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In December 1989 a Rayleigh/sodium lidar (589 nm) was installed at the Amundsen-Scott South
Pole station, and was used to measure stratospheric aerosol, temperature, and mesospheric sodium
profiles through October 1990. Observations of stratospheric a¢rosol and temperature are
presented in this paper. Polar stratospheric clouds (PSCs) were first observed in late May at about
20 km. As the lower stratosphere cooled further, PSCs were observed throughout the 12-27 km
altitude region, and remained there from mid-June until late August. Observations in early
September detected no PSCs above 21 km. An isolated cloud was observed in mid-October.
Throughout the winter the clouds had small backscatter ratios (< 10). Observations made at two
wavelengths in July show that the clouds are predominately composed of nitric acid trihydrate with
associated Angstrom coefficients between 0.2 and 3.7. Comparison of the lidar data and balloon
borne frost point measurements in late August indicate that the nitric acid mixing ratio was less
than 1.5 ppbv. Observations over periods of several hours show downward motions in the cloud
layers similar to the phase progressions of upwardly-propagating gravity waves. The vertical
phase velocities of these features (= 4 cm/s) are significantly faster than the expected settling
velocities of the cloud particles. Both the backscatter ratio profiles and the radiosonde horizontal
wind profiles show 1-4 km vertical structures. This suggests that the kilometer-scale vertical
structure of the PSCs is maintained by low frequency gravity waves propagating through the cloud

layers.

INTRODUCTION

Polar stratospheric clouds (PSCs) play a crucial role in
the ozone chemistry of the polar regions. Current chemical
models rely on the presence of these clouds to explain the
rapid destruction of ozone observed each spring in
Antarctica. The clouds condition the stratosphere during the
winter for the subsequent springtime ozone loss by
removing free nitrogen compounds from the lower strato-
sphere and providing sites for heterogeneous chemical reac-
tions. Stanford [1973] noted that an optically thin layer of
clouds over Antarctica had been reported by ground
observers in 1949-1951. However, the continental scale and
seasonal persistence of PSCs was not appreciated until they
were observed by satellite in 1979 [McCormick et al.,
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1982]. Much of the recent progress in understanding the
physical characteristics of PSCs has been associated with
the Airborne Antarctic Ozone Expedition (Journal of
Geophysical Research, volume 94, issues D9 and D14,
1989) and the Airborne Arctic Stratospheric Expedition
(Geophysical Research Letters, volume 17, issue 4, 1990).
PSCs have been classified into three general types [Turco et
al., 1989]. Type I are formed by the condensation of nitric
acid trihydrate (NAT) on the particles of the background
stratospheric sulfate layer. Type II PSCs are composed of
water ice particles that form at colder temperatures on the
pre-existing nitric acid particles. Type III PSCs are the
nacreous (“mother of pearl”) clouds formed by rapid
freezing of water during flow over topography. Type III
clouds are of limited geographical extent and duration and
do not form over the South Pole, as the closest mountains
lie 500 km away.

Observations of PSCs have been on-going at several
Antarctic sites. Lidar measurements at the South Pole
(90°S) [Fiocco et al., 1992, Fua et al., 1992], Dumont
d“Urville (67°S, 140°E) [Stefanutti et al., 1991] and at
Syowa (69°S, 40°E) [Iwasaka et al., 1986] also revealed the
presence of the clouds throughout the Antarctic winter.
Lidar measurements at McMurdo (78°S, 167°E) [Gobbi et
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al., 1991] have detected PSCs but a seasonal data set has not
been presented. Balloon borne measurements at McMurdo
[Hofmann and Deshler, 1991; Deshler et al., 1991] have
been used to identify the types of particles in PSCs during
the Antarctic spring. Balloon borne water vapor, frost
point, and backscatter measurements of PSCs were made
during the winter of 1990 at the South Pole [Rosen et al.,
1991].

