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Abstract. A number of episodes are observed when the totalfrom the pre-1976 averages greater than 25% show, in gen-
ozone for 2 to 3 days has fallen below 220 matm-cm in theeral, similar origin. The seasonally averaged area with £LO
northern mid- and polar latitudes in autumn. The occurrencesand the associateds®D, as well as for the cases with devia-

of such episodes represent ozone deviations of about ondions > —25%, has increased during the 1990s, which could
third from the pre-1976 Oct-Nov-Dec monthly mean! By be an indication of stronger and/or more frequent subtropical
using primarily quality checked Dobson data, a clear identi-air intrusions. Their occurrences could contribute noticeably
fication was made of more than three dozen short spells witho the ozone deficiency of the middle latitude ozone during
extremely low ozone in the 1957-1978 period. In the fol- the days of ELQ appearances; however, their contribution
lowing twenty-two years (1979—2000), using mainly TOMS to the long-term trend of the ozone seasonal decline is of the
data, one can identify~46 cases with ozone values falling order of~10%.

below 220 matm-cm for longer than 1 day, with each time
over an area greater than 500,000%nThe Ozone Mass
Deficiency (@QMD) from the pre-1976 average ozone val-
ues over the affected area wag.8 Mt per day, i.e. four to
seven times greater than it would be, assuming only a long-
term trend in the Oct-Nov-Dec period. The Extremely Low
Ozone (ELQ) events on the day of their appearance over1 |ntroduction
the N. Atlantic/European region contribute to theMD by

representing 16% of the deficiency due to the Oct-Nov trendThe distribution and trends of atmospheric ozone are chang-
in the entire 40-65N latitudinal belt. The @MD of the  ing as a result of both natural and anthropogenic activities.
greater pool with low ozone (here taken-a260 matm-cm)  Analyses of ground-based observations since 1957 and satel-
surrounding the area of the lowest events could contribute offite ozone data from the last twenty-two years have shown
the day of their appearance in Oct-Nov up to 60% and in Dethat since the mid-1970, there has been a significant year-
cember,~30% to the deficiency due to the trend over the en-round ozone decline over the northern middle and polar lat-
tire 4065 N belt. Analysis of synoptic charts, supported by itudes by 3.5 to 5.5% per decade (e.g. Bojkov et al., 1995;
a backward trajectory on the isentropic surfaces 350 and 38QUMO, 1998). The trend exhibits substantial seasonal and
K, shows that in most of the events, subtropical air massesatitudinal dependence. Laboratory studies and current at-
with low ozone content were transported from the Atlantic mospheric models, including gas phase as well as heteroge-
toward the UK, Scandinavia, and in many cases, further toheous chemistry, have explained very well the drastic austral
the western sub-polar regions of Russia. This transport wagpring ozone depletion with the appearance of the “ozone
sometimes combined with upward motions above a tropo-ole” area, which is the result of the abundance of human
spheric anticyclone which lifted low ozone mixing ratios to released halogenated hydrocarbons. However, there is still a
higher altitudes. The EL®events cause a significant defi- substantial part of the observed ozone decline over the mid-
ciency above the tropopause where, in general, the subtropile latitudes that even the most advanced 2-D models cannot
cal air is injected. In fact, the overall amount of ozone is not explain (WMO, 1998 and references therein).

