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ABSTRACT

Backscatter lidar data from the French Antarctic base in Dumont d’Urville (66.40°S, 140.01°E),
including aerosol background and observations of polar stratospheric clouds (PSCs), have been
collected since 1989. In the present work we present a climatological study of PSCs, using a
data base consisting of almost 90 observations. The seasonal evolution of PSCs, their optical
classification, and their relationship with the observation temperature were studied. The first
PSC was observed on day number 175 (15 June) and the last on day number 260 (7 September).
The characteristic mid-cloud altitude decreases through the season at a rate of 2.5 km/month.
Type Ia, Ib, and 11 PSCs — identified by their optical properties — have been observed. External
mixtures of these types have also been observed. These observations have been related to the
local temperature measured by radiosondes. The relationship between PSC type and the period
of the winter season was also investigated. Mixed (solid and liquid) type I clouds are mostly
observed at the beginning of the winter. Type II clouds are observed only during the coldest
period around midwinter, although temperatures below the frost point begin earlier and persist
longer than this. Type Ia, solid-particle, clouds are observed mostly at the end of the winter.

1. Introduction

The discovery of the stratospheric ozone deple-
tion over Antarctica was reported in the mid-1980s
(Farman et al., 1985). Polar stratospheric clouds
(PSCs) were quickly implicated in the ozone deple-
tion (Crutzen and Arnold, 1986; Toon et al., 1986;
Solomon et al., 1986). Heterogeneous chemical
reactions on, or in, PSCs prepare the air for ozone
destruction by converting chlorine reservoir
species, which are relatively inert in the gas phase,
into more reactive forms. PSCs are also respons-
ible for denitrification, i.e., the removal of odd-
nitrogen compounds from the lower stratosphere
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(Toon et al., 1986; Wofsy et al., 1990; Toon et al.,
1990; Fahey et al., 1990).

PSC particles can be separated into two categor-
ies: those clouds formed above the frost point of
the lower stratosphere (type I), and those formed
at temperatures below the frost point (type II).
Type I clouds can be further subdivided, according
to their physical features (Toon et al., 1990). A
type Ia cloud is composed of solid particles, while
a type Ib cloud is composed of liquid particles
(Fiocco et al., 1997).

The thermodynamic constraints on PSC forma-
tion are now reasonably well understood (Crutzen
and Arnold, 1986; Toon et al., 1986; Worsnop
et al, 1993; Carslaw et al., 1994). It is clear,
however, that the kinetics of cloud formation can
often be important, particularly for clouds com-
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posed of solid particles (MacKenzie et al., 1995,
1997, 1998). This kinetic limitation may operate
on the time-scale of hours-to-days, and so be
observed in trajectory thermal histories
(Tabazadeh et al., 1994; Larsen et al., 1996), or it
may operate on time-scales well below those that
can be resolved by operational meteorological
analyses (Meilinger et al, 1995). Crutzen and
Arnold (1986) proposed that type Ia PSCs are
composed of nitric acid trihydrate (NAT), which
is the most thermodynamically stable phase at
stratospheric temperatures and vapour pressures.
Tabazadeh et al. (1994), and Carslaw et al. (1994)
proposed that type Ib PSCs are composed of
supercooled ternary HNO;/H,0/H,SO, solution
droplets. In laboratory experiments, amorphous
glassy solid particles have also been observed
(Koehler et al., 1992). The formation mechanisms
for type Ia and Ib is not clear, and different
hypotheses on the formation of NAT and super-
cooled ternary solution (STS) have been suggested
(Koop et al., 1997; Tabazadeh et al., 1994, 1995).
Type II PSCs are observed for temperatures below
the frost point and are composed principally of
water ice crystals.

The first regular observations of PSCs were
those performed by the Stratospheric Aerosol
Measurements sensor (SAM) (McCormick et al.,
1982; McCormick et al., 1989) installed on board
the Nimbus 7, before the discovery of the ozone
hole. Since 1988, ground-based LIDAR regular
observations have been performed systematically
by stations located on the Antarctic continent
(Stefanutti et al., 1991; Adriani et al., 1992; Fiocco
et al., 1992). PSC observations were performed
also by airborne lidar (Browell et al., 1990; Poole
et al., 1990). Also balloon-borne backscattersondes
operating at different wavelengths were used in
the analysis of PSC clouds (Rosen et al., 1989;
Hofmann et al., 1991; Deshler et al., 1994). In situ
measurements performed by means of the ER2
aircraft (Dye et al., 1992) contributed significantly
to the evolution of PSC theory.