In this paper we present lidar observations of PSCs and
temperatures at the South Pole throughout the Antarctic
winter and spring of 1990. These observations illustrate the
seasonal variation of the clouds from their formation in late
May until their dissipation in October. We compare the
seasonal development of the PSCs and temperatures in the
lower stratosphere. We analyze the vertical structure of the
PSCs using both multiwavelength lidar observations and
comparisons with balloon borne frost point measurements.
Finally, we examine the variations in the fine-scale vertical
structure of the PSCs over periods of several hours.

EXPERIMENTAL DESCRIPTION AND METHODOLOGY

The University of Illinois at Urbana Champaign (UIUC)
Rayleigh/sodium lidar was installed at the Amundsen-Scott
Station in December 1989. The lidar includes a tunable dye
laser, operating at 589 nm, and a 35 cm Cassegrain tele-
scope. The system is portable and was designed originally
to make airborne observations of the mesospheric sodium
layer [Kwon et al., 1990]. The UIUC lidar is an unpolarized
single channel system. South Pole observations were made
during both daytime and nighttime. A narrow band, double-
etalon subsystem in the receiver was used to reduce
background noise during daytime. The lidar was operated,
during clear sky conditions, from December 17, 1989, until
October 28, 1990. A total of 420 hours of lidar observations
was made over the 10-month period. The UIUC lidar is
capable of measuring aerosol, stratospheric temperature,
and mesospheric sodium profiles [Collins et al., 1992].
Figure 1 shows the total integrated photon count profile for
the July 24, 1990, observing period. The photomultiplier
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Fig. 1. Integrated photon count profile during the period 0243-
1034 UT for July 24, 1990, at the South Pole. The profile shows
enhanced scattering from polar stratospheric clouds between 15
and 30 km. Molecular scattering decays with altitude from 30 to
65 km. Resonant scattering from the mesospheric sodium layer is
evident from approximately 75 to 105 km.
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tube detector is gain switched to prevent saturation by the
strong, low-altitude returns. Mie scattering from PSCs is
evident up to about 25 km. The Rayleigh scatter from the
molecular atmosphere decays with atmospheric density
between 25 and 65 km. Resonant scatter from the sodium
layer is evident from approximately 75 to 105 km.

The lidar data presented in this paper were obtained
between April 21 and October 28, 1990. Table 1 presents
the observation periods and their duration. The quantities
derived from the combined Mie and Rayleigh components
of the lidar signal include backscatter ratio, backscatter
coefficient, and temperature. PSCs are identified as having
backscatter ratios greater than 1.1 in the presence of

TABLE 1. Log of University of Illinois Lidar Observations
at the South Pole in 1990
Date Duration, hours
April
21 14
28 10
29 17
May
2 12
9 10
18 8
19 6
23 3
24 7
29 8
30 10
June
16 4
25 14
26 5
July
1 3
20 4
24 8
25 5
26 8
August
6 11
7 9
8 17
10 8
17 * 5
* 15
19 15
11
25
September
4 15
6 2
7 10
October
7 5
18 6
19 6
27 3
28 4

* PSCs were observed but saturation of the receiver prevented
accurate calculation of the backscatter ratio profile below 20
km.
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temperatures less than 195 K. PSC observations total 177
hours. The lower altitude of the measurements is deter-
mined by the receiver gain switching which occurs between
10 and 15 km.

The backscatter ratio, R(z), is defined as

N(2)

R(2) = M) 1)

where N(2) is total (aerosol plus molecular) photon count
signal backscattered from altitude z and M(2) is expected
molecular photon count signal backscattered from altitude z.