depleted, but redistributed on the hemispheric scale. Review The role of the atmospheric circulation in the ozone dis-
of low ozone events, defined as days with negative deviationgipution, including specific ozone changes related to the
weather systems, were already recognised at the beginning
Correspondence tdR. D. Bojkov (bojkov@wmo.ch) of the ozone studies (Dobson et al., 1929) and were one of
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the reasons for their continuation in the 1930s. Reed (1950Appenzeller et al. (2000) did show that a decadal ozone vari-
and Godson (1960) were first to comprehensively explain theability is linked to the dynamical structure of the atmosphere,
role of the vertical motions, the accompanied stratospherias reflected in the tropopause pressure. The latter varies in
temperature changes and the influence of the long planetargoncert with the North-Atlantic-Oscillation. A case study of
waves on the ozone changes. the 1990 January-February rapid ozone decline to below 250
In the last 6 to 7 years, a number of studies appeared utilmatm-cm over Central Europe by Peters et. al. (1995) shows
ising satellite data, indicating that part of the ozone declinethat the northeast transport of subtropical air with low ozone
in the winter/spring is related to the changes in the atmo-content was the cause of the events. James et al. (2000) anal-
spheric transport of ozone. There is empirical evidence thaysed the role of the polar vortex in Dec-Jan-Feb time frame
the interannual variations in ozone transport from the trop-when it was displaced from the Pole position and concluded
ics poleward may have noticeably contributed to the north-that low ozone episodes are the result of a predominant ver-
ern middle latitude declining trends (e.g. Hood et al., 1997;tical advection, usually above the upper tropospheric anti-
Fusco and Salby, 1999). Reid et al. (2000) and McCormaclcyclone, in combination with horizontal advection from the
and Hood (1997) did show that the frequencies of the in-subtropics. They show that ultra long waves at various alti-
trusions of subtropical air into the middle latitudes over Eu- tudes lead to strong local ozone reductions, which can then
rope in winter/spring has increased, and could be responsibe enhanced to exceptional intensities during the transit of
ble for up to one-third of the established lower stratospherebaroclinic waves. Similar results are reported by Hood et al.
trend. In two other recent papers (Dethof et al., 2000; Mor-(2001).
genstern and Carver, 1999) the quasi-horizontal, isentropic A statistical study (1979-1992) by James (1998) of the
mass transport by filaments across the tropopause is disdays when the ozone was70 matm-cm less than the av-
cussed. They show that the transport between the tropicadrages shows that their appearances are at a maximum in
upper troposphere and the extratropical lower stratospherthe Dec-Feb time frame, and are twice as frequent over
is a year-round event with strong seasonal and interannuahe N. Atlantic/European sector than over the N. Pacific/N.
variability. The filaments with subtropical air exhibit a pref- American sector. He considers the rising motion in the warm
erence of forming near the end of the North Atlantic storm air masses associated with an upper ridge ahead of a depres-
track, in association with an enhanced occurrence of troughsion system as one of the principle factors. However, the
and wave-breaking activity. The isentropic mass fluxes atpreferred region of appearances of E| €vents, which have
~330 K were stronger in the spring of 1997 and it is sug- deviations that are nearly 2 times stronger, is almost exclu-
gested that this is the reason for part of the observed sigsively over the N. Atlantic/European sector, as shown in this
nificant ozone decline. Petzold et al. (1994) and Petzoldstudy.
(1999) concluded that for the period Jan-Feb of 1979-1992, There is a principal difference between the processes lead-
as well as for March 1997, up to one-half of the observeding to extremely low ozone as result of dynamical influ-
ozone anomalies over Europe could be related to the cirence, and the similar low values which appear as a result of
culation anomalies in both the troposphere and stratospherthe photochemical ozone destruction which caused the dra-
working together to reduce the ozone column by a large-scalenatic Antarctic spring ozone reduction, commonly known
redistribution. Peters and Entzian (1996) detected a positivas the ozone hole. Therefore, naming low ozone events
anomaly of geopotential height at the tropopause level (300'mini holes” suggests an affiliation with the photochemi-
hPa) in the N.Atlantic/European sector during all the Jan-cal destruction, and thus, is conceptually incorrect. Dur-
uary’s of the years 1979-1992 as a result of a phase shifing an ELQ; event, ozone is usually not destroyed. On the
of the ultra long waves. As result, a northeastward shiftinghemispheric scale, it is redistributed with a negative effect
of the East Atlantic high toward Europe occurred. This shift on the content over the 40-68 belt. Simply subtropical
was statistical significant connection to the negative anomalair with low ozone is replacing ozone-rich mid-latitude air
of total ozone over the European middle latitude& fnatm-  over certain preferred sectors in the 40=B5belt. Since the
cm per 1 dam), which explains part of the January ozonerequency of ELQ@ events has increased during the 1990s,
decline. Low ozone could also be observed after an adiathe mid-latitudinal belt is left with somewhat lower average
batic uplifting of the tropopause above an upper tropospheriozone.
anticyclone, which led to a reduction in the stratospheric air- When one does not consider photochemical ozone reduc-
reservoir and an uplifting and dissipation of the previously tion, the dynamic causes for appearances of very low ozone
existing stratospheric air with higher ozone mixing ratios. A could be simply summarised as follows. The total ozone
typical situation is a synoptic scale forced uplifting in the could be reduced by an advection of the upper-tropospheric
southwesterly jet toward the elevated cold tropopause of amir from the subtropics with a low ozone mixing ratio over
anticyclone, as discussed by Petzold et al. (1994). the given middle latitude region. The subtropical air is usu-
The role of circulation changes in the ozone decline isally injected just above the mid-latitude tropopause and then
supported independently by the observed upward shifting othe lower mixing ratios are lifted to greater altitudes. Such
the tropopause (by about 150 m per decade), as reported hy situation could appear when a pronounced blocking high
Steinbrecht et al. (1998), which could explain about 25% ofin the troposphere is located over the eastern Atlantic; as-
the observed spring ozone decline over Hohenpeissenbergociated with this high appears a series of breaking Rossby
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5o L2 matm-cm Trend/dec (%) o located between 47-5R! (Arosa, Hohenpeissenberg, Pots-
| Average of 6 European stations 47-52°N dam, Uccle, Belsk and Oxford/Camborne), gives some back-
450 1957-1976 ~H ground characteristics of the total ozone over the region asso-
i —— 1986-1999 6 ciated with the appearances of E{ @vents. These are: the
400 - ' mean monthly values for 1957-1976, i.e. before the statis-
i i tically significant (95% confidence level) ozone decline was
350 | 4 detected; the standard deviation of the mean (vertical bar);
| the monthly mean of the last 15 years, which is lower than
300 4 r during the earlier period which showed the ozone decline
| L increasing toward the spring months. The averages of the
250 | minimum and maximum values observed during the given
| - months are shown by dashed lines, and the squares indicate
200 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0 the downward ozone trends/per decade for each month dur-

