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Stratospheric Clouds and Ozone Depletion in
the Arctic during January 1989

D. ]J. Hofmann et al.

Editor’s Note

The prediction that human-made chlorofluorocarbons (CFCs) released into the atmosphere could
destroy ozone in the stratosphere, exposing the Earth’s surface to greater intensities of harmful
ultraviolet rays, was verified by observations in the Antarctic in 1985. The atmospheric conditions
are particularly conducive to ozone destruction there, owing to the cold and the isolation of air
circulation in a vortex. The Arctic does not have such a steady vortex, but it was suspected that
ozone depletion might nevertheless happen there—less extensively, but much closer to regions
of dense population. Here atmospheric scientist David Hofmann and co-workers report the first
confirmation of that, from observations made the previous winter. Arctic ozone depletion was

regularly seen in subsequent years.

Stratospheric clouds, believed to be necessary for springtime polar ozone depletion to take
place, were detected with balloon-borne sensors at Kiruna, Sweden during January 1989,
the coldest January in the north polar stratosphere for at least 25 years. Comparison of
the ozone profile in the region of the clouds with those obtained during the past three
austral spring seasons at McMurdo Station in Antarctica suggests the beginning of ozone
depletion at a height of 2226 km.

HE role of stratospheric clouds in springtime polar ozone depletion has been

recognized in the Antarctic but not, so far, in the Arctic. Here we describe
measurements made from two instrumented balloons in January 1989 with which we have
been able to establish both the appearance of Arctic stratospheric clouds and the signature
of the onset of ozone depletion at or around the altitude of these clouds.

The Arctic polar stratosphere during the winter of 1988-89 was unusually cold with no stratospheric
sudden warmings until February'. The polar vortex was relatively stable throughout January,
giving rise to conditions similar to those in the Antarctic winter stratosphere. The January average
North Pole 30-hPa (~22-km altitude) height and temperature were the lowest ever measured. The
average temperature at 30 hPa for January was as much as 12 °C below the 20-year mean over
large areas of the polar region. Figure 1 shows the 30-hPa heights and temperatures on 23 and 24
January and on 30 and 31 January, periods covering the two balloon flights to be discussed here.
Before 23 January, the vortex was centred near the North Pole. Intensification of the Aleutian
high-pressure system began a shift of the vortex towards Scandinavia on 24 January which
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Stratospheric Clouds and Ozone Depletion in the Arctic during January 1989

was eventually followed by a major stratospheric warming on about 10 February (K. Labitzke,
personal communication). Before the major warming, however, temperatures as low as —92°C
were observed on 1 February at 30 hPa over southern Scandinavia. Temperatures below
—85°C in the 20-25-km region were responsible for the frequent displays of nacreous or
“mother of pearl” clouds (stratospheric water-ice crystals) observed at Kiruna, Sweden
(68° N, 20° E).

a 180° b 180°

23 Jan, 19890 24 Jan, 1989

o0* g

c d

180° 180°

30Jan, 1989 31 Jan, 1980

Fig. 1. Temperature (dashed) and height (full) contours at 30 hPa in the Arctic for 00:00 GMT on 23
January (a), 24 (b), 30 (c) and 31 (d), 1989, from the Berlin analysis (K. Labitzke, personal communication).
The height contour of the north polar low is 21.5 km and the contour interval is 0.5 km. Temperatures
are in °C. The location of Kiruna is marked by a star. Balloon flights at Kiruna occurred from 14:30 to
17:30 GMT, 23ganuary, and 11:30 to 14:30 GMT, 30 January.
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Stratospheric Clouds and Ozone Depletion in the Arctic during January 1989

Stratospheric clouds are thought to be important in converting hydrochloric acid and
chlorine nitrate into active chlorine and in stratospheric denitrification through the
condensation of HNOj vapour, thus removing odd nitrogen from the gas phase which
would otherwise prevent the destruction of ozone by the active chlorine?. The observation
of extensive stratospheric clouds in the Arctic in January 1989 is therefore important in
assessing ozone depletion under perhaps the most favourable conditions for this to occur
since at least 1957. Before 1957 there was insufficient chlorine in the stratosphere to cause
ozone depletion even with extensive clouds.