The photon counting process is statistical in nature and
has a Poisson distribution [Gardner et al., 1989]. During
the polar night photon noise contributes rms errors of less
than 2% to the backscatter ratio values. During daytime
conditions in October the rms error is less than 5% at the
peak backscatter ratio. The backscatter ratio is calculated
by normalizing the lidar signal to the atmospheric molecular
density profile at an altitude of 30 km, which is above the
highest clouds. Balloon borne radiosondes are launched
daily at the South Pole. Where the radiosondes do not reach
30 km the density profile is approximated by an exponential
fit from the top of the balloon flight to 30 km. For condi-
tions in the Antarctic lower stratosphere this approximation
results in errors in the backscatter ratio of less than 5%.
Due to the small magnitude of the backscatter ratios (<10)
the lidar data are not compensated for extinction.

The wavelength dependence of the backscatter ratio may
be described by

RAM)-1 (M 4-x >
R(2)-1" (Az) @
where R(A1) is backscatter ratio measured at wavelength A1
at altitude z, R(Ap) is backscatter ratio measured at wave-
length A; at altitude z, and x is Angstrom coefficient, char-
acteristic of the aerosol.

Larger backscatter ratios are measured at longer wave-
lengths. For example, a backscatter ratio of 5 at 532 nm
(frequency doubled Nd:YAG laser wavelength) is com-
parable to a ratio between 6.7 (x = 0.4) and 5.4 (x = 3) at
589 nm (dye laser wavelength), 7.3 (x = 0.4) and 5.5 (x = 3)
at 603 nm (dye laser wavelength), and 43.2 (x = 0.4) and 9.0
(x = 3) at 1064 nm (fundamental Nd:YAG laser wave-
length). The value of the Angstrom coefficient is indicative
of the PSC particle type. Thus, the type of PSC can be
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and 1064 nm. Type I PSCs have been further subdivided
into two classes (Ia and Ib) based on their depolarization
characteristics, Angstrom coefficients, and backscatter
ratios [Browell et al,, 1990]. These characteristics are listed
in Table 2. In this paper we compare measurements, made
with two different lidar systems: the UIUC lidar operating at
589 nm, and the University of Rome (UR) lidar operating at
532 nm [Fiocco et al., 1992]. Since the same meteoro-
logical data are used to calculate the backscatter ratios at
both wavelengths, errors in the meteorological data will
have a small contribution to the error in the Angstrom
coefficient. Relative errors in the backscatter ratios will
contribute to the error in the Angstrom coefficient scaled by
a factor |In(A1/A2)"1 (= 9.8, for A = 532 nm, A3 = 589 nm).
The aerosol backscatter coefficient, B(2), is defined as

B(2) = [R(2) - 11 fa(2) ®)

where f,(2), the backscatter coefficient of the molecular
atmosphere, is calculated from radiosonde data. The inte-
grated backscatter coefficient, /(z1,zp), gives a measure of
the aerosol loading in the atmosphere over the altitude range
z1 to z2, and is defined as

z2

I(z1,22) =zf1 B(2) dz @

The integrated backscatter coefficients presented in this
paper are calculated over the 15 to 30 km altitude range.

Above the PSCs (R(z) = 1) the lidar signal is proportional
to the density of the molecular atmosphere [Gardner et al.,
1989]. For conditions of low background light levels during
the Antarctic night, the atmospheric density and photon
count signals may be related by

p1) _NG@1) 72
P22) " N(z) z°

where p(z1) and p(z2) (kg/m3) are the atmospheric densities
at altitudes z; and z3 respectively, and N(z1) and N(z2) are
the corresponding photon count signals.

Thus, the atmospheric relative density profile may be
derived directly from the lidar signal. The hydrostatic
equation may be combined with the ideal gas law and
integrated to yield a temperature profile T(2),

®)

inferred from backscatter observations at two wavelengths. 1
The optical properties of Arctic PSCs have been char- T(2) = HZI)P( 1) g0 pr) ) )
acterized from multiwavelength lidar observations at 603 [0, ¢4 ) pz )
Z
TABLE 2. Characteristics of Arctic PSCs
Cloud Composition Radius Backscatter Depolarization Angstrom
Type Hm Ratio (603 nm) % Coefficient
Ia NAT 1 1.2-1.5 30-50 0.4
Ib NAT 0.5 3-8 0.5-2.5 2-3
I Water Ice >10 > 10 > 10 0.8

Browell et al. [1990], Toon et al., [1990].
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where g is gravitational acceleration (~ 9.81 m/s2), M is
mean molecular mass of dry air (~ 0.029 kg/mol), and R is
universal gas constant (8.31 J/mol K).

