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end).

1. Introduction

The Antarctic ozone hole manifests itsell’ as a deepen-
ing of the polar minimum values in the month of Sep-
tember. From a study of Nimbus 7 Total Ozone Map-
ping Spectrometer (TOMS) satellite data, Krueger
et al. (1988, 1989) reported that the polar minimum is
accompanied by a growth of mid-latitude (307-60°S)
ozone maximum levels. By mid-October, the ozone
hole is a 4000 km broad minimum with steep gradients
along the edges. The hole is supposed to retain its
integrity until it fills in or drifts out of the polar region
into mid-latitudes at the time of the final stratospheric
warming. Several details of the hole evolution and
comparisons for different years have been reported by
Krueger ¢/ al. (1987, 1988, 1989), Deshler er al. [1990
(a & b)), Deshler and Hofmann (1991), Hofmann ef al.
(1987, 1989), Lubin and Frederick (1990), Newman
et al. (1990, 1991), Schoeberl et al. (1989) and Stolarski
et al. (1990). In this note, we examine whether the total
ozone changes observed at some ground locations can
be attributed solely to the displacement of the ozone
hole (edge effects) or could be due to changes in the
hole magnitude also.

2. Data and discussion

Fig. | shows a map ol the Antarctic region with loca-
tions of some international observatories, For our
study, we used ozone data at South Pole (90°S), Syowa
(69°S, 39°E), Palmer (65°S, 64°W) and McMurdo (78°S,
167°E),

this period are mostly due to the vortex wall passing in
November when the hole is dissipating, the vortex may s
come back or intensify on South Pole before finally disappearing. At South Pole, the recovery started by October
end in 1985, 1986 and 1988 but later in 1987 (November end), 1989 (November beginning) and 1990 (November
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ABSTRACT. The evolution of the Antarctic ozone hole is illustrated for 1985-1989 and 1990 springs.
A detailed study for 1986-1989and 1990 events indicates that the evolution, which occurs in early October, is
fairly uniform over the South Pole. Hence the fluctuations observed at Syowa, McMurdo and Palmer during

and out over these periferial locations. However, later in
hift from the South Pole in any direction and may also

Key words - Antarctic ozong, Total Ozone Mapping Spectrometer (TOMS), Ozone depletion.

Fig. 2 shows a plot of the daily means of total ozone
at South Pole (Amundsen-Scott) and Syowa for the six
consecutive months September-February for 1985
onwards up to 1990. For the South Pole, data were
available only from about the middle of October. The
hole magnitudes, expressed as negative percentage devia-
tions from the final recovery level in November-Decem-
ber, are indicated in Fig. 2 and given in Table 1. How-
ever, these refer to total ozone only. Vertical profiles
show that the percentage decrease was much larger (in
some vyears, almost 100%) in the 12-20 km region
(Komhyr ef al. 1988, Hofmann ef al. 1989). The mini-
mum values (DU) shown in Table 1 mostly represent
the residual tropospheric and upper stratospheric ozone
(Stolarski et al. 1990).

The following features may be noted :

(i) The percentage drops at Syowa are generally
lesser (by a few per cent) than those at South
Pole probably because Syowa is farther away
from the main vortex centre (the pole itself 7).

(ii) The final recovery levels are chosen somewhat
subjectively but do seem to vary a lot from
year-to-year, probably due to a quasi-biennial
oscillation (Garcia and Solomon 1987).

(7ii) The 1988 ozone hole was the weakest but only
by a slight per cent, as compared to carlier and

(23)
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Fig, 2. Total ozone daily means 2t South Pole (90 S) and  Syowa
(698, 39 E) during Sep, Oct. Nov. Dec and Jan. Feb

of next year. for 1985-1989 und 1990.  The base levels and
percentage drops from the same up (o the minimum  levels
(generally in October)are indicated
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TABLE 1

Antarctic ozone depletions at South Pole and Svowa

S. Pole(90 S Syvowa (69 S)

— _\‘ = - e ——— o . —_
Base Min Ly Base Min 9
Yeur level (D) drop level (DU) drop
(DL (D)
19%5 350 150 57 325 175 —46
1986 400 180 55 100 190 33
1987 325 125 62 350 150 57
1988 400 250 48 400 215 —46
1989 325 140 57 350 175 —50
1990 300 140 53 375 170 55
later years. The absolute value (~210 DU)
wis larger than the ones for other years; but
the base level (400 DU) was also higher.
(iv) In 1986, 1987 and 1990, the South Pole ozone

recovered rather smoothly from mid-October
to mid-November, 1985, 1988
and 1989 there were large fluctuations during
the recovery.  South Pole can go out of the
hole but only in the end stages. Hence, in
between luctuztions are probably indicative of
changes in the the hole. At
Sycwa also. there were very laige fluctuations.
Some ol these should be edge effects: but some
might be due to hole strength fluctuations.
Some events are