ing the 1979-1999 period from 35-68 (updated from Bo-

jkov et al., 1995). The two standard deviations of the daily

_ values for October and November were 22 and 30 matm-cm,
F'g' 1. '\t"hO”T;y é%r"\?'gem avtcra]rage Fog"' ?igg? olfgf??zroﬁ’_z"’l‘_” S)ta' respectively. These numbers are a useful yardstick for assess-
10Nns In the — elt 1or the perioa o - solid line : : _ _
and 1986-1999 (dashed line). The dash-dotted lines represent thltre]g the strength of the EL&episodes. The long-term aver

mean maximum and mean minimum values for each month. Theage for the few stations in the 6084 zone (Reykjavik,

corresponding long-term trend in % per decade for each month ié‘erWiCk' Oslo, Uppsala, St. Petersburg) was for October
indicated with open squares. 288+15 and for November, 24818 matm-cm. The stan-

dard deviations of the daily values for the same months were
~ 30 matm-cm.

In Figs. 2 and 3, one finds further information about
waves in the lower stratosphere which is consistent with thethe observed year-to-year ozone variability in October and
poleward breaking patterns described by Peters and WaugRovember during the timeperiod 1957—-2000 over the same
(1996). two groups of stations, together with the average of the low-

The aim of this study is to better understand the frequencyest ozone values recorded at these stations each year (in-
and conditions of the occurrences of extremly low ozonedicated by diamonds). It should be mentioned that up to
events over the northern middle latitudes during the entirethe mid-1960s, data were not always available from all the
ozone-observing period since 1957. Estimating numericallystations in the second group (60=64), and few of these
could ELG; have caused a noticeable contribution to the ob-records were not quality re-evaluated as explained in Ozone
served daily and seasonal ozone decline is one of the inteffrends Panel Report (WMO, 1988). However, the extreme
esting results of this paper. This is achieved by calculatingvalues cited here were checked and their appearances in
the Ozone Mass Deficiency ¢®ID). ELO3 events here are two or sometimes three consecutive days over a number of
defined as cases where the total ozone is less than 220 matrground stations give us confidence in their reliability. In
cm for 2—-3 days. The analyses show that such extreme eventsgs. 2 and 3, the horizontal dashed line indicates two stan-
appear primarily in the OetDec period and are not the result dard deviations of the daily values of the given month. The
of polar photochemical destruction. diamonds below this line show that in the given year ex-