Because the atmospheric density appears as a ratio of
densities in (6) the relative density profile measured by the
lidar can be used to determine 7((z). The density profile is
integrated downwards using an assumed value of T(z}), the
upper level temperature. In this paper we use initial tem-
perature estimates from a climatological satellite data
reference model [Barnett and Corney, 1985] at an altitude
between 50 and 55 km. The calculated temperature at the
lower altitudes is relatively insensitive to the assumed upper
level temperature value once equation (6) has been
integrated downwards by about one and one-half scale
heights. The relative statistical error in the temperature T(z)
is related to the photon count value at that altitude [Gardner
et al., 1989]. Mean relative density profiles are obtained
over several hours and spatially processed using the
techniques described by Gardner et al. [1989] before
calculating the temperature profile. This results in maxi-
mum rms errors of approximately 1 K (~ 0.5%) at 27.5 km
and approximately 5 K (~ 2%) at 40 km. Thus, accurate
estimates of temperature at the top of the clouds may be
calculated using an initial temperature estimate several scale
heights above them. The composite temperature profiles
from 10-40 km on June 25 and September 4, 1990, at the
South Pole are plotted in Figure 2. The lidar measurements
represent the temperature profile averaged over periods
greater than 12 hours. The agreement between the lidar and
radiosonde measurements is very good.

OBSERVATIONS

This UIUC lidar data provides observations of the vertical
structure of PSCs throughout the winter and spring of 1990
at the South Pole. We are fortunate in having three sets of
comparative measurements at the South Pole in 1990 that
complement the UIUC lidar measurements. These are:
balloon borne radiosonde data of the South Pole Meteoro-
logical Office, lidar measurements at 532 nm with the UR
lidar system, and balloon borne frost point measurements of
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40 T - T T
-— 25) une lear - -

35 |—— 4 September Lxda: . J
E 30 | ‘J
8 25 | 3
£ ¢
< 20 i

A
15 F 25 June Radiosonde 7
—— 4 September Radiosonde
1 1 L 1 L L
01 80 190 200 210 220 230 240 250 260

Temperature (K)

Fig. 2. Temperature profile for June 25 and September 4, 1990.
The temperature up to 25 km is measured by balloon borne
radiosondes. The temperatures above 25 km are measured by the
UIUC lidar. The lidar temperature profiles are the average over 12
hours and exhibit rms errors of approximately 5 K at 40 km and 1
Kat 27.5 km.
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Rosen and co-workers. In this section we first present the
seasonal variation of the PSC and stratospheric temperatures
which combine both lidar and radiosonde measurements of
temperature. Then we characterize the clouds observed in
late July using multiwavelength techniques. Comparison of
the PSCs backscatter ratio profiles and the frost point data
gives further insight into the vertical structure of the PSCs
and allows us to estimate the springtime nitric acid mixing
ratio. Finally, we present observations over periods of
several hours and examine short-term variations in the fine-
scale structure of the clouds.

Seasonal Variation of PSCs and Stratospheric
Temperatures

Figure 3 shows the PSC activity and temperature trends in
the lower stratosphere during 1990. The temperature
contours in the 25-40 km altitude region from late April
through early September are derived from lidar data, while
the rest of the temperature data is from radiosondes. All the
observation periods from late April through October are
marked by the solid blocks along the horizontal axis. The
altitude regions with backscatter ratio greater than 1.1 have
been denoted by solid vertical bars. PSCs with peak back-
scatter ratios greater than 1.1 were detected during every
observing period between May 29 (day 149) and September
7 (day 250). Poor weather conditions prohibited more
extensive lidar observations and prevented radiosondes
from reaching the higher altitudes. In June (days 152-181)
only three radiosondes reached altitudes above 20 km.
Ozonesonde data obtained during the winter of 1990 at the
South Pole (S. Oltmans private communication, 1992)
indicated that the tropopause was located at an altitude
between 10 and 11 km.