However, in

strength  of

very spectacular. In Novem-
ber 1985, South Pole showed large fluctuations
in the carly part and Syowa in the later part.
In October 1986, South Pole showed no varia-
but Syowa showed a very sharp rise
during 18-21 October, followed by 2 gradual
fell in the next 30 days. In October-Novem-
ber 1988, the fluctuations ai South Pole and
Syowa were similar except for a phase diffe-
rence of ~35 days (Syowa occurring earlier).
The 1989 fluctuations at South
Pole were not accompanied by fluctuations at
In 1990, South Pole hole
recovered steadily from mid-October to mid-
December : but Syowa showed large fluctuations
throughout this period.

tions:

November

Syowa. ozone



DISSIPATION OF ANTARCTIC OZONE HOLE

South pole{30°5)

00 Iotal orome
! i
| A~ J e
300t tal ," \ R
| /
ams
w .
Ea e Tatal ozone Syowa 90+
00 \ A M\ et "~ M . (69'S,39E)
\ \ \ o (ST B TP, ~ Seuth pole Fad
o € ; VA YL N YT T 00+ ’
RN \ | P
~ 0+ " A
3= / 700 "Jm-.(.._l _m,,_‘mi‘
. oms wank . . W
=~ 15 Total ozone Faimer oz (305-90'S ) "(”\,\kﬁt{xﬂ{]' i
200 jie (65'5.64F ) 400 Syowa
r f i t
T 120 A 00 ] |
a o oy + )
ol A NA A |\
. v 200t VNS '\ o\ ‘\r‘ A
me v N
1, M mul do g o
PR 185 167E 300 x . ) ‘
. ‘\ ! 785,10 OB t o ".-_ Yoo “vl_ X -‘ Toms { Poimer )
— O P AP BN
T N o AR ‘n'n'. Tolol orone D
- | N AN
e v |
5 20 = ] 3
g c £ athin vorles wall o vortex outside vortex Memurdo 200} H\/ R -~/ L\. \Mlnlo- ozone Memurde
[ i L p
2 ::; 15 " Le) b [ Ozone i5o —
5 \ ”
u e A 22 0 1 NS 12-20m -
3 x - e - - v\___“‘—/ TMSNS T 12-204m Mcmurdo
- 50
T 39 Il r‘\. ~ Ozone *A¢ murdo 2-0r \r\ "
- r \ \ 18 km 1L \
ga 25 WA ! sl \\-,4'.
53 QF /\ |
- g \ / Al 7i %
ot = -~ \ i \'\\_4\.’ U H‘\--\, o Bim cmurde
o -
> 201 . Temp Memurdo -6 C,r Temp Memurdo
3 VST e J A i
S b6 - -80- ~ 7
BT . - M e
- f Py Jgdh
o~ -80] 2 i U} il ] il 21 g 20 0 2 30 80 23 ? 12 22 2 12 22 1 1 n \ ]
' prriimp oot by Aty T = ' T T o I R e R SV T
30 255 2 290 no 33 &l 760 261 300 320 360
— AUGD —4—- CP 4 €T ————— NV r DEC 1988 — - AUG - +— SEF e €T ————p— NOV ——4— DEC 1987

Figs. 3 (a-g). Total ozone values for Aug-Dec 1988 at : (9) South
Pole (the dashed curve is for TOMS 30°S-90°S
minimum  value), (b) Syowa (69°S.39°FE), (c)
Palmer (65°S. ¢4 E), (d) McMurdo (78°S, 167" [£)
with TOMS values (dashed lines) appropriate to
these locations, (e) ard (1) show McMurdo ozonc
for 12-20 kmand |18 km respectivelv. (g) 18 km
temperature above McMurdo