tremely low ozone has been reported. The ozone decline
during the last two decades during these particular months
2 Data and background ozone characteristics is small (about 2.0% for 47-82, and 2.5% per decade for
60-64 N).
All ground station’s ozone data since 1957 which has been
deposited in the WMO Ozone Date Centre (WKDIDC) in
Toronto, together with the total ozone estimates from the3 ELO3 events appearances
TOMS instruments (on Nimbus-7, Meteor-3 and on Earth,
Probe) and for 1995, the data from SBUV/2 were used. TheKeeping in mind the above mentioned background character-
ground-based observations were checked for quality as waistics of the behaviour of the ozone, all data from the ground-
done before for all WMO Ozone Assessments (WMO, 1988;based ozone stations, as deposited in the WM@D3;UDC
1998). The 10-day backward trajectory, as described by Knuéh Toronto, and from TOMS (with SBUV/2 for 1995), were
sen and Carver, (1994) based on ECMWEF analyses, was olreviewed for the identification of cases where the total ozone
tained from NILU. Daily synoptic charts for the upper tro- was less than 220 matm-cm in the 40=86belt. \We were
posphere and lower stratosphere which were prepared by thieoking for cases with a rapid decline in total ozone by 100—
Stratospheric Research Group at the Free University of Berliri20 matm-cm over a large area and not associated with the
were also used. polar vortex. It was evident that nearly all such cases ap-
Figure 1, based on the data from six European stationgeared during the Oct-Dec period, with only a few in January

Aug Sep Oct Nov Dec Jan Feb Mar Apr
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Fig. 2. Monthly mean October (upper panel) and November (Lower Fig. 3. Monthly mean October (upper panel) and November (Lower
panel) total ozone values for the years 1957-2000 from groundpanel) total ozone values for the years 1957-2000 from ground-
based stations within the 47-5R belt (solid line). The dashed line based stations around 6N (solid line). The dashed line shows the
shows the 2 levels of the daily values and the diamonds indicate 20 levels of the daily values and the diamonds indicate the mini-
the minimum values reported. mum values reported.

or February. Most occured between 45285and 40 W- for the identification of a number of such cases listed in Ta-

35° E (for individual locations, see Table 3). 480% of the ble 1.

cases, the minimum total ozone values fell below 200 matm- The criteria for selecting an episode as a ilfar the pre-

cm in regions where the daily values are usually 300—-320satellite years was that the low values appeared in at least

matm-cm. Such cases, in particular, were reported at Sapwo of the stations during the same period of time. Con-

poro Ozone Symposium (Bojkov and Balis, 2000; Valks etsidering the large distances between the stations, it could be
al., 2000). Chemical destruction processes do not cause thigoncluded that these events, in most cases, covered an area

type of sudden and strong, short-lived declines. Neither thegreater than 500,000 Km The frequency of their appear-

trajectory on the PV surfaces at 350 and 380 K, as showrNces is shown in Table 2.

below, indicate any spill-over of the polar ozone depleted In reviewing the TOMS archives for episodes with ozone

air. The lack of continuous observations during Dec-Jan atvalues<220 matm-cm in the 40—8%, cases were only se-

the sparse network of the upper-middle latitude and the polatected for which more than thirty®1x 1.25° estimates ap-

stations limits the possibility for establishing a definitive cli- peared. Thereafter, only those covering an area greater than

matology of this type of ozone behaviour for the pre-TOMS 500,000 km were selected for further analyses. Consider-

years. Nevertheless, ozone observations at Reykjavik, Lering that this area represents a surface greater than the entire

wick, Oslo, Uppsala, St.Petersburg, Eskdalemuir, CamborneBalkan Peninsula, or as great as Ireland and the UK together,

Oxford, and Potsdam carried out in the early years allowedt is clear that the EL@presented in Table 3 were not small
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Table 1. Periods with total 0zone:220 matm-cm occurring at least over two North European stations during the 1957-1978 period.