During the winter of 1990 temperatures in the lower
stratosphere fell to 195 K on May 5 (day 125). On May 21
(day 141) the radiosonde recorded a temperature of 190 K at

South Pole ]990
40 T
Temperature (K)
35 F /
R 30k 210 /\'\f'_\_‘\ ]
E st ]
3
£ 2 :
<
15 .
10 5
590 120 150 180 210 240 270 300 330
Day Number

Fig. 3. Polar stratospheric cloud activity and temperature trends in
the stratosphere during the winter and spring of 1990. The
temperature contours in the 25-40 km region from April through
carly September are derived from lidar data, while the rest of the
data are from radiosondes. The observation periods are marked by
solid blocks on the horizontal axis. The altitude regions with
backscatter ratio greater than 1.1 have been denoted by solid
vertical bars,
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20 km. However, lidar observations in early May did not
detect any PSCs. Enhanced scattering was detected on May
23 and 24 (days 143-144) near 19 km, but the backscatter
ratios remained less than 1.1. On May 29 (day 149) a cloud
was observed with peak backscatter ratio of 1.3 at 21.9 km.
By mid-June the lower stratosphere cooled further and
clouds existed throughout the altitude region between 14
and 25 km. Observations on June 16 (day 167) showed
clouds extending from 14.2 to 24.6 km with a peak back-
scatter ratio of 5.2 at 22.8 km. The clouds were stratified in
a broad layer with superimposed 1-2 km structure.
Throughout June, July, and August, PSCs were observed in
the 12-27 km altitude region with peak backscatter ratios
between 2.2 and 6.5. Average backscatter ratio profiles for
observation periods between late May and mid-October are
plotted in Figure 4. Radiosondes reported temperatures
below 185 K at the 50, 30, and 20 mbar levels (~ 18 km,
20 km, and 23 km, respectively) in July, August, and early
September. A minimum temperature of 181 K was
recorded at the 50-mbar level on July 23 (day 204). We
observe the maximum backscatter ratio of 6.5 on July 24
(day 205) at 18.9 km. However, the observations are too
sparse to detail the development of the PSCs and temper-
ature field in late July. By September the stratosphere
began to warm from above as shown in both Figures 2 and
3. In early September the clouds were spatially broken: no
clouds were observed above 21 km, and backscatter ratios
were less than 1.3. An isolated PSC was observed on
October 18 (day 291) with a peak backscatter ratio of 1.4 at
16.7 km. Kilometer-scale structure was evident in all the
observations.

After June 16 (day 167) the backscatter ratio profiles
often had a bifurcated structure. A consistent feature of the
observatians after June 16 is the presence of narrow PSC
layers above 20 km. The observations are consistent with
the isolation of the Antarctic vortex: no air intrudes laterally
from lower latitudes, and downward velocities associated
with the meridional circulation are small (<1 km/month
(~0.04 cm/s)) [Hartmann et al., 1989]. Resupply of
condensable material from higher altitudes would result in
the formation of a broad layer of PSCs, as observed on June
16, throughout the winter. This bifurcated structure is
further discussed in relation to the multiwavelength lidar
and frost point measurements.

The seasonal variation of the integrated backscatter coef-
ficient (IBC) is shown in Figure 5. The mean value for each
observation period is plotted. Bars indicating the range of
values observed at 30-min intervals during the observations
in May-September are also plotted. PSCs are observed over
a 100- day period from late May until early September. The
IBC rlses from background levels with no PSCs evndent
(- 10‘ sr1) to near the maximum value observed (~ 10~3

1) between May 19 (day 139) and June 16 (day 167).
The IBC remains above background levels unt11 early
September, with a maximum value of 1.7 x 10~3 sr~1 on
July 24 (day 205). This maximum IBC value coincides with
the minimum wintertime temperature recorded by radio-
sonde on July 23 (day 204). The isolated cloud observed on
October 18 (day 291) is evident.