3. The 1988 ozone hole

Since the discovery of the Antarctic ozone hole by
Farman ef afl. (1985), considerable effort has gone into
the deteiled study of this phenomenon. Krueger e/ al.
(1987, 1988) presented TOMS observations for the 1986
and 1987 Antarctic ozone holes. Krueger er al. (1989)
and Schoeberl ef al. (1989) compared the 1988 Antarc-
tic ozone hole wth previous year depletions. In 1986.
1987, 1988, 1989 and 1990, balloon-borne measurements
of ozone and temperature were made at McMurdo
station (78°S,167°E) [Hofmann et al. 1987, 1989: Deshler
et al. 1990 (a & b), Deshler and Hofmann 1991]. Also,
Lubin and Frederick (1990) reported column ozone
measurements for 1988, 1989 from Palmer station
(65°S, 64°W). Thus, for the 1988 event data can be
compared for four widespread locations (full dots in
Fig. 1). Fig. 3 shows the plots. Fig. 3(a) (full lines)
shows a plot for total ozone at South Pole. The dashed
curve shows TOMS values of minimum ozone poleward
of 30°S as reported by Krueger ¢r al. (1989). Fig. 3(b)
shows total ozone at Syowa. Figs. 3 (¢ & d) (full lines)
show total ozone at Palmer station (Lubin and Frederick
1990) and McMurdo station [Deshler ef al. 1990 (a & b)).
The dashed lines show the TOMS values appropriate 10
these locations. Fig. 3(e) shows ozone content in the
12-20 km region, Fig. 3(f) shows ozone at |8 km

Fig. 4. Total ozone values for Aug-Dec 1987 at South Pole,
Syowa and McMurdo and ozone at 12-20 ki and 18
km and temperatureat 18 km at McMurdo

altitude and Fig. 3(g) shows the 18 km temperature, all
above McMurdo.

The following features may be noted :
g y

(1) Fig. 3(2) shows very little fluctuations of the
ozone hole up to 20 October 1988, in the
TOMS as well as South Pole data. Thus, the
ozone hole was fairly constant during this
period. Syowa shows very large fluctuations
indicating that the location was in &nd out of
the ozone hole frequently. The Syowa peak
in late September and early October almost
matches with a similar peak 2 days later at
Palmer and 2-3 days earlier at McMurdo.
However, the other prominent peaks at Syowa
are not reflected at Palmer or McMurdo. The
larger fluctuation 2t McMurdo during 23-31
October is explained by Deshler e al. 1990(b)
as movements of the vortex wall back and forth
over McMurdo.

(2) The most spectacular feature is the large ozone
decrease at South Pole during 29 October-
7 November and the subsequent recovery,
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and I8 km o oand  temperatuie  at
I8 km ai McMurdo

This fecture is seen at Syowa and McMurdo.
but not at Palmer. Krueger ¢/ al. [1989. Fig.
3(2)] have shown in polar orthographic projec-
tions (with the South Pole at the centre and the
cquator ¢s the outer circle) a sequence of
TOMS dzily southern maps for selected days.,
viz., 27 August, 26 September. 5. 1 5an4 31 Oclo-
bero 1988, For the last date (31 October 1988)
they mention thet the ozone minimum was
dissipaiing es the high totel ozone region
(eastorn sector) was pressing (westward) across
the South Pole toward the Antarctic Peninsula.
resulting in velues 25 low as 230 DU in the
south polar region (including Pelmer) while
value 2t the South Pole itself rose to ~ 350 DU.
Figs. 3 (2=c) confirm these findings. However.
tor periods after 31 October, Krueger e al.
(1989) provide no information. No information
Is aveilable in Schoebeil ¢ af. (1989) either
Krucger ef al. (1989) mention that the mini-
mum ozone poleward of 30°S quickly rose to
ebove 200 DU on 23 October and the residual
polar minimum setained its integrity through
mid-November when it finally was absorbed in
the mid-latitudes. However, they make no
mention ¢ the 31 October-7 November
decrease @nd subsequent recovery.  The mini-
mum values near about 7 November 1988 were
~250 (7 November) 2t South Pole. ~300 DU
(5 November) @t Syowa,~ 250 DU (8 Novem-
ber) ¢t Palmer and ~350 DU (10 November)
at McMurdo. However. at McMurdo. the
7-10 November minima were very conspi-
cuous in the 12-20 km altitude range and at
I8 km in particular. Using the circumpolar
wind maximum a1 70 hPa to delineate the polar
vortex. Deshler ¢r «l. [1990 (2 & b)] indicated
the timings when McMurdo was inside, at the
edge of. and outside the vortex.  The Fig 3(d)
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Fig S(hi. Totwl orone values for Aug-Dec 1986
at South Pole. Syowa and McMurdo
and ozone at 12-20 km and 18 km and
temperature at [8 kimat McMurdo
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indicates these intervals and accordingly. the
ibove interval (31 October-7 November) is
mentioned outside the vortex. Deshler
eral. [1990 (a)] suggest that the relative ozone
deficitduring 29 October-6 November probably
resulted from the entrainment of ozone poor air
outwardly from the ozone cavity. We suggest
the  two possibilities. First  possibility,
the vortex which had  started moving
towards the Antarctic Peninsula and passed
over South Pole in late October, probably
reversed its direction of displacement and came
back over South Pole, Syowz and McMurdo
during 31 October-7 November and later on.
cither moved back westward and/or weakened
and dissipated by November end.  In this case,
Palmer should have shown increzsed levels of
ozone during 31 October-7 November. Theie
is some indication of this to have occurred.
Second possibility. for some reason the ozone
hole intensified during 31 October-7 November
and later weakened. In this case. all loca-
tions would show a decrease. South Pole.
Syowa and McMurdo did show the decreases:
but Palmer had a mixed pattern, viz., an increase
during 31 October-7 November, o decrease on
8§ November followed by an increase on
9-10 November followed by 2 decrease during
10-14 November and later, 2 sharp recovery
by 17 November. It is difficult to judge which
of the two possibilities really occurred. An
additional complication is that on 22 Novem-
ber and 12 December. Syowa reached low
ozone levels comparable 1o those of 4 Novem-
ber. Would this imply reformation of ozone
holes in November and December above
Syowa ! Similar depressicns were not obser-
ved at South Pole or Palmer.  For McMurdo,
no data were available

