000), 4
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other regions of the hemisphere, weak positive are generally small, not exceeding ±10 DU on
any latitude band and with hemispheric means ofozone anomalies are seen.

The equivalent pictures for scenario CVS are less than ±2 DU.

The results confirm that polar vortex displace-shown in Fig. 2. At 30 hPa, a strong dipolar
geopotential anomaly pair is associated with the ments and their associated dynamical structures

correlate with significant anomaly patterns of theshift of the polar vortex into arctic Canada. Indeed

the positive part of the anomaly pattern is especi- hemispheric ozone distribution. It can be supposed
that changes in both the polar vortex and in upperally large, so that only a remnant of the climatolo-

gical vortex is left over arctic Siberia in the total tropospheric waves play a role in the ozone

changes. However, it is not yet clear what relativefield. Unlike the EVS above, significant CVS
anomalies at the 300 hPa level are only seen along importance these two factors play, or what propor-

tion of the ozone anomalies are due to verticalthe vortex displacement axis itself, although the

anomalies show the same geographical relation- advection in comparison with horizontal
advection.ship, relative to the vortex, as above: cyclonic

under and to the east of the vortex, enhanced

westerly flow south-east of the vortex, anticyclonic
4. Transport model calculationson the western flank of the vortex. The climatolo-

gical ridging along the north Pacific coastline is
To tackle the question above, we now investi-enhanced slightly in the CVS scenario, but the

gate the advection contributions of the large-scalesignal is not significant. However, the CVS dipolar
wave structure to the ozone distribution, concen-ozone anomaly signal is again highly significant.
trating on the polar vortex displacement scenariosA strong negative anomaly, approaching −70 DU
EVS and CVS discussed earlier.in its centre, dominates the North American con-

Composite fields of the respective large-scaletinent. Just as in the EVS case, this ozone anomaly
structure of the long waves associated with eachis found mid-way between the local geopotential
scenario are derived. Then, on the basis of a linearanomalies at the two respective pressure levels.
transport model (1), the zonally asymmetric ozoneMeanwhile the European–Siberian landmasses see
distribution, g* is computed. This model isa positive anomaly exceeding +40 DU in places.
described in detail in, e.g., Peters et al. (1996) andThe CVS ozone anomalies are generally more
is only briefly reintroduced here.zonally extensive than the more compact EVS

equivalents. [U]g*
l

a cos Q
=−

v*

a
[g]

Q
−w*[g]

z
, (1)The robustness of the respective composite

ozone patterns have been tested against possible
systematic errors due to the long-term ozone where z is the vertical coordinate, l the longitude,

Q the latitude and a the radius of the earth.trends as well as the seasonal cycle of mean ozone

which is in a phase of rapid increase between The meridional and vertical velocity fields, v*
and w* are calculated from the geopotential com-December and February. The composites have

been reproduced using de-trended ozone data and posites, via the geostrophic balance relation and

the energy equation with no heat source. Thewith a sinusoidally modelled mean seasonal ozone
cycle; the latter producing a slightly more accurate zonally averaged quantities, static stability and

zonal wind [U], are based on climatological aver-climate background state than when using

monthly mean climate fields. However, neither of ages from the ECMWF-reanalyses. [g] was chosen
as the mean ozone distribution for the winterthese adjustments has any significant effect on the

character of the composites. We note that the 1978/79 (McPeters et al., 1984). This was derived

by averaging the three monthly-mean fields forzonal means of the composited ozone anomalies

Fig. 1. Polar stereographic plots over the northern hemisphere down to 30°N during EVS events in winter (DJF).
Geopotential composites on (a) the 30 hPa pressure level, contour interval 15 dam, (b) the 300 hPa pressure level,
contour interval 10 dam; with (c) total column ozone, contour interval 10 DU. (d–f ) show the anomalies from winter
climate normals of the respective (a–c) fields, contour intervals 10 dam, 5 dam and 10 DU, respectively. Negative
contours dashed, shaded areas represent regions where the anomalies exceed the 95% confidence level.

Tellus 52B (2000), 4
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Fig. 2. As Fig. 1 but for the CVS scenario.
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December, January and February together, extra- European region (max. anomalies ~−40 DU).
This is largely dominated by the contribution frompolating up to 90°N to fill the data gaps due to

the polar night in mid-winter, and is shown in vertical advection, whereas horizontal advection

contributes to the ozone reduction only over theFig. 3. Strong horizontal as well as vertical ozone
gradients exist in the mid-latitudes of both hemi- Atlantic but increases ozone over the much of the

near-continent. Meanwhile total ozone increasesspheres. The signs of these gradients all reverse

on crossing the axis of maximum ozone. The are seen in the Pacific/North American region.
Maximum ozone anomalies are about +20 DUMcPeters dataset was chosen in preference to

other climatological ozone measurements, such as south of the Aleutians where the horizontal advec-

tion contribution has the same sign as that fromfrom SAGE or UARS satellites, since it is one of
the highest quality and most spatially extensive vertical advection. Over North America horizontal

advection contribution works against verticalavailable below the ozone layer maximum. Only

climatological ozone gradients, not absolute ozone advection contribution leaving only weak total
anomalies.levels, play a role for the transport model results.