Multiwavelength Observations

On July 24 (day 205) lidar observations were made simul-
taneously at both 589 nm and 532 nm using the UIUC and
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UR [Fiocco et al., 1992] lidar systems. These measure-
ments do not allow unambiguous estimation of the Ang-
strom coefficient at all altitudes, as the lidar systems were
housed in separate buildings and small differences in the
vertical pointing of the lidars result in large errors in the
calculated Angstrom coefficients. Corresponding peaks in
the backscatter ratio profiles are identified, and equation (2)
is used to calculate the Angstrom coefficient at these alti-
tudes. The results are presented in Table 3 and plotted in
Figure 6. The UR lidar did not detect the highest altitude
cloud layers. Based on the Angstrom coefficient and back-
scatter ratio values the clouds appear to be Type I (NAT)
PSCs. The optical characteristics of the clouds are
consistent with those observed by Browell et al. [1990] in
the Arctic and suggest that the clouds above 20 km appear
similar to Type Ia PSCs, while those below appear similar
to Type Ib. However, the differences in conditions in both
hemispheres may result in different types of cloud particle
formation in the Arctic and Antarctic. The variation in the
physical characteristics of the PSCs observed on July 24
reflects different cooling rates in different altitude regions.
The temperature contours in Figure 3 show that the 15-20
km altitude region cools rapidly between late May and late
June (days 152-175) while the temperature variations at 25
km are more gradual.

Several balloon borne backscattersondes were launched at
the South Pole during 1990 [Rosen et al., 1991]. Unfortu-
nately, poor weather conditions prevented simultaneous
lidar and backscattersonde measurements.

Correlative Lidar and Frost Point Measurements

Balloon borne frost point measurements were made at the
South Pole in 1990 [Rosen et al., 1991]). The measurements
provide vertical profiles of water vapor partial pressure and
temperature on May 23 (day 143), June 12 (day 163),
August 31 (day 243), and October 20 (day 293). Using this
data and laboratory results for the nitric acid/water vapor
phase system [Hanson and Mauersberger, 1988], the type
of crystals that form under conditions of thermodynamic
equilibrium (NAT alone, or NAT and water ice) at each
altitude may be estimated.

Under conditions of thermodynamic equilibrium the
vapor pressure of nitric acid over the trihydrate equals the
partial pressure of nitric acid in the background atmosphere
at the edge of the cloud. The May 23 frost point measure-
ments suggest that Type I PSCs could form near 19 km if
the background mixing ratio of nitric acid is greater than
6 ppbv. Lidar observations on that day did detect a weak
scattering layer at 19 km with a peak backscatter ratio of
1.06. However, whether this scattering is due to sulfate
aerosol or NAT cannot be determined. The vapor pressure
of nitric acid over the trihydrate was calculated from the
August 31 (day 243) frost point measurements. The results
are plotted in Figure 7. On August 25 (day 237) PSCs were
observed above 13 km and terminated abruptly at 23.8 km
(Figure 7). The radiosonde launched on August 25 did not
reach the top of the clouds. From August 25 to 31 the
temperatures at the top of the clouds rise slowly (Figure 3).
Any change in the PSCs would be associated with some
sublimation at the higher altitudes. This suggests that on
August 31 the top edge of the PSCs would be at 23.8 km or
lower. Thus, the calculated nitric acid vapor pressure of
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Fig. 4. Average backscatter ratio profiles for UTUC lidar observation periods at the South Pole in 1990. The
magnitude and altitude of the maximum backscatter ratios are noted at the top of each profile.