as
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In their detailed study ol vertical profiles ol ozone,
Deshler ef al. [1990 (a & b)) reported that ozone deple-
tion wes caused by a sink between 12-20 km and
measurements at the edge of the vortex (McMurdo)
displayed ozone lavering end exchange of ozone richand
poor air across the vortex well in the 12-20 km layer.
Most of the fluctuetions seen in Fig. 3 are probably of
such an origin. However, some changes could be dueto
changes in the strength of the ozone hole itself. Deshler
et al. 1990 (2) mention that the 1988 event corroborates
earlier suggestions that regions of ozone depletion are
related to temperatures conductive to the formation of
polar stratospheric clouds. Fig. 3(g) shows the tempe-
rature at 18 km above McMurdo. The temperature
was about —80°C up to mid-September and then rose
steadily to 2bout —50°C. which is interpreted as the
vortex wall rezching over McMurdo.  From 21 October
onwards, the temperature remained above —557C but
small temperature variations match the large ozone
variations. On day 300 (26 October) and day 315
(10 November), the 18 km ozone level at McMurdo was
very low, almost comparable to that of late September.
But the temperatures on these days (—54°C and —407C)
were much higher than the September end temperatures
(—64°C). It would thus seem that low stratospheric
temperatures are not the sole guiding factors controlling
ozone changes.

4. The 1989 ozone hole

Fig. 5(a) shows the plots for the 1989 event where
data for South Pole, Syowa, Pelmer and McMurdo are
plotted. South Pole showed a structure during reco-
very, viz., peaks on 10 November 2nd 16 November
1989 of 275 DU and 300 DU respectively. On these
dates, Syowa velues were lower, ~225 DU and the
recovery started only later on 22 November. In con-
trast, Palmer ozone had zlrezdy recovered to ~350 DU
by 6 November. Thus. the ozone hole had left the
South Pole — Palmer axis and shiftedftowards Syowa. It
would be interesting to confirm the shift from TOMS
data for grid points ebove these locations separately.
Data for McMurdo do not extend to November. In
October, McMurdo total ozone showed an increase
during 11-17 October (days 284-290) which was
reflected in the ozone in the 12-20 km region &s 2lso In
ozone and temperzture 2t 18 km. The feature wes
seen a few days later at Syowa 2nd probably a few days
eatlier at Pzlmer, probably indicating displecement of
the vortex back 2nd forth.

5. The 1986, 1987 and 1990 ozone holes

For these events, date were available for South Pole,
Syowa and McMurdo only and some TOMS daiz
(Deshler and Hofmann 1991, Newman ef al. 1991).
Fig. 5(b) shows the plots for 1986. At South Pole, the
hole seems to have disappeared by 16 November but
reappeared partially by 3 December and dissipated later.
At Syowa, there was an enormous increase during
17-22" Qctober (from 200 DU to 430 DU) which wes
not seen either at South Pole or at McMurdo. Thus,
during 17-22 October. the ozone hole must have
moved away from Syowa, towards South Pcle and
McMurdo. From 22 October to 4 November, Syowa
ozone decrezsed from 430 DU to 240 DU while Mec-
Murdo ozone increased rapidly from 200 DU to 400
DU. Thus, the ozone hole swung back to the Syowa

region, away from McMurdo and South Pole. Thus,
large displacements along the 180" -0° meridien scem
to have occurred. In the latter hall of November,
ozone 2t South Pole decreased from ~400 DU on
16 November to ~275 DU on 3 December while Syowa
ozone remained below 300 DU. Thus, 2 week ozone
hole seems to have covered South Pole and Syowa.
Whether this covered McMurdo also cannot be checked
25 data are not available, At McMurdo, 18 km ozone
and temperature in October showed similar variations
indicating that McMurdo was often in and out of the
ozone hole vortex.