At a pressure of 30 hPa and for a typical stratospheric water-vapour mixing ratio of
5 p.p.m.v,, a temperature of ~ —87.5°C is required to condense the vapour and form ice
clouds (the “frost point” temperature). However, studies of the nitric acid trihydrate (NAT)
solid in the laboratory® indicate that this crystalline phase will form at a temperature of
—80 °C (10 parts per 10° by volume (p.p.b.v.) HNOs) to —81°C (5 p.p.b.v. HNOs) for 5 p.p.m.v.
water vapour at 30 hPa. A predominant NAT composition of Antarctic stratospheric
clouds was proposed earlier from theoretical considerations*” and has been identified
in in situ measurements in Antarctica®. Thus, it appears that extensive NAT clouds and
more local nacreous (water-ice) clouds should have formed in the Arctic stratosphere
above ~20 km during January 1989. Because sunlight is also required to destroy ozone,
the question of Arctic ozone depletion hinges on the amount of time that the air, which
has been heterogeneously processed by stratospheric clouds, has spent in sunlight. As the
Arctic polar vortex generally breaks down before sufficient sunlight reaches the near-polar
regions, the most probable location for the detection of ozone depletion in the Arctic
is near the Arctic circle during unusually cold years. For example, Kiruna experienced
~8 hours of sunlight per day on 23 January at 21 km where temperatures as low as
—86.7 °C were observed. Owing to the effects of the Aleutian high, the vortex and the
coldest regions are generally displaced towards Scandinavia (see Fig. 1) so that locations
such as Kiruna are quite favourable. Here we report observations of polar stratospheric
clouds and ozone during balloon flights on 23 and 30 January at Esrange, near Kiruna.

Cloud Particle Measurements

The data were obtained with University of Wyoming balloon-borne particle counters as
used on many occasions in Antarctica’. The optical counter has an air-sample flow rate
of ~200 cm?® s7!, capable of resolving low concentrations (~10% cm®) as associated with
ice-crystal formation. The instrument measured in seven size ranges, radius 7>0.20, 0.25,
0.30, 1.0, 2.0, 3.0 and 5.0 pm, for spherical particles or slightly non-spherical particles of
equivalent volume. A condensation-nuclei detector sensitive to particles with 7>0.01 pm
was added for the second flight on 30 January to obtain the total aerosol concentration
profile and to determine the fraction of condensation sites taking part in cloud-particle
growth.

Figure 2 shows the temperature and r>0.20 pm aerosol profiles measured during balloon
ascent for the two flights. For the flight of 23 January, temperatures were <-80 °C between
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Stratospheric Clouds and Ozone Depletion in the Arctic during January 1989

altitudes of 18.5 and 27 km and below —85 °C between 20.2 and 21.3 km, and reached —85 °C
briefly several times between 23 and 25 km. Because the balloons encountered very
low temperatures, the rise rate was generally kept low (1-2 m s') with occasional short
periods of float before ballasting. This may have resulted in inadequate ventilation of the
temperature sensor and could account for some of the unusual temperature increases
observed above ~20 km. This would not affect the particle counter or ozone sensors
because they are aspirated by pumps. Some of the temperature structure seen during both
flights may be related to orographic waves originating from the mountain ranges west of
Kiruna which appeared to be responsible for the generation of nacreous clouds during the
measurement period. Westerly wind speeds in the stratosphere were very high (in excess
of 50 m s!') and a minimum temperature during the balloon ascent on 23 January of
—86.7 °C was reached in the cold layer between 20 and 21 km. The second flight, on 30
January, did not experience such low temperatures, with a minimum of —82.7°C at
~25 km.

40 T T 40 1 o or T
: ; r=0.20 ym
3 E
30F 1 30F ~ex B
3 s
E
x E
© f 3 d 3
82 20 3
=}
=
=
<
10F 9 10 ~
0 I n 1 i Tl a 0 . ul Prr e
100 -80 -60 -40 -20 O 20 04 10 102 10 1 10
Temperature (°C) Aerosol concentration (cm™)

Fig. 2. Temperature and aerosol (r= 0.20 pm) profiles measured during balloon ascent at Kiruna, Sweden
on 23 January (full lines) and 30 January (dashed lines) 1989.

The aerosol profiles in Fig. 2 indicate a normal sulphate layer between ~10 and 18 km
with concentrations similar to those observed in Antarctica in September 1988%. These
aerosols represent the global background sulphuric acid layer, there having been no
major volcanic eruptions since EI Chichén in 1982 which increased the atmospheric
sulphate concentration by nearly an order of magnitude®. In the cold layer at 19-22 km
on 23 January we see a large increase in r>0.20 pm particles, reaching a concentration
of 8 cm™ or more than 50% of the concentration of condensation nuclei in this region.
The condensation-nuclei or total-aerosol profile was measured on the second flight and
is reasonably constant in the absence of homogeneous nucleation of new particles. The
particle enhancement on 23 January actually extends uniformly at lower concentrations to
at least 26 km.

The large particles (r=1.0 pm) were also enhanced but only to the extent of ~I in 10*
of the available condensation nuclei. Very few particles having radii >2 pm and no large
ice crystals (r=54m) were observed in the layer. Thus it appears that pure water did not
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