The first PSC climatology was made using SAM
II data, using observations from 1978 to 1989
(Poole and Pitts, 1994). More recent satellite
observations of PSCs have been made using the
Polar Ozone and Aerosol Measurements (POAM
II) sensors (Fromm et al., 1997). In this case, data
from 1994 to 1996 are available. In this paper we
present a PSC climatological study, using ground-
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based LIDAR measurements made from 1989 to
1997 at the Antarctic station Dumont d’Urville
(66.40°S, 140.01°E). We focus on the seasonal
variation during volcanically-quiescent periods —
i.e., before the eruption of Mt. Pinatubo in June
1991 and after the decay of the volcanic aerosol.
The effects of the volcanic aerosol have been
studied by David et al. (1998), who performed a
similar analysis to that below, but using a shorter
data set from Dumont d’Urville. They have
developed a method to identify the PSCs in the
LIDAR signals in the presence of a strong volcanic
aerosol load. The present paper complements
the study of David et al. (1998) by focusing on
volcanically unperturbed cases.

2. Experimental set-up and data management

The experimental site was at the French base
of Dumont d’Urville (66.40°S, 140.01°E) on
Antarctica. The LIDAR system wused was
developed jointly by IROE CNR and SA-CNRS
(Stefanutti et al., 1992) as part of the POLE (Polar
Ozone Lidar Experiment) project. The system
measures several parameters involved in the ozone
chemistry of the stratosphere: the ozone vertical
distribution, the upper stratospheric temperature,
aerosol scattering, PSC scattering and high alti-
tude tropospheric clouds. The transmitter is based
on a Nd:YAG laser and an XeCl excimer laser.
A total of five different wavelengths are available
(Stefanutti et al., 1992). Unfortunately, due to
problems in the configuration of the system, we
are able to use only the 532-nm channel in the
present study. At 532 nm, the pulse energy is about
400 mJ with a pulse repetition rate of 10 Hz and
a divergence of 0.5 mrad. The receiver is based on
a 0.8-m diameter telescope with a 0.6 mrad field
of view and equipped with two orthogonally
polarised channels for the “s” and “p” direction.

The system is operated continuously by the staff
of the base during the whole year. The LIDAR
measurements are complemented by daily launch
of meteorological radiosondes, which provide pro-
files of temperature, pressure, and wind vector.
The average temperature uncertainty related to
the radiosondes is estimated to be 1-1.5K for
altitudes between 16 and 20 km (David et al,
1998). Unfortunately, the sondes often do not
reach far into the lower stratosphere, and so limit
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our analysis. However, there are enough LIDAR
observations supported by radio-soundings to
generate meaningful statistics. For this reason we
prefer not to substitute the missing temperature
data with satellite-derived data or meteorologi-
cal analyses, which could include a significant
bias (Pullen and Jones, 1997). Using the same
source for all temperature profiles ensures data
homogeneity.

From 1989 to 1997, 10000 lidar profiles were
collected. Each one was inverted using a simple
inversion method developed at IROE (Morandi,
1992). This software is based on a modified back-
ward Klett routine (Klett, 1981, 1985; Fernald,
1984). The output of the analysis is the aerosol
backscatter coefficient profile for both p and s
polarisation planes (B, and B;, respectively), and
the scattering ratio (SR) calculated by using the
following formula:

SR=1+ B,/B,, (1)

where B, is the total aerosol backscattering
coefficient and B,, is the clear atmosphere back-
scatter coefficient. The errors in SR are strongly
related to fluctuations in the signal detection, to
arbitrary assumption of a SR equal to 1 to the
base and top of the cloud layer which induce an
error which can be estimated to be around 10%
(Del Guasta et al., 1993; Chazette et al.,, 1995;
David et al., 1998).

Important information about the classification
of PSCs, and on their microphysical properties,
can come from the depolarised signal, which is
defined as (Stefanutti et al., 1991):

— Bs
- B,+B,’

(2)

where B, and B, are the aerosol backscatter
coefficients on the two polarisation planes, s and
p, respectively. Other possible definitions for the
depolarisation are used in the literature. The rela-
tionship among the various Lidar linear depolaris-
ation definitions (including (2)) is reported in
Cairo et al. (1999). As stated in Del Guasta et al.
(1993), the error in the depolarisation profiles is
around 20% when the effects of multiple scattering
are neglected.

Each profile was checked for the presence of
PSCs. The criteria used considered all clouds
observed above the local tropopause to be PSCs.
The tropopause level was determined by the tem-
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perature profiles obtained by the radiosondes,
defined as the altitude at which the temperature
lapse rate becomes less than 2 K km ™.