Fig. 4 illusirates the 1987 event. At South Pole, the
formation and subsequent dissipation of the ozone hole
wes fairly smooth. During 24-27 November. the
ozone level recovered from ~175 DU to ~275 DU,
remained at that level up to 9 December and later rose
to ~325 DU. In contrast, Syowa showed very large
fluctuations, probably indicating encounters with the
vortex wall. Particularly interesting is the level during
27 November-3 December when South Pole ozone had
recouped to ~275 DU but Syowa ozone decreased
from ~400 DU to ~220 DU. This would imply that
the ozone hole still existed but shifted from South Pole
towards Syowa. Unfortunately, thereare no McMurdo
data to check such a movement. Krueger ¢f al. (1988)
showed a plot of TOMS observations for latitudes
south of 30° S, which we have reproduced in Fig. 4.
During the above interval TOMS values were lower
than South Pole values end similar to those at Syowa.
Their polar orthographic plot for 29 November 1987
shows that the ozone hole weekened and formed an
clongated oval which seems to miss South Pole but en-
closed Syowa. Thus, features like this seem to be
mzinly due to distortions and displacements ol the
ozone hole vortex, At McMurdo, 2 peculiar feature
occurred during 4-20 October, when the ozone level
rose from ~ 150 DU with two peeks on 12 October and
17 October. Similar peaks occurred in ozone and tem-
peratures 2t 18 km 2bove McMurdo but not 2t South
Pole or Syowa. Hofmann ef al. (1989) ettributed these
fluctuations to entry and exit of McMurdo from the
vortex well.  The feature wes not reflected in the TOMS
velues eppiropricte for Palmer es given by Margiten
et al. (1989) and reproduced in Fig. 4.

Fig. 5(c) shows the plots for 1990. The ozone hole
dissipation a2t South Pole was more or less smocth.
Syowa showed violent fluctuations, ozone levels reaching
above 350 DU on 16, 27 October 2nd 3 November,
obviously due to Swoya going out of the ozone hole.
Similar fluctuations were seen 2t McMurdo but not on
the same dates. In particular, McMuido totzl ozone
increased considerably (from 175 DU to 300 DU) from
19 September (day 262) to 27 September (cay 270).
Surprisingly, the increase was not seen in [2-20 km
range or t 18 km, but the 18 km temperature showed &
similar change. Thus, the inciease wes not due to
McMurdo going outside the voitex but due to mid:
latitude (ozore rich) air entering in the levels zbove
20 km (Deshler 2nd Hofmann 1991).

6. Conclusions

The Anterctic ozone hole dissipation is not uniform
Apart from the displacements and distortioas ol the
vortex during th: course of the dissipition wh2a th:
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vortex shape may change from circular Lo an elongated
oval and may even tilt so that some layers may be out
of the vortex while some may still be in [Krueger ¢ a/
1989, Deshler ¢ al. 1990 (2 & b)]. the ozone hole strength
may increase (i.c.. ozone level may decrease) again for @
few days during recovery.  Also, the displacements may
not be necessarily rom east towards west (from Antarc-
iic continent towards Antarctic Peninsula) but may be
in other directions also. The displacement may not be
steadily in any one direction. It may even reverse and
the ozone hole may come back over the South Pole
and chenge strength before finally disappearing.

These characteristics ol the ozone hole are not sur-
prising. Though ozone depletion is mainly of chemical
origin (Chlorine chemistry, Solomon 1988, Anderson
et al. 1989), changes in other parameters like tempeora-
ture and water vapour (which affect the polar striatos-
pheric clouds) and nitrogen oxides could be important
(Turco er al. 1989).  Also. the dynamic situations which
set up conditions favourable for the chemical deple-
tions are dependent on vertical motions which would be
affected by wave structures which would distort. dis-
place and or modiiy the circumpolar vortex (Krueger
et al. 1989, Newman ¢f al. 1990). Ozone layering
caused due to exchange ol ozone rich and poor 2ir across
the vortex wall in the 12-20 km lzyer has been demons-
trated by Deshler ¢r al. [1990 (a & b)]. 1t would be
interesting to study these features in greater detail by
using TOMS data at various latitude-longitude grid
intervals on a daily basis,
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