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Large losses of total ozone in Antarctica
reveal seasonal Cl0O,/NO, interaction

J. C. Farman, B. G. Gardiner & J. D. Shanklin

British Antarctic Survey, Maluml Environment Research Council,
High Cross. Madingley Road, Cambrdge CE3 0ET, UK

Recent attempts' to consolidate assessments of the effect of
human activities on  stratospheric ozone (0.) using one-
dimensional models for 30° N have suggested that periurbations
of tetal O, will remain small for at least the next decade. Results
rom such maodels are often accepted by defanlt as global esti-
mates’. The inadequacy of this approach is here made evident by
observations that the spring values of tatal O, in Antarctica have
now fallen considerably. The circolation in the lower stratosphere
is apparently unchanged, and possible chemical causes must be
considered. We sugpest that the very low femperatures which
prevail from midwinter until several weelks alter the spring equinox
make the Antarctic stratosphere uniguely sensitive to growth of
imorganic chlorine, CIX, primarily by the effect of this growth on
the NOL/NO ratio, This, with the height distribution of UV
irradiation peculiar to the polar stratosphere, could account for
the 0 losses observed.

Total €, has been measured at the British Antarctic Survey
stations, Argentine Islands 63°564°W and Halley Bay
TH®S 27" W, since 1957, Figure la shows data from Halley Bay,
The mean and extreme duily values from October 1957 ta March
1973 and the supporting calibrations have been discussed zlse.
where™'. The mean daily value for the four latest complete
observing  sessons (October  [980-March 1984) and  the
individual daily values for the current observing season are
detailed in Fig. 1. The more recent data are provisional values,
Very generous bounds for possible: corrections would be
+30 matm cm, There was a changeover of spectrophotometers
at the station in January 1982 the replacement instrument had
been calibrated against the UK Meteorolagical Office standard
in June 1981, Thus, two spectrophotometers have shawn October
values of total 03 to be much lower than March values, a feature
entirely lacking in the 1957-73 data set. To interpret this differ-
ence as @ seasonal instrumental effect would be inconsistent
with the results of routine checks using standard lamps. Instru-
ment temperatures (recorded for each observation) show that
the March and October operating conditions were practically
identical. Whatever the absolute errar of the recent values muy
be, within the bounds quoted, the annual variation of wotal O,
al Halley Bay has undergone a dramatic change.

Figure 1b shows daty from Argentine Islands in a similar
form, excepl that for clarity the extreme values for 1957-73 have
been omitted. The values for 1980 to the present are provisional,
the extreme error bounds again being =30 matmcm, The
changes are similar o those seen at Hallev Bay, but are much
smaller in magnitude.

Upper-air temperatures and winds are available for these
stations from 1956, There are no indications of recent departures
[rom established mean valoes sufficient to attribute the changes
in total O to changes in the cireulation. The present-day utmos-
phere differs most prominently Trom that of previous decades
in the higher concentrations of halocarhons. Figure 2a shows
the monthly mean total Os in Octaber at Malley Bay, for 1957-84,
and Fig. 26 that in February, 1958-84, Tropospherie concentra-
tions of the halocarbons F-11 (CFCL; ) and F-12 (CF.ClL} in the
Southern Hemisphere® are also shown, plotted to give greatest
emphasis o a possible relationship. Their growth, from which
increase of stratospheric C1X is inferred, is not evidently depen-
dent on season. The ¢ontrast between spring and autumn O,
losses and the striking enhancement of spring loss at Halley
Bay need to be explained. In Antarctica. the lower stratosphere
is — 40 K colder in October than in February. The stratosphere
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Fig. 1 Daily values of total Oy g, Halley Bay: thin lines, mean

wnd extreme values for 16 seasons, 1957-73; thick line, mean values

for four seasans, 1980-841 +, values for Detober 1984, Observing

season: 1 October to°13 March, b, Argentine Islands: as for Halley

Bay, but extreme values for 1957-73 omitied. Observing season:
1 September to 31 Mirch.

over Halley Bay experiences a polar night and a polar day (many
weeks of darkness, and of eantinuous photalysis, respectively)
that over Argtn:[n-. Islands does not. Figure 3 shows calculated
AMOUnEs nl' N, in the polar night and the partitioning between
the species Grtf‘IEHL. -.m!y’ MO, and NO, are dissociated rapidly
by visible light. The major reservoir, N.O., which only absorbs
strongly below 280 nm, should be relatively Inng-!'wed. Dayiime
levels of NO and NGO, should be much less in early spring,
following the polar mgbt lhan in autumn, following the polar
day. Recent measurcments’ support these inferences. The effect
of these seasonal varations on the strongly interdependent C10,
and MO, eycles is examined below.