To identify the clouds, we used the backscatter
profiles; each increase in the signal over the aerosol
background was assumed to correspond to a
stratospheric cloud. This method is unreliable in
the case of strong stratospheric volcanic aerosol
loading, such as in the case of the Pinatubo aerosol
in 1992, or, more generally, where large horizontal
gradients in aerosol exist. The Pinatubo volcanic
aerosol constituted a very high “aerosol back-
ground” against which it was not possible to
detect PSCs on the basis of their backscattering
alone. The background aerosol is assumed to be
composed of spherical particles, an assumption
that LIDAR measurements support (Stein et al.,
1994; Chazette et al., 1995), and is assumed to
have a mean radius of between 0.1-0.7 um and
they do not depolarise. This means that the forma-
tion of a liquid PSC, by the take-up of HNOs;,
cannot be directly detected inside the eruption
cloud. This is not the case for solid PSCs (at least
those composed of aspherical particles), which are
detectable by looking at the depolarisation.

The second step in the analysis procedure was
to detect the presence of different layers or clouds
in the same lidar profile. The cloud base and top
were recorded for each of the layers identified.
The mid-cloud altitude, M, was computed by
means of the aerosol backscatter profile, using the
following formula:

_ [B,(z)z dz
- [B,(z)dz’

where B,(z) is the total aerosol backscatter coeffi-
cient, and z is the altitude. Hence, the data base
for each cloud consists of: (i) the altitude and
temperature of the mid-cloud, of the peak scat-
tering ratio, and of the cloud base and top; (ii) the
peak and mean depolarisation of the cloud; (iii) the
cloud-integrated backscatter; and (iv) the peak
and mean scattering ratios.

Each year contributes a different number,
depending on the tropospheric conditions (thick,
low, tropospheric clouds prevent transmission of
the LIDAR beam into the lower stratosphere), on
the member of staff operating the system, on the
stratospheric temperature, and on the strato-
spheric aerosol loading.

Years 1991 and 1992 are almost totally missing,

(3)
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Fig. 1. Number of clouds observed for each year over
Dumont d’Urville. During 1992, more clouds than those
reported in the plots were observed (they were not con-
sidered in the analysis because of the strong background
aerosol loading, which made the PSCs difficult to
identify).

due to the unreliability of the data in these years.
The problem of distinguishing PSCs from the
Pinatubo eruption cloud in 1992 is discussed
above. In 1991, the system was mis-aligned, produ-
cing only qualitative data. The year with the
highest number of observations was 1995, which
is the coldest year in our data set. The total count
of PSC radiosonde-supported observations is 90
(Fig. 1).

3. Meteorological overview

The presence of a polar vortex is very important
in the development of ozone depletion (Schoeberl
and Hartmann, 1991). The vortex strongly
decreases the poleward heat flux in the lower
stratosphere, helping to maintain low temper-
atures and high probabilities of PSC formation.
The vortex, therefore, can contain air parcels that
have been activated for ozone destruction. A
strong gradient of potential vorticity characterises
the polar vortex edge.

The French base Dumont d’Urville (DDU) is
located on the shore of the bay of the Ross Sea.
During the winter season, its position is under-
neath the edge of the polar vortex (Santacesaria
et al., 1999). Stratospheric temperatures at DDU
are, therefore, not as low as at stations underneath
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the centre of the vortex. Generally, the station can
be considered inside the vortex from June to
October of each year. Due to its position with
respect to the vortex, the PSC season is not
uniform, but is perturbed by minor warming
phenomena associated with vortex deformations.

Stratospheric temperatures above DDU from
June to October can reach values which are well
below the nominal NAT existence temperature,
T, and the nominal ice frost point, T;, where
both are calculated assuming constant vapour
mixing ratios of 10 ppbv for nitric acid and 5 ppmv
for water. Fig. 2a shows the distribution of radio-
sondes that experienced temperatures below the
NAT existence temperature during the whole
winter season, indicating that they are present
from the end of June (day 180) to the end of
September (day 270). The coldest period, with the
temperature 6°C or more below T, is observed, in
our data set, in a period ranging from the 20 July
(day 200) to the end of August (day 240) (Fig. 2b).