Year October November December January
1957 20-21 15-23 - -
1958 - 5-8 15-17 23-29 5-7 15-16
1959  11-13 30— 1 18-30 1-6 18-24 3-5
1960 10-20 22-27 12-17 20-28 7-15 19-21 -
1961  4-7 20-30 5-11 14-15 3-7 30-31 -
1962 10-16 18-22 25-27 15-17 -
1963 29-30 - - 7-10
1964 16-22 7-11 - 5-7
1967 - 6-10 23-25 - -
1969 - 28-29 - -

1970 22-24 - - -

1971 - - 15-18 -

1973 - 21-23 - -

1976 - 7-12 18-19 23-26 - -

events. The TOMS-detected cases also appear primarily iof the most extreme cases (out of the total of 89 episodes), the
the autumn months and are similarly distributed by month adowest values were:190 matm-cm. The extremes were reg-
in the earlier period determined only by ground-based staistered on: 30 Nov. 1999 (163 at 5N, 4° E), 30 Oct. 1985
tions (see Table 2). (160 at Oslo and 167 at 60!, 13° E), 19 Nov. 1962 (171
One could compare the distribution of events listed in Ta-at Reykjavik), 16 Nov. 1958 (175 at Oxford) and 30 Nov.
bles 1 and 3, bearing in mind that it is possible that the satel-1996 (177 at 56N, 13’ E). Other extreme values registered
lite information provides more details. In the search for gLO on 18 Dec. 1971 (160 at Lerwick), 15 Dec. 1963 (179 at
events reported here, it was established that in the 22 yedrerwick) and on 1 Jan. 1998 (179 at*88, 19 E) are from
satellite record over the N. Pacific/N. American sector in theobservations in difficult conditions (very low sun) but are not
autumn, there are no events of a comparable area with lownexpected for EL@episodes.
values as they appear in the N. Atlantic/European sector. In Daily ozone values from ground stations during three
the entire 40-65N belt, the N. Atlantic/European region has episodes (November/December 1958, 1996 and 1999) are
the most frequent intrusions of subtropical low ozone con-shown in Fig. 4, where a few ozone declines that are stronger
taining air masses. Peters and Waugh (1996) explained whihan 35-40% have occurred in only few days. On the ozone
poleward anticyclonic Rossby wave breaking events tend t@and PV maps, as well as on the backward air trajectories
occur in regions where the meridional wind share is less cy-available for the days of the last two events, the advection
clonic or even anticyclonic. The N.Atlantic/European re- of ozone-poor air masses from the southwest can be clearly
gion is the only longitude sector at northern middle latitudesseen with their movement to the northeast toward Northern
where the wind share is nearly anticyclonic. The penetrationEurope, and eventually to the western polar regions of Rus-
of subtropical air is causing major negative anomalies. In 18sia.

4 The trajectory analyses
Table 2. Frequencies of appearances of Bl ®vents 2 <
220 matm-cm) and their overall duration (days) over the The most recent EL@episode occurred in late November
N. Atlantic/European sector during the 1957-1978 and 1979-2000999. The lowest values were between 180 and 190 with

periods. an absolute minimum of 163 matm-cm (36, 3° E) on 30
November. Figure 5a shows the semi-hemispheric ozone dis-
Oct Nov Dec Jan Feb tributions and gives an indication of the advection of ozone-
poor air from the subtropical part of the Atlantic towards
1957-78 11 18 9 5 - Northern Europe. A review of the daily ozone and PV maps
#ofdays 57 90 46 15 - from mid-November until early December, the backward tra-
1979-00 9 22 9 5 1 jectories and European ozone soundings, reveals intrusions
#ofdays 24 103 33 19 1 of subtropical air as the cause for this E3.QAllaart et al.

(2000) and Valks et al. (2000), independently confirm this
conclusion.
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Table 3. Periods longer than one day with total 0zon220 matm-
cm over areas greater than 500,0002I<innthe 40-65 N latitudes

detected by TOMS.