The 5 loss rate resulting from NO, and ClO, may be written®

L=N+C=2L[0][NO]+2 k[O0][C1O] (1}

L accounts for over §5% of O destroction in the altitude range
20-40 km. At 40 km, N and € are roughly equal. Lower down,
C decreases rapidly 1o 10% of L at 30km, 3% at 20 km (refs
&, &). Equation (1) is based on two steady-state approximations,
isee Table 1a for the reactions invalved)

[NOy] [0+ k{€I0]
[NO] ka[O]+ s

I =



and

_ (€] k{0]+k(NO]
*lao) k,[0,]

valid in daytime, with [O] in steady stale with [O5]. Reaction
[4) has & negative temperature cocficient, whereas reaction (1)
has large positive activation energy®, with the result that o is
strongly dependent on [C10] &t low temperature, as shown in
Fig. 4. [C10] is not simply proportional 1o total CIX, because
CIOMNO, formation (reaction (10)) intervenes. Througheut the
stratosphere, y « 1, so that [ClO]~[Cl+ClO]. From a steady-
state analysis of the reactions given in Table 15,
EJHCI [OH]+ [ CIOND, |+ jJHOCI]

(Ot C10T 3 NG .1+ ky THOL1+ x{(k ACHLI+ k(O
Values of o, ¥ and [Cl+ClO] obtained from eguations (2}, (3)
and (4) are in good accord with Tull one-dimensional maodel
results for late summer in Antarctica® Neglecting seasonal
effects other than those resulting from temperature and from
varlation of [NO<+ NO,], it is possible to solve simultaneously
for [NO,] and [ClO], and to derive L. Results are shown in
Tahle 2 as relaxation times®, [,/ L, for various conditions, The
spring values (lnes 2. 3 and 47 are highly dependent on CIX
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Fig. 2 Monthly means. of total O, ot Halley Bay, and Southern

Hemisphere measurements of F-11 (@, pptyv CFCL) gad F-12

[Copepty, OF C g, October, 195784, b5, February, [958-84. Mot
that F-11 ond F-17 amounts ingrease down the figure.

Tuable 1 Reaction list
g Governing  and y {see text)

NO+ 0= NG, + 0y (1}
MO +0 = NO+O. )
WOyt e = N0 (1)
MO+ CHO - N0+ (4}
Cl+ 0, +ClO+ 0. {5}
ClO+0-=Cl1+ 0, (&)

b Governing [Cl+Cl0O]

HCI+OH = Ci+H,0 (7]

CIONG,+ he— C10+ ND, (2}

HOCl+ he - Cl+OH (9}

ClO+ NOy+ M- CIONO. + M (10}
Clo+HO,-HOCI+ 0, (11}

Cl+CH, = HC+ CH, (12}

Cl+HO,-~HCI +0; (13}

¢ HCl+ CIONO, - Ol + HNO, (14}

amount {compare columns a and b}, the autumn values (lineg
1) much less so. At Argentine Islands, the sensitivity w CIX
growth should resembie that seen in ling 2, auributable solely
to low temperature. Lines 3 and 4 show the enhanced sensitivity
possible at stations within the Antarctic Circle, such as Halley
Bay, arsing (rom slow release of [NO+NO.] following the
polar night. It remains to be shown how stable O, budgets were
achieved with the relaxation times for the lower chlorine fevel
{Table 2, a).

Much O destruction is driven by visible light, but production
requires radiation below 242 nm. On the dates shown { Table 2},
destruction persists for some 11 h, while, because of the long
UY paths, production is weak {except around noon) at 29 km,
and 15 virtually absent below that altitude, Line 1 of Table 2
then demands O, transpont in autumn from the upper to the
lower stratosphere, which is consistent with inferred thermally-
driven lagrangian-mean circulations', A mean vertical velocity
of 45m per day is in good accord with calculations ol nat
dizbatic cooling'’ and gives a realistic total O, decay rate in an
otherwise conventional one-dimensional model”, The short
relaxation times in the iower siratosphere in autumn are toler-
able, with adeguate transport compensating for lack of O, pro-
duction,