Fig. 3 shows the mean temperature vertical dis-
tribution during the vortex season. This plot has
been obtained by using all the radiosondes avail-
able for the period of our study. It can be observed
that when the polar vortex starts, the colder
temperatures are observed at high altitudes
around 25 km. As the season develops, the entire
lower stratosphere becomes very cold and the
minimum temperatures are observed at lower alti-
tudes. This condition is interrupted abruptly when
the polar vortex no longer covers the station,
around the end of September and the beginning
of October (day 270). As one would expect from
the wintertime zonal circulation, the winds over
DDU are westerly in the lower stratosphere, and
can be very intense, reaching speeds of up to
100 m s~

4. Results and discussion

We have divided this section into 3 different
parts. The first part deals with general aspects of
the seasonal evolution of PSCs, showing the obser-
vations as a function of altitude, and the seasonal
march of the cloud frequency distribution. In the
second part we present the classification of the
clouds according to their optical characteristics.
In the third part we discuss the relationship
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Fig. 2. Percentage of temperature observations below PSC temperature thresholds, as a function of day number,
retrieved from all the radiosondes available over Dumont d’Urville In panel A, the threshold temperature is the
NAT-point, T,,,, calculated assuming 10 ppbv nitric acid and 5 ppmv total water. In panel B, the threshold temper-

ature is the frost point, Tj, calculated assuming 5 ppmv of total water.
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Fig. 3. Temperature, as a function of altitude and of day number, obtained using all the radiosondes available in
the period 1989-1997. The altitude of the minimum temperature decreases with time.

between the cloud observations and the existence
temperatures for NAT and ice.

4.1. Seasonal variations in cloud frequencies height

Fig. 4 shows the distribution of PSC observa-
tions as a function of day of the year. In our data
set, the earliest observation corresponds to 25 June
(day number 175) and the latest one corresponds
to 20 September (day number 260). Most of the

observations occur over a period ranging between
the end of June (day 180) and the end of August
(day 240). Towards the end of the season, after
day 230, the frequency of observation is lower,
even though temperatures remain at or near the
nominal frost point well beyond this date. This is
probably due to the fact that, as is discussed
below, dehydration and denitrification of the polar
stratosphere has taken place (Rosen et al., 1991),
lowering the actual frost point and NAT point.
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Observation percentage (%)

Day Number

Fig. 4. Percentage of all lidar observations that show
PSCs, as a function of day number. The percentage of
PSCs in the observations decreases after the end of
August (day number 243).

LIDAR observations at other sites in Antarctica
(Adriani et al., 1992) did not observe PSCs after
August.

The long-term PSC observations reported by
McCormick et al. (1989) were made using the
SAM II single channel sun photometer (measuring
at a wavelength of 1 um).The SAM II PSC clima-
tology is based on the analysis of the aerosol
extinction ratio together with ancillary measure-
ments of Geopotential height and temperature
profiles. Measurements are possible only in day-
light, and so are not necessarily representative of
the regions in polar night. However, for the lati-
tude of DDU, the SAM II data has sufficient
coverage to make a useful a comparison with the
present study. McCormick et al. (1989) report
the earliest PSC observations in late May and
the latest observations in late September or early
October.

Poole et al. (1994) developed a longer climatol-
ogy based on SAM II observations from 1978 to
1989. According to this climatology, Antarctic
PSCs are typically observed from mid-May to
early November. They also showed how, for the
longitude of DDU (140°E), the probability of
sighting a PSC is lower compared to longitudes
closer to the Greenwich Meridian where the max-
imum probability and the coldest temperatures
are located. Moreover, as discussed above, DDU
is located under the edge of the polar vortex
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(Santacesaria et al., 1999), where the fluctuations
of the vortex itself could produce a warming of
the local stratosphere, hence decreasing the prob-
ability of observing PSCs. This might explain why
we observe a shorter PSC season over Dumount
d’Urville compared to the zonal satellite clima-
tology. Like Poole et al. (1994), we find a max-
imum probability in sighting PSCs in August.

Fromm et al. (1997) provided another climatol-
ogy for the years 1994 to 1996. They used
POAM 1II solar occultation measurements.
POAM 1I has the same polar orbit as SAM I,
but measures to within 2° latitude of the south
pole. The results of Fromm et al. (1997) generally
agree with those of Poole et al. (1994) and this
study, with the maximum in the frequency of
observation occurring in August.