The potential influence of the zonal mean trend In contrast, the CVS case shows a region of

maximum total ozone reduction over westernhas been tested (Peters et al., 1996) and shown to
induce uncertainties of no more than 10%, which North America (max. ~−35 DU). This has a

similar amplitude to the European anomaly of theis in any case less than the fundamental accuracy

of the transport model itself. EVS case but lies some 10° further south. A
zonally extensive area of ozone increase is seenThe computed total ozone distribution, along

with its separated horizontal and vertical advec- stretching across Europe. Again, the vertical
advection contribution dominates the total anom-tion contributions, are shown in Fig. 4 for the

EVS and CVS composites. In both cases, the aly field. Similarly to the EVS case, the centres of

the weaker horizontal advection contributions areresults are presented as anomalies from a control
run of the model based on climatological geopot- generally phase-shifted in mid-latitudes almost 90°

westwards of the respective vertical advectionential fields. In this way the transport model ozone

anomalies can be directly compared with the contribution anomalies.
If we compare the modelled total ozone fieldsobserved ozone composites for the EVS and CVS

scenarios, shown in Figs. 1, 2 respectively. for EVS (Fig. 4a) and CVS (Fig. 4d) with the

respective composite ozone anomalies shown inIn the case of EVS, an area of strong ozone
reduction occurs over the North Atlantic– Figs. 1f and 2f, we see that in both cases the model

describes the anomaly structures quite well. There

is a surprisingly good phase relation between
composite anomalies and model results. On the
other hand, model amplitudes are underestimated

by up to 50%. However, we note that the linear
model used climate averages of zonal mean zonal
wind and temperature as well as mean winter

1978/79 zonal mean ozone field, which could
account for the underestimation of the ozone
anomaly amplitudes.

In Fig. 5, height–longitude cross-sections
through the centres of greatest ozone reduction,
as revealed in Fig. 4, are shown at 60°N (EVS)

and 50°N (CVS) respectively. These demonstrate
the height dependencies of the horizontal and

vertical advection contributions at these latitudes
to the total contribution. Thus it is possible to

Fig. 3. Mean zonal–mean ozone, recalculated in DU/km
estimate the relative importance of the partialfor winter 1978/79, contour interval 2 DU/km, based on
advective contributions of the waves at each levelozone mixing ratio for each winter month after McPeters

et al. (1984) and extrapolated to the poles. during displacements of the polar vortex.
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Fig. 5. Height–longitude cross-sections for (a–c) the EVS scenario at 60°N and (d–f ) the CVS scenario at 50°N,
respectively, of (a,d) total ozone changes in the linear transport model, composed of contributions from (b,e) vertical
advection and (c,f ) horizontal advection. Contour interval 0.5 DU/km.

Fig. 4. Ozone changes over the northern hemisphere in the linear transport model for (a–c) the EVS scenario and
(d–f ) the CVS scenario. Shown are (a,d) the total ozone changes, composed of contributions from (b,e) vertical
advection and (c,f ) horizontal advection. Contour interval 5 DU.

Tellus 52B (2000), 4
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For the EVS case at 60°N, the dominant contri- ozone and the polar vortex, we use a modifed
form of EOF analysis to reveal the most significantbution to the total ozone reduction (Fig. 5a) is

found between 250 hPa and 50 hPa in the sector modes of dynamical variability which couple the

middle stratosphere to the upper troposphere30°W to 30°E, with a slight westward phase-shift,
while a second relative maximum is found between while taking ozone further into account. This is

hence a generalisation of the scenario-setting30 hPa and 10 hPa in the sector 30°W to 60°E.