R. D. Bojkov and D. S. Balis:

Year Month Days Laf(N) Lon(®) min
1979 11 2-4 54-64 5W-25E 192
1982 11 11-13 60-63 50-90E 193
1982 12 30-31 53-61 34W-9E 208
1983 10 25-27 50-66 19W-34E 196
1984 11 14-15 58-66 13-62E 204
1985 10 28-31 55-68 10W -25E 167
1986 1 15-17 45-55 30-20W 190
1987 1 6-7 53-62 34-5W 204
1987 11 9-10/23-25 50-64 50-0W 184
1988 10 17-18 55-70 25-64E 204
1988 11  20-21/27-28 42-64 34W-16E 198
1988 12 11-12 40-54 128-100W 198
1989 1/2 31-1 58-65 5-30E 172
1989 10 15-16 56-66 11W-82E 198
1990 11  12-13/20-22 41-57 121-28W 201
1991 10 30-31 67-70 25-35e 195
1991 11 3-5 53-68 61W-54E 202
1991 12 5-15 40-62 136W -21E 192
1991 12 27-28 40-60 16W-24E 199
1992 1 9-10/14-19 52-58 10-25e 185
1992 1 26-29 52-64 5-35E 185
1992 11 8-11/14-15 44-53 30W-15E 193
1992 11 22-24 40-62 20W-170E 193
1992 11 29-30 45-60 15W-22E 193
1992 12 3-4 50-55 20-50E 192
1994 11 12-15 42-66 19W-34E 198
1995 10 14-16 65-75 30E-100E 211
1995 10 26-29 65-75 30E-80E 212
1995 11 13-19 55-65 60W-10E 191
1995 11 24-27 60-65 40W-90E 199
1996 11 11-17 57-64 60W-30E 189
1996 11/12 21-9 46-62 30W-10E 177
1997 10 14-15 56-70 80-40W 200
1997 11 3-5/8-11 40-68 63W-81E 200
1997 11 22-24 43-63 126W -56E 200
1997 12 16-17 56-61 9W-39E 204
1997 12 29-1 48-55 3-25E 179
1998 11 20-22 50-64 21W-26E 205
1999 11 19-20 60-64 5-30E 194
1999 11/12 26-30-2 52-64 30W-30E 163
2000 10 30-31 47-65 50W-5E 201
2000 11 12-19 45-63 30W-30E 191
2000 11 24-30 40-64 30W-40E 190

Q) (matm-cm)

Characteristics of episodes with extremely low ozone values
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Fig. 4. Daily ozone values reported by a few stations during the
ELO3 episodes of 1958 (upper panel), 1996 (middle panel), and

1999 (lower panel).

There are many good examples showing distributions sim-
ilar to the above mentioned most recent episode. Figure 5b
shows the ozone distribution on 1 and 4 November 1979, andtratosphere at the time of an E;Che backward trajec-
the four panels of Fig. 5¢ show selected days (12 and 15, antbries at isentropic surfaces of 350 and 380 K were used
24 and 28) of November 1996 when subtropical air polewardfor all cases since 1992. The ten-day backward trajectories
intrusions were numerous.

In order to trace the origin of the air masses in the loweranalyses, as described by Knudsen and Carver (1994). The

from NILU were used, calculated on the basis of ECMWF
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Fig. 5a. Total ozone distribution during the 26-30 November 1999  Fig. 5c. Total ozone distribution during the November 1996,

ELO3 episode. Fig. 5b Total ozone distribution during the 1-4 ELO3 episode. During big parts of November 1996 there was a

November 1979 EL@episode. chain of northeastward directed intrusions of air with total ozone
less than 250 matm-cm, causing E4 events in Europe.

point of arrival of the air masses represents stations also have The changes in the vertical profile

ing ozone soundings like Valentia, De Bilt, Lindenberg, and

Oslo. All trajectories clearly show that the immediate trans- The vertical ozone distributions during the Et®pisodes

port of air traversed the 35-40l, 60-80 W part of the At-  show a pronounced reduction, particularly in the lower strato-

lantic, that the air 4-5 days earlier was over more southerrsphere. Figure 7 shows the mean for the 1975-1992 ver-

latitudes, and in no case had the air originated in the Arctictical distribution for Oct-Nov-Dec at Lindenberg, together

regions. An example of the trajectory cluster of air parcelswith the distribution for 18 EL@ episodes touching Linden-

arriving over Valentia (Ireland) is plotted in Fig. 6. berg and/or nearby locations. The total ozone of each of the
18 soundings was<250 matm-cm and their average value
was 238 matm-cm. This compares with an average of 301
matm-cm for the 1975-1992 mean profile. The height of
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VALENTIA 107
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=
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1000 . IR R , .
0 40 80 120
Partial pressure (nbar)