Fig. 5 shows the mid-cloud altitude, calculated
using (3), as a function of day number. The
variation bars indicate the base and the top of the
cloud. A general trend in the lowering of the cloud
altitude — measured as mid-cloud, cloud-top, or
cloud-bottom altitude — 1is clearly visible. We
observe the first PSC clouds at a mid-cloud alti-
tude around 22km (Fig.5). Later PSCs are
observed below 15km and, in some cases, are
located just above the tropopause. The apparent
rate of descent is approximately 2.5 km per month.
A similar trend is calculated using the altitude of
the base or the altitude of the top of the PSC
cloud. This descent could be explained by a com-
bination of three effects: diabatic descent of air
within the polar vortex, which moves the maxima
in the HNO; and H,O distributions to lower
altitude (Rosen et al, 1993); sedimentation of
particles from the early, high-altitude, PSCs, which
redistributes HNOj; and H,O from higher to lower
altitudes; and a decrease in the altitude at which
the minimum stratospheric temperature occurs. In
a previous study of ozone data from the DDU
lidar (Santacesaria et al., 1999), we found diabatic
descent rates of about 0.25 km per month, in good
agreement with the calculated diabatic descent
rates of Rosenfield et al. (1994). Fig. 3, which
shows a linear descent rate of about 5km per
month, suggests that the descent of the temper-
ature minimum occurs relatively quickly. Vertical
redistribution of HNOj; and H,O through particle
sedimentation will be a sporadic process, with
rates varying greatly with particle size. Type II
particles can have fall speeds approaching
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Fig. 5. Mid-cloud altitude (see eq.(3)) of each PSCs observed, as a function of day number. For each point a
variability bar indicates the base and the top of each cloud. The altitude of the tropopause is also reported in the

plot (thin line).

1kmh™! (Turco et al., 1989). Our apparent rate
of descent of the altitude of cloud observation is
probably due, therefore, to the action of the three
processes above, all acting on different timescales.

McCormick et al. (1989), David et al. (1998),
and Fua et al. (1992) also observed a lowering in
the altitude of PSCs as winter progresses. Poole
et al. (1994) observed PSCs from SAM II in the
altitude range 15-22 km, with a lowering towards
the end of the season. Fromm et al. (1997) also
measured a range of 17.4-23.5 km, with a lowering
of approximately 2km per month, somewhat
slower than that deduced from our measurements.

Fig. 5 also shows the mean tropopause altitude.
After day 210 (end of July), the PSC clouds are
often within 1 km of the tropopause. This may be
significant in the context of dehydration and
denitrification (Wofsy et al.,, 1990; Toon et al.,
1990; Gobbi et al., 1993). This process is not well
understood, but it is assumed that the water and
the nitric acid condensed in the larger particles
are removed by gravitational settling. When these
larger particles are formed at a high altitude they
can evaporate before leaving the stratosphere,
releasing the condensed vapours. This can increase
the threshold temperature for PSC formation in
the lower layers. Also, because mixing of polar air
with that of the middle latitudes is more likely at
potential temperatures below about 400 K, the
water vapour and nitric acid sedimented from

above is available to be mixed out to lower
latitudes (Tuck et al., 1996). When the PSCs form
at lower altitudes (i.e., close to the tropopause),
the condensed matter is removed completely from
the stratosphere. In some cases we have observed
cirrus directly connected to overlying PSCs.

Fig. 6 shows the frequency of the observation
as a function of temperature. The highest fre-
quency occurs around 189 K, but high values
are present also for temperatures around 196 K.
Poole et al. (1994) observed the highest sighting
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Fig. 6. Percentage of PSC observations as a function of
mid-cloud temperature.
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probability around 190 K, again demonstrating
agreement between the climatologies. No PSCs
were observed for temperatures above 200 K in
our dataset. There may be a bias at the lower end
of our temperature range, caused by radiosonde
balloons bursting, limiting the number of
observations at high altitudes.

In all our seasonal analysis, and at the level of
our comparison, no trend is discernible in the
several PSC climatologies that we have compared,
covering the years 1978—1997.

4.2. PSC classification

A general classification of the clouds can be
made using the observed scattering ratios and
depolarisations. PSCs are currently divided into
three categories: types Ia, Ib and II (Browell et al.,
1990; Toon et al., 1990; Stefanutti et al., 1991). To
summarize, type la PSCs are characterized by a
low scattering ratio and high depolarisation. They
are assumed to be formed by non-spherical par-
ticles, of 1-2 um radius (Toon et al, 1990b).
Clouds of type Ib have a moderate backscatter
ratio and low depolarisation. Toon et al. (1990b),
suggested that type Ib clouds comprise spherical
particles with a radius of around 0.5 um. Type II
clouds are characterised by a high backscattering
ratio and moderate depolarisation (Table 1).
Evidence that indicates the presence of other PSC
categories not included in the original Browell
classification, has been found recently (Tsias et al.,
1999; Stein et al., 1999).