Whereas the vertical advection contribution deter- approach above; one which counts for any type
of polar vortex displacement in any direction.mines the structure below 250 hPa (Fig. 5c), the

horizontal advection term plays an increasingly The EOF analysis is applied to a set of 3 daily

fields, placed side-by-side, forming a field-triplet.important role at the higher levels (Fig. 5b). Above
30 hPa, the vertical and horizontal transport con- These are the geopotential at 30 hPa and at

300 hPa, and the column total TOMS ozone. Theytributions are very nearly in phase, but the hori-

zontal part dominates at this latitude. This are input as anomaly fields from climate normal
and are each normalised by their mean standardconfirms the importance of horizontal advection

contributions above the maximum ozone layer deviations, respectively. The latter ensures that

each field contributes the same mean level ofdue to the polar vortex, leading to a strong ozone
reduction. Underneath this layer, the vertical variance to the resulting EOFs. The anomaly

fields are also weighted by the cosine of latitude,advection contribution dominates. A cross-section

at lower latitudes (not shown), however, reveals ensuring that each grid-point value contributes to
the total relative to its respective surface area. Thethat the horizontal transport contribution also

plays a significant role in levels between 200 hPa most important coupled modes between the three
fields are thus revealed. In one sense, ozone canand 30 hPa in midlatitudes.

For the CVS case at 50°N, the total advective be viewed as a weighting factor: the modes

revealed which show dynamical coupling betweenozone change is composed of a contribution of
the horizontal advection above 30 hPa near the 30 hPa and 300 hPa levels are weighted to

bring out those particular modes which have the120°W (Fig. 5e), together with a contribution of

the vertical advection concentrated around and most significant effect on the ozone field.
The resulting EOFs are three-component pat-below the ozone layer maximum in the sector

150°W to 60°W (Fig. 5f ). Below about 30 hPa, terns which show how the various fields couple to

each other in each case. EOF 1, accounting forthe vertical and horizontal advection contribu-
tions are almost completely opposite in phase, 15% of the total variance of the coupled fields

and shown in Figs. 6a–c, represents a polar vortexleaving only weak total ozone anomalies (Fig. 5d),

whereas in the middle stratosphere, the two com- displacement, either towards northern Canada
(positive phase) or towards north-east Europeponents work together in phase, demonstrating

the importance of horizontal ozone advections (negative phase). Hence, EOF 1+ resembles the

scenario CVS, while EOF 1− resembles the scen-above the ozone maximum layer by the polar
vortex. ario EVS. Concentrating on EOF 1−, in the

300 hPa level, a positive, anticyclonic geopotential

anomaly lies to the west of Europe, west of the
displaced polar vortex. This is in good agreement5. Field-triplet EOF analysis
with the composite fields derived for scenario EVS.

Precisely half-way between the geopotential anom-The findings above reveal significant ozone
structure changes associated with certain pre- aly centres at the two heights is a negative ozone

anomaly, covering much of Europe. Similarly, indetermined polar vortex displacements. To investi-

gate the general dynamical connection between the positive phase of EOF 1, reduced ozone over

Fig. 6. Field-triplet EOF patterns over the northern hemisphere, showing (a–c) EOF 1 and (d–f ) EOF 2. Shown are
the three normalised components of each EOF respectively: (a,d) geopotential at 30 hPa, (b,e) geopotential at
300 hPa and (c,f ) column total ozone. Contour interval 0.02, negative contours dashed. The pattern is normalised
so that the squares of all grid-point values of all three fields add up to unity.
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western Canada is seen between anticyclonic tro- Our motivation for choosing the particular
vortex shift scenarios, EVS and CVS, which couldpospheric anomalies in the north-east Pacific and

the displaced polar vortex over central Arctic otherwise be seen as somewhat arbitrary, has been

given weight by the field-triplet EOF analysis,Canada.
EOF 2, shown in Fig. 6d–f, explaining 12% of which has shown that vortex displacement along

the Canadian–North-East-European axis is thethe total variance, is dominated by the 30 hPa

geopotential, such that the polar vortex exhibits most common and important displacement mode,
with the noted coupling to the tropospheric circu-an in-situ weakening (strengthening) without dis-

placement. A North-Atlantic Oscillation (NAO) lation adding further significance to the findings.

Our requirement of nearly circular vortices for thesignal is evidenced at the 300 hPa level, for
example with enhanced westerly flow under the EVS and CVS cases is also supported by the EOF

results, which confirm that strong shape distortionedge of a strong Arctic polar vortex, while the

ozone pattern is weakly positively correlated to of the polar vortex is not exhibited in any of the
leading modes of variability.the 30 hPa polar vortex signal and further some-

what enhanced in the region of anomalous zonal We may summarize the transport model find-

ings by using the European region during EVSflow associated with the NAO signal. The EOF 2
pattern in fact closely resembles the so-called cases, with strong local ozone reductions, as an

illustration. Below about 200 hPa, the verticalArctic Oscillation pattern recently discussed by

Thompson and Wallace (1998) for example. The advection contribution dominates the total ozone
reduction. This can be understood as follows. Infurther EOFs represent vortex displacements in

different directions, vortex splitting, and so on. the strong upper tropospheric anticyclonic ridge,
the potentially warm, ascending airmasses andThese will not be discussed further here, however.