approximately 1.8 x 10-8 torrs (= 1.5 ppbv) is an upper PSCs can form below 22 km but only Type I PSCs exist
bound on the background partial pressure of nitric acid. above that altitude. This formation of Type I PSCs exclu-

On June 12 (day 163) the frost point measurements sively at higher altitudes and Type I and II lower down may
suggest that both Type I (NAT) and Type II (water ice) explain the bifurcated structure in the backscatter ratios
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Fig. 5. The seasonal variation of the integrated backscatter
coefficient at the South Pole in 1990. The vertical bars indicate the
range of values measured during each observation period. Polar
stratospheric clouds are clearly observed over a 100-day period
from late May until early September. An isolated cloud is
observed in mid-October.
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Fig. 6. Backscatter ratio profile for 0505 UT July 24, 1990,
measured by the University of Illinois lidar (589 nm). The profile
has been low-pass filtered with a cutoff of 1 km~!. The Angstrom
coefficient was calculated at distinct peaks in the profile from
simultaneous observations with University of Rome (532 nm) lidar
system.

observed in Figure 4. The June 12 frost point measurements
show that stratosphere has not been dehydrated and Type II
particles could grow to large sizes (>10 pm) as the
temperature falls below the ice point [Toon et al., 1990].
These particles will settle faster than the smaller Type 1
particles. Thus the region below 22 km may be depleted of
condensable material while Type I clouds remain at the
higher altitudes. Thus the broad layer of clouds throughout
the 14-25 km altitude region as observed on June 16 (day
167) may be predominately Type I PSC at the higher alti-
tudes and Type II PSC at the lower ones. The lower altitude
cloud particles would settle faster than the higher altitude
ones creating the bifurcated structure observed on June 25
(day 176).

Small-Scale Vertical Structure of PSCs

Several long-duration PSC observations were made
during the winter. On June 25, PSCs were observed over a

1007

TABLE 3. Characteristics of PSCs at the South Pole
on July 24, 1990
Altitude Backscatter Ratio Angstrom
km 532* nm 589 nm Coefficient
15.9 3.07 (£0.01) 330 (£0.03) 3.0 (£0.1)
17.4 336 (£0.02) 393 (£003) 19 (x0.1)
18.7 7.08 (£0.03) 727 (£0.03) 3.7 (£0.1)
23.0 1.89 (£0.03) 231 (£0.03) 0.2 (£0.3)
* G. Fiocco (private communication, 1992).
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Fig. 7. Mean backscatter ratio profile for August 25 observing
period (left) and equilibrium vapor pressure of nitric acid over
nitric acid trihydrate from frost point measurements on August 31
(right). The top edge of the clouds corresponds to a vapor pressure
of ~ 1.5 ppbv at 23.8 km.

14-hour period. The sequence of backscatter ratio profiles
is shown in Figure 8. The profiles show PSCs stratified in
two broad layers with little temporal variation in these broad
features over the observation period. A radiosonde recorded
wind speeds of about 4.5 m/s in the lower stratosphere
during this period, suggesting that, if the clouds are hori-
zontally uniform, these PSCs extend over 200 km. The
relative constancy of the backscatter ratio profiles indicates
the relatively stable conditions inside the vortex in mid-
winter.

In Figure 8 there are several downward moving features.
These motions are suggestive of the downward phase pro-
gressions associated with upward-propagating gravity
waves in the middle atmosphere. The use of tracers with
sharp altitude gradients to track gravity wave motions has
been successfully employed in the mesosphere [Gardner
and Voelz, 1987]. Recent studies of middle atmosphere
gravity waves indicate that the dominant waves have
periods close to the local inertial period, 12 hours at 90°S,
and vertical wavelengths close to the characteristic wave-
length, which varies with altitude and is between 1 and
3 km in the lower stratosphere [Gardner et al., this issue].
Accordingly, the dominant gravity waves in the altitude
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Fig. 8. Polar stratospheric cloud backscatter ratio profiles plotted at 30-min intervals for June 25, 1990, at the South
Pole. The profiles are plotted on a linear scale and progressively offset by 0.5. Downward moving fine-scale
structure features are believed to be associated with gravity waves propagating upwards through the lower

stratosphere.