In Fig. 7, we have plotted, for each cloud system
observed, the mean value of the aerosol depolaris-
ation against the peak scattering ratio. In the same
plot, standard deviations for the two variables are
also reported. Points without bars are related to
a single observation. Finally each point is colour-

Table 1. Classification of PSC based on their
scattering ratio and depolarisation (after Browell
et al. (1990))

Aerosol
Scattering depolarisation
PSC type ratio (%)
Ia 1.5 25-50
Ib 3-6 <25
11 >10 >9
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coded by the day number during which it has
been observed.

Different types of PSC are prominent in Fig. 7.
Type Ib clouds are represented by those points
with a very low depolarisation and a scattering
ratio of up to 5. The points with a very high
scattering ratio (up to 30) and a depolarisation
around 10% can be classified as type II PSCs.
The highly variable scattering ratios but relatively
low variability of depolarisation for type II PSCs
suggests that the phase and shape of type II
particles is relatively constant. The variation in
the scattering ratio in our data is then primarily
due to changes in the number or the size of
scattering particles. Clouds with a very low scat-
tering ratio (less than 2) but a high depolarisation
(up to 50%) are also present (i.e., type Ia).

Along with the various PSC types, Fig. 7 shows
other data that do not obviously belong to any of
the three types. Rosen et al. (1993) suggested that
the three-type classification is a generalisation,
and that types Ia and Ib are only two easily
identifiable extremes of what is, in reality, a con-
tinuum or combination of the two. Our results
show that, whilst not all of the backscatter-
depolarisation space is occupied by the observa-
tions, there is a substantial range of the optical
properties of PSCs. This range may be due to
mixing of particles belonging to the canonical
types, or due to particles which have physical
properties not considered in the canonical types.

Assuming for the moment that the first of these
hypotheses is correct, we use the multi-component
optical model developed by Kent et al. (1990).
Subtracting from the signal the molecular contri-
bution by using Stefanutti et al. (1991), we get,
for the case of highly depolarising and relatively
low depolarising particles present in the same
probed volume, the following expression for the
aerosol depolarisation:

R R,

A= . A, 4
R, +R, y+Rx+Ry ¥ @
with
R, = &, R, = ﬁhigh’
B P

where A, and fy;., are the depolarisation and the
backscattering coefficient due to high depolarising
particles, A, and f,,,, are related to low depolaris-



314

V. SANTACESARIA ET AL.

Aerosol depolarization (%)

DAY
NUMBER

270
258
245
233
220
208
~ 195

o 183
170

12 14 16 18 20

Scattering ratio

Fig. 7. Aerosol depolarisation (see eq. (2)) versus scattering ratio peak value, for each cloud system observed during
the 8 years. The bars represent the variability of the two parameters within each cloud system. The points are
segregated into different periods of the PSC season from day 175 to day 265, with a step of 12 days. The segregation
is represented by the colour code; red colours indicate observations performed at the beginning of the PSC season,
and blue colours those at the end. The inset shows an expanded plot of the region near the origin.

ing particles, and f3,, is the backscatter coefficient
of the molecular atmosphere.

Total depolarisation ranges between two
extremes. One with R, > R,, where depolarisation
is equal to A, (i.e., high depolarising particles).
The other with R, > R,, which produces a depo-
larisation exactly equal to A, (i.e., zero in the
liquid case). The other cases produce depolaris-
ation ranging between A, (ie., zero) and A, with
scattering ratio equal to 1+ R,+R,. We can
identify such mixed-cloud cases as those points in
Fig. 7 with scattering ratio less than 10 and with
depolarisation between 2.5% and 10%, as being
a mixture of type Ib liquid particles and type 11
water ice particles.

Yet other points in Fig. 7 have a high value of
the depolarisation (greater than 20%), typical of
type Ia, and moderate scattering ratio (from 3 to
6), typical of type Ib. These points cannot be
explained as a mixture of different types. One

possibility is to assume a type of PSC not included
in the canonical classification. This new type
would be characterised by high depolarisation and
moderate scattering ratios. Another possibility
is to extend the Ia class to include moderate
scattering ratios. Similar observations have been
made also during the APE-POLECAT campaign
(Stefanutti et al, 1999) by the airborne lidar
OLEX which was installed on board of the DLR
Falcon. By using a microphysical and optical
model Tsias et al. (1999) suggest that such clouds
comprise NAT particles rather closer to thermo-
dynamic equilibrium than the particles that
usually form type Ia clouds.