The EOF 1 pattern confirms that the displace- associated high tropopause mean that a greater

percentage than normal of the total ozone columnment of the polar vortex along the axis Europe–
Canada, coupled with anticyclonic anomalies in is occupied by ozone poor tropospheric air.

Furthermore, this leads to a general divergence ofthe upper troposphere on the western flanks of

the shifted vortex, is a major mode of atmospheric ozone rich stratospheric air out of local columns
in the lower stratosphere. Hence, airmass ascentvariability, having an important effect on ozone

levels over Europe, as well as North America. in connection with ageostrophic wind divergence

plays a significant part in reducing ozone locally.
In this respect, we note that Schmitz et al. (2000)
have demonstrated the link between patterns of6. Discussion and summary
tropopause pressure change and those of ozone
column trend for January.Our findings confirm that the displacement of

the polar vortex in the wintertime northern hemi- Simultaneous to these vertical motions, the hori-

zontal airflow in the upper troposphere has asphere is a central dynamical factor in determining
the structure of the large-scale stratospheric circu- south-westerly component to the west of Europe,

advecting air from the sub-tropics towards thelation and is strongly coupled to tropospheric

circulation changes, which in turn leads to signi- continent. Nevertheless, the transport model find-
ings show that this has only a minimal andficant and consistent changes in the hemispheric

ozone distribution. While the variability of the insignificant effect on the total ozone change here.

However, the horizontal advection term is shownpolar vortex may be influenced by various internal
radiative processes, caused by factors such as to play an increasing role at higher levels in the

stratosphere. Here, the displaced polar vortextropospheric CO2 increase (Shindell et al., 1999),

ozone depletion, or the increase of aerosol con- induces an anomalous north-westerly airflow into
Europe. This also contributes to the local ozonetamination (Graf et al., 1998), the primary

cause, especially on day-to-day timescales, is decrease since the sign of meridional ozone gradi-
ents is opposite to those in the troposphere.undoubtedly dynamical in origin, caused for

instance by interactions between planetary waves Horizontal ozone gradients are clearly more signi-

ficant in the stratosphere than lower down, simplyand the basic flow, as well as through wave–wave
interactions. because ozone concentrations are far greater there.
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Fig. 7. Total ozone composite fields of subsets of the 10% of winter days between 1982 and 1992 when the phase
of field-triplet-EOF 1 was most negative, taking only those days when an ozone mini-hole was also simultaneously
in transit across the European region, grouping events into 4 sub-composites depending on the mini-hole location:
namely, mini-holes near the longitudes, (a) 20°W (8 days), (b) 5°E (9 days), (c) 20°E (8 days), (d) 40°E (7 days).
Contour interval 10 DU.

The greatest local changes in column total European region, are indeed common for the
northern hemisphere.ozone levels occur, therefore, when the whole

circulation pattern works together to yield a coher- Considering further the special case of ozone
mini-holes, we note that whenever a baroclinicent, positively correlated relationship between the

horizontal and vertical advection contributions to wave passes through a region of already strongly

depleted ozone, the potential for transient veryozone changes. Presumably, neither upper tropo-
spheric anticyclonic ridging without polar vortex low ozone values is enhanced. To illustrate this

for the European region, we examine all daysdisplacement, nor a shifted polar vortex without

a tropospheric ridge could produce such a strong when the phase of the field-triplet-EOF 1 was
most negative, relating to a strong general ozoneozone reduction. However, the field-triplet EOF

analysis, picking out modes of variability linking reduction over Europe. We select the lowest 10%
of amplitudes of this EOF 1 pattern, yieldingthe upper tropospheric geopotential, polar vortex

and total ozone, has confirmed that dynamically 90 days from the ten years of winter data. Of these

days, a further selection is made, only includingcoherent circulation patterns, optimal for leading
to strong ozone reductions, especially over the those days when a strong ozone mini-hole was
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located somewhere within the region, based on interaction with ultra-long waves at various levels
leads to strong local ozone reductions, which canthe mini-hole climatology dataset of James (1998).

By grouping these events further by mini-hole then be enhanced temporarily to exceptional

intensities during the transit of baroclinic waves.location, a set of composite ozone fields are pro-
duced, showing the typical mean passage of ozone
mini-holes through the region of strong ambient

ozone reduction, Fig. 7. Each picture is a compos- 7. Acknowledgements
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