In early spring, on the other hand, wave activily scarcely
penetrates the cold dense core of the Antarctic polar vortex and
with very low temperatures the net diabatic cooling is very
weak''. Lagrangian transport in the vortex should then be almost
negligible, (The virtual exclusion of Apung dust from the vortex
supparts this view”,) The final warming signals the end of this
period of inactivity and is accompanied by large dynamically
induced changes in O distribution. However, before the warm-
ing, with low chlorine, total O, was in a state of near-neutral
equilibrium, sustained primarily by the long relaxation times.
With higher chlorine, relaxation times of the order seen in line
4, Table 2, entail moare rapid O, losses. With negligible produc-
tion below 29 km and only weak transport, large total Oy per-
turhation is possibiz. The extreme effects could be highly local-
ized, restricted to the period with divrnal photolysis berween
polar night and the earlier of either the onset of polar day or
the final spring warming. At the pole [NO+ NO.] rises con-
tinuously after the polar night, with the Sun. The final warming
always begins over east Antarctica and spreads westwards across
the pole. At Halley Bay the warming is typically some 14 days
later tham at the pole. Maximum Oy depletion could be confined
to the Atlantic half of the zone bordered roughly by latitudes

70 and 80" 8.
Comparable effects should not be expectsd in the Northern

Hemisphere, where the winter polar stratospheric vortex is less
cold and less stable than its southern counterpart. The vortex
15 broken down, uspally well before the end of the polar night,




Table 2 Relugation times in days, [0,/ L, for maximem chlorine levels 1.5 ppbov. (@) and 227 ppabov. (B} (1980)

Alntude (km) 22 255
Helative
Pare MO+ N, i b o h
25 Mirch 1 1645 103 Rt Ir
17 September 1 124 210 Bt 7
17 Sepiember 0,75 IEE 265 7 43
17 Seplember 3 395 353 141 118
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MNoon values ul 75.5° 5 solar elevation 1257, Lower stratosphere wl 230 K on 25 Muarch; 190 K on 17 September. The altitudes shown apply 1o

the summer temperature profite wsed in the model”
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Fig. ¥ NO, during the polar might. o, Total MO, ém ™, from 15
1o 43 km. b, NO,, CIONG, and HNO, as pereentages of lotal NO .
£, NOy, HNO, and N,0, ns porcentages of totil MO,

by mujor warmings. These dre accompanied by large-scale sub-
sidence and strong mixing, in the course of which peak O values
forthe year are attained, Henee, sensitivity to CIX growth should
be minimal if, s sugpested above, this primarily results from
O, destruction at low temperatures in régions where Oy transpor
is weak.

We have shown how additional chlorine might enhance 0,
destruction in the cold spring Antarctic stratosphere. At this
time of the vear, the long slant paths for sunlight make reservoir
species absarbing strongly only below 280 nm, such as NaO.,
CIONQO, and HONO., relatively long-lived, The role of these
reservorr species should be more readily demonstrated in

o b / Iney) J

7 [ND] + TNOy]
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Fig. 4 [NO, [N+ MNOL] hes the statos of an efficiency fctar
for (3, destruction by the WO, evele, In terms of the mio o in the
text, s 4/ (1= i The figure shows how this factor varies with
[CI0] w190 K and at 230 K, ot altitedes of 29 and 36 km. Values
af [, DL IC10] and Jy were taken from one-dimensional model
results® (maximum chlorine 2.7 popbv) For noon, 25 March at
T5.57 5, solar elevation 125" The abscizsa is [CK)] relative 1o the
model vialue, The rute-limiting reaction, (2} in Table 1, for the NO,
cycle has zero activation energy. Note how, nevertheless, O, was
profected against destruction by WO, at low temperatures inoa
stratosphere with small amounts of CE, butis losing this protection
us C1X grows.

Antarctica, particutarly the way in which they hold the balance
betwean the NO, and ClO, cycles. An intriguing feature could
be the homogeneous redction (Table le) between HOL and
CIONOD,. If this process has a rate constant as large as
10 "“em® s " iref. 2) and a negligible temperature coefficient,
the reaction would go almast to completion in the polar night,
leaving inarganic chlorine partitioned between HCL and Cly,
almost equally at 22 km for example. Photolysis of Cl; at near-
visible wavelengths would provide a rapid source ol [Cl+ CIO]
al sunrise, nol treated in equation (4}, The polar-night boundary
is, therefore, the natural testing ground [or the theory of non-
linear response to chlorine'~. It might be asked whether a
nonlinear response is alrcady evident (Fig. 2a), An intensive
programme of trace-species measurements on the polar-night
boundary could add greatly 1o our understanding of strutos-
pheric chemistry, and thereby improve considerably the predic-
tion of effects on the ozone laver of Tuture halocarbon releases,

We thank B. A, Thrush and R. I. Murgatroyd for helpful
suggestions.
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