The seasonal variation in observations of the
various cloud types is also reported in Fig. 7. Each
value is colour-coded according to day number,
from day 175 to day 265, in 12-day intervals.
Before day number 205 (reddish points), the tem-
peratures over the Antarctic region are below T,
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but in this period most of the clouds are either of
type I (both a and b), or clouds that can be
ascribed to the mixing of types Ia and Ib. When
the temperatures are colder in the middle of the
winter, from day numbers 205-225 (the first half
of August) (greenish points), PSCs of type II are
observed. Temperatures during that period are
expected to be up to 6° below T,. In the second
part of the winter season, this type of PSC is no
longer observed, probably because of a drier atmo-
sphere. Type II PSCs are formed very close to the
tropopause (Fig.5). This low altitude, together
with the occurrence of large ice crystals in type 11
clouds (Goodman et al, 1989), is expected to
produce a strong dehydration and denitrification
of the lower stratosphere (Wofsy et al., 1990; Toon
et al, 1990). For the other part of the season
(blueish points), type I clouds are again the pre-
dominant cloud system, including the new class
of cloud with moderate scattering ratio. It is worth
noting that mixed phase clouds are not observed
in this period.

One possible explanation of the seasonal vari-
ation of type II PSC occurrences is that, even
though T; is well below the average temperature
over the Antarctic region, temperature waves may
regulate the creation of the PSCs over this region
(De Rudder et al., 1996). According to the simula-
tion of De Rudder et al. (1996), type II PSCs exist
only for very short periods with a distribution
that is quite complex compared to the type I
PSCs. Their simulation produced type II PSCs
from July until September, at a latitude of 75°.

Our observation that the first PSCs present are
of type Ia or Ib, even though the temperature
could allow the presence of type II, compares well
with the analysis of De Rudder et al. (1996). It
does not support the hypothesis of NAT nuclea-
tion via ice (Koop et al, 1995), at least in the
Antarctic region. It appears from the DDU data
that type Ia clouds, usually assumed to be com-
posed of NAT, are formed before type II clouds,
usually assumed to be composed of water ice, over
the Antarctic region. This supports the hypothesis
that solid PSC formation is due to the freezing of
ternary solution droplets (Molina et al., 1993; Iraci
et al, 1994). It is possible, of course, that ice
clouds have been formed upwind of DDU, nucleat-
ing the NAT particles that are observed early in
the season. Such a hypothesis could be studied
using backward trajectories, but would be limited
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by the quality of the meteorological analysis in
the Antarctic region.

4.3. Temperature-resolved analysis

In this section, we discuss the relationship
between the physical characteristics of the clouds
and the temperature at which they are observed.
The static position of a ground-based instrument
means that no information on air parcel thermal
histories is directly observable. The threshold tem-
perature for PSC existence depends on the atmo-
spheric pressure at which the particle is located,
so, in order to place all the data relative to a
single origin, we refer all data to the local ice and
NAT existence temperatures (T,,, or T;). T — T,
is therefore the difference between the ambient
temperature and the temperature of NAT crys-
tallisation (Hanson et al., 1988), and T — T, is the
difference between the ambient temperature and
the ice frost point (Pruppacher and Klett, 1985),
at the level at which the PSC is detected. T,,, is
calculated using an assumed profile of HNO;
(Gille et al., 1984) and T; by assuming a value of
water vapour in stratosphere equal to 5 ppm.

Due to bursting of the radiosonde balloons, not
all sondes reached mid-cloud altitudes. As a con-
sequence of this, the number of points showed in
the following plot is roughly 30% less than in
previous sections. In Figs. 8a,b, we report the
histogram of cloud frequency observation versus
(T—T,,) and (T—T;) for the mid-cloud level.
Most of the observations show a mid-cloud tem-
perature below T,,,. Only 4% of the observations
have a mid-cloud temperatures above T,,,. These
few cases can be explained if the real HNO; or
H,O concentrations were different from those
assumed in the computation of T,,,. A decrease in
the observation frequency with temperature is
observed.

In Figs. 9a, b, the variation of the mean peak
scattering ratio for each cloud is shown, versus
(T — T,,) and (T — T;) respectively. In Fig. 9a, two
lines indicate the error in the location of the zero
point in (T — T,,.), assuming an error of +50%
in the HNO; and H,O profiles. At high temper-
ature we observe low values of the scattering ratio
around 2. Those values are almost constant as the
temperature decreases. Around 5-7 K below T,,,,
higher values of the scattering ratio are obtained.
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Fig. 8. Percentage of PSC observations as a function of

Looking at the same plot, but relative to (T — T)),
a strong increase in the scattering ratio is observed
for temperatures below T;, suggesting the creation
of large ice crystals.