Fig. 7. The mean vertical distribution of ozone above Lindenberg
for Oct-Nov-Dec during the 1975-1992 period (solid line) and the
average ozone profile of 18 cases of B &ents which were ob-
served in/or near Lindenberg (dashed line); The horizontal bars rep-
resent 2.

Fig. 6. Ten day backward trajectories on the 350K isentropic sur-
face for Valentia (Ireland) that correspond to extremly low ozone 6 Ozone Mass Deficiency (gMD)
events during the 1992—-99 period.

In order to be able to objectively compare ozone levels dur-

ing different events, independently of the month yet consid-

ering the trend, the ozone deficiency was numerically eval-
uated by calculating the Ozone Mass DeficiencgND).

This is done using the deviations of the TOMS homogenised
the tropopause for the ELg3vents has been higher, close to 1° x 1.25° grids from the pre-1976 averages, as previously
12 km, compared with an altitude ef10 km in the 1975—  determined (see Bojkov et al., 1998). For the 46 events which
1992 mean profile. It is important to note that the tropopausecomprised about 180 days, the overall average area with to-
temperature during the El{®vents was-630° C, whichis  tal ozone<220 matm-cm for a single day was (143.10)
much colder than the-55C° C during the soundings of the million km2, representing 2.1% of the total area contained in
average profile. It is clear from the horizontal bars representthe 40-65latitudinal belt. The averagesMD for a single
ing two standard deviations in Fig. 7, that the changes in theday was 2.8 Mt. For comparison, thg@D corresponding
ozone partial pressure are significant and strongest just abowe the linear trend of the ozone decline for the 1990s would
the tropopause between approximately the 12 and 16 km alhave been only 0.38 Mt for a single day in Oct-Nov over the
titude. The horizontal air movement in this altitude layer is average area of an Elg@ventin December 0.77, and in Jan-
well represented by the trajectories at 350 and 380 K, whichuary 0.95 Mt. This means that during autumn E&vents,
indicate that the air transport was from the subtropics. Thethe single day ozone deficiency is 4 to 7 times greater than
12-16 km layer is in agreement with the findings by Reid etthe deficiency over the same area as a result of this trend.
al. (2000) as the altitudes in the ozone profiles over EuropeSuch an event on the day of its appearance in Oct-Nov would
are most frequently affected by subtropical injections. contribute a deficiency representing 16% of the overall defi-

ciency in the entire 40—65elt due to this trend; its contribu-

Additional synoptic analyses show that E{®vents are tion would be 8%, 6% and 5% for the days of appearances of
frequently associated with the transport processes related tBLOz events in December, January or February, respectively.
the appearances of intense anticyclones in the upper tropo- In Fig. 8a, the double bar plot shows the overall area (in
sphere. In a case study of events in February 1990 and 1998yillion km2) with less than 220 matm-cm during each season
Peters and Waugh (1996) have shown that the poleward intrufrom 1978 through 2000. The increase in the overall area
sion of subtropical air was associated with breaking Rossbywith ELO3 events in the last decade is obvious. Comparing
waves in the upper troposphere. The breaking could accourthe sum of the individual daily éMD for the ELOs periods
for the widespread disruption of the polar vortex, when thin (shaded part of the bars, right side scale) during the 1980s
filaments of vortex air are spun off the edge of the vortex (~8 Mt/year), with the~38 Mt/year during the 1990s shows
into the middle latitudes, and when tongues of subtropicalthat the QMD contributed by the EL@ in the 1990s has
air could be injected poleward. increased-4.5 times.
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10 km 2 AO, Mt derestimated. Nevertheless, the limited pook@60 matm-
8 160 cm has contributed about one-tenth of the seasonal ozone
J L] Area L decline during the 1990s. Thus, increasing appearances of
0,MD ELOj3 events represent a noticeable dynamic contribution to

60 — —-120

the overall ozone decline over the 40=65belt.