In Figs. 10a, b, the depolarisation data are plot-
ted against (T — T,,,) and (T — T;). For temper-
atures close to T,,,,, we observe high depolarisation
(higher than 10%), furthermore non-depolarising
clouds are also present. The two families of obser-
vations are distinct, and mixtures are not apparent.
For temperatures between T,,, and (T, —5),
highly depolarising particles still exist, but with
lower values. Non-depolarising particles are also
present in this temperature range, but in this case
the two groups cannot be well distinguished.
Mixed clouds may therefore exist in this temper-
ature range. Only at temperatures below T, is the
depolarisation expected for type II clouds
observed. Liquid particles are also observed below
T,. Only at temperatures 2° below T, do they
disappear. The presence of solid particles above
the nominal NAT existence point has been also
observed by Adriani et al. (1995) and Gobbi et al.

the T— T,,, (panel a) and T — T; (panel b).

(1993), who found depolarisation enhancement
well above the temperature of NAT over
McMurdo station in Antarctica. One explanation
is that large NAT particles, with radii of a few
pm, although evaporating, could survive for days
in unsaturated air (Turco et al, 1989; Peter
et al., 1994).

In Fig 11, we present the mean backscattering
coefficient (proportional to the total aerosol
volume) versus (T — T;) for non-depolarising par-
ticles (i.e., depolarisation <1%). An increased
backscatter coefficient is observed with decreasing
temperature from about 5 K below the NAT point,
ie., about 2 K above the ice frost point. These
observations agree with Dye et al. (1992, 1997)
who also observed an increase in the total particle
volume for temperature approximately 5 K below
T,..- Their observations were based on in situ
measurements over the Arctic (during the AASE 1
mission) and over the Antarctic (during the
ASHOE/MAESA mission). The increase in total
particle volume is explained (Tabazadeh et al.,
1994; Carslaw et al., 1994) by uptake of HNO;
and H,O as temperatures drop.
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T; (panel b), for each cloud system observed. The dotted

lines above and below the zero represent the variation of the zero position for 50% errors in the H,O and HNO;

profiles used for the T; and T,,, computations.

5. Conclusions

A PSC data set collected from 1989 to 1997, at
the Antarctic station of Dumont d’Urville, has
been presented in this paper. This data set shows
that the probability of observing PSCs is fairly
uniform during the first part of the winter season
(up to the end of August) but during September
there are few PSCs over our experimental site. We
expect that PSC-induced dehydration and denitri-
fication of the atmosphere account for this feature.
Statistics on the altitude of the top, the base, and
the middle of the clouds show a lowering of PSCs
during the winter season. This confirms other
long-term analyses for the Antarctic region. We
observe an apparent rate of descent of around
2.5 km/month. The reason of this lowering could
be ascribed either to a continuous redistribution
of nitric acid from higher to lower altitudes, or
due to the increase of the temperature at higher
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altitudes as observed by the radiosondes profiles
(Fig. 3). These mechanisms are not, of course,
mutually exclusive. The apparent decent rate
seems to be a compromise between the descent
rate of the temperatures, which from Fig. 3 can be
estimated around 5 km/month, and the diabatic
descent rate which, in the lower stratosphere, is
around 0.5 km/month (Rosenfield et al., 1994).

This lowering of the PSC altitude during the
winter also seems to affect the altitude where the
ozone depletion starts over DDU. Ozone deple-
tion is observed to start at high altitudes during
midwinter and only later at lower altitudes
(Santacesaria et al., 1999).

The different types of PSC reported in the
literature have also been observed in our study,
each identified by their optical properties. Cases
that are best explained as a mixture of the classical
PSC types have been observed. Mixtures of PSC
types have been also observed by a lidar system
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installed in McMurdo during the winter of 1995
(Gobbi et al., 1998).

At the beginning of the winter season only
type Ia or b are observed. Type II is observed

only during the first part of August when the
temperature observed by the radiosondes are
colder. Later only type I is observed. Type Ia is
present only for temperatures very close to T,,,.
A strong increase of the scattering ratio is
observed for temperatures 2 K above the ice
frost point, and below, indicating a rapid
increase in particle volume. Liquid particles are
observed at temperatures below T,,,, and in
some cases liquid particles are present at temper-
atures 2 K below T,.
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