] L Parallel to the study of EL®events when the ozone is
usually 30 to 40% less than the pre-1976 averages, the cases
with slightly smaller but fixed deviation of—25% were

- also investigated. Altogether they aré30 days over the

N. Atlantic/European region during the autumn months of the
last 22 years. The §MD average per day of such events is

| ~1.6 Mt, which is 2.5 to 4 times greater than the ozone defi-
ciency as a result of the average declining trend over the same
area. Such an event on the day of its appearance in Oct.-Nov.
would contribute~9% of the overall deficiency in the entire
40-65 N belt due to the declining trend. The distribution of
the integrated area and the correspondin®ylD during the

last 22 years is shown in Fig. 8b. The similarities between
the increasing strength of such events with the Ele@ents

in Fig. 8a are obvious.

ZA
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.40
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80 -160

1] Area u — i
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7 Concluding remarks

A comprehensive review of all cases when the total ozone
404 — SEiES was less than 220 matm-cm for longer than a day and it
| was detected over an area greater than 500,00ikrthe
X N middle latitudes during the last 44 years is presented. These
207 M N ] 40 ELOs events appear during the October—January period, with
K W | most cases~80%) occuring during the autumn months in
‘SY N % the region between 45-68 and 40 W-35 E. The ELQ
T m T ! T events begin with a rapid decline in the total ozone by 100-
® 8 8 % % 120 matm-cm with a greates decline in regions where dur-
ing this period, daily values are usually 300-320 matm-cm.
Fig. 8. Integrated area (106 kipand the corresponding integrated | one-fifth of all cases, the lowest values reached were less
S;sgl‘?a;\"t?f;;glc;?scgdg‘s”'v'ii)thd;z”“9;;‘g ;gzrz_;g?%v‘;?rt'ﬁ:' than 190 matm-cm. Extremes were registered in Oct. 1985
< .
North Atlantic/European region of the 40-68 belt; Panelb) the (160), Nov. 1999 (163), Oct. 1985 (167), Nov. 196.2 (171)
cases when negative total ozone deviation of the pre-1976 averageaﬁnd Nov. 1958 (175 matm-cm). It should be emphaSI_'sed tha_t
was>25% over the same region. the strong ozone decl|r_1es_d|spussed here are _assomated with
a dynamical ozone redistribution over a short time span, and
are not caused by the photochemical destruction of ozone.
Synoptic analysis supported by backward trajectory at
In reality, one should keep in mind that the E4 €vents  isentropic surfaces of 350 and 380 K shows the transport
are not discrete, isolated areas but are surrounded by a hugd the low ozone mixing ratio subtropical air originating in
pool of below average ozone values which increase up to théhe area of 35—40N, 60—80 W in the Atlantic moving to-
levels in the surrounding middle latitudes and could be aboveward northern Europe, and eventually reaching Scandinavia
300 matm-cm. This is well illustrated in Fig. 5 with the injec- and the northwestern part of Russia. The vertical distribution
tions of low ozone from the subtropics. Based on this fact,profiles at the few ozone-sounding stations show substantial
if we calculate the area covered by the 260 matm-cm iso+eductions in the ozone partial pressure above the tropopause,
line for the days of identified EL®events, the @MD in primarily at the 12—-16 km altitude where the strongest trans-
this larger pool with low ozone is 10481.6 Mt per single  port of subtropical air occurs.
day. The contributions of such a pool to the 40=8%elt on Most cases with low ozone occur during days with strong
the days of the EL@events will be close to 60% from the planetary wave activity which facilitates the transport of
Oct-Nov trend, 31%, 25%, and 21% for Dec-Jan-Feb trendspzone-poor air from the subtropical latitudes. Strong up-
respectively. It should be noted that by limiting the calcula- welling above a tropospheric anticyclone, along with the
tions to only a<260 matm-cm isoline, the ozone deficiency vertical motions redistributing the ozone and affecting the
contributed by the subtropical air transport are grossly un-stratospheric temperatures also play a role. It should be re-
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