range of the PSCs are expected to have vertical wavelengths
between 1 km and 3 km, periods close to 12 hours, and
downward vertical phase velocities between 2 and 6 cm/s.
In fact on June 25 a strong 12-hour wave was observed in
the upper mesosphere at the South Pole [Collins et al.,
1992]. The backscatter ratio profiles throughout the winter
show a variety of features at scales near the gravity wave
dominant vertical wavelength. The dominant scales of the
average backscatter ratio profiles are presented in Table 4.
These data were obtained by identifying peaks in the ver-
tical wavenumber spectra of the backscatter ratio profiles.
The larger scales are associated with the gross distribution
of the clouds in altitude. The June 25 average backscatter
ratio profile has fine-scale features at 1.6 and 1.3 km, such
as those identified close to 23 km at 0900 UT (Figure 8).
These features move down by 1.8 km in 13.5 hours,
suggesting a phase velocity of approximately 4 cm/s.
Assuming maximum PSC particle sizes of about 10 pm, this
velocity is 4 times faster than the expected settling velocity
[Toon et al., 1989]. The backscatter ratio and the deviations
from the mean radiosonde wind profiles for the June 25 are
shown in Figure 9. The wind velocities increase with alti-
tude as expected for upward-propagating gravity waves.
The wind magnitude varies from about 3 m/s near 15-km
altitude to about 7 m/s at 25-km altitude. A harmonic fit to
the wind profiles yielded a vertical wavelength of 3.5 km.
The saturation limit N/m (N is the Brunt-Vaisala frequency,
m is the vertical wavenumber) for a 3.5 km wave is approx-
imately 12 m/s. The gravity wave dispersion relationships
are used to calculate a period of 8.9 hours for this wave.
Correcting the original fit for the finite ascent time (~ 1
hour) of the radiosonde yields a corrected vertical wave-
length of 3.4 km. The 1.6-km features in the lidar back-
scatter ratio profiles may be associated with this 3.4-km
wave.

COMPARISON WITH OTHER ANTARCTIC PSC
OBSERVATIONS

These South Pole observations show the same general
characteristics as other lidar observations of PSCs in
Antarctica. The clouds are present throughout the winter,

TABLE 4. Dominant Vertical Scales Observed in PSC
Backscatter Ratio Profiles at the
South Pole in 1990

Date Vertical Scales, km
May
30 2.2 1.2
June
16 3.6 2.1 1.3
25 5.9 1.6 1.3
26 59 2.1 1.2
July
1 2.6 1.8 1.3
20 3.9 2.2 1.3
24 4.3 3.3 2.0 1.1
25 2.8 1.5
26 7.4 0.8
August
6 5.9 2.9 1.9 1.1
7 6.5 1.4 1.1
8 2.2
10 53 1.9 1.0
19 4.9 1.9 1.4
25 2.5 1.2

they exhibit fine-scale vertical structure, and they disappear
fromthe higher altitudes downwards in the spring.

Fiocco and co-workers have recently reported a seasonal
data set of PSC observations at the South Pole in 1988
[Fiocco et al., 1992; Fua et al., 1992). The authors present
backscatter ratio profiles which have similar magnitude and
structure to those measured by the UIUC lidar system in
1990. Unfortunately, the observations do not extend above
20 km.
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Fig. 9. Average backscatter ratio profile and radiosonde winds on
June 25, 1990, at the South Pole. The backscatter ratio profile, for
2215-2245 UT, is the last profile in the sequence plotted in Figure
8. The radiosonde was launched at 2326 UT. A 7-km running
average has been removed from the wind profiles.

The 1990 South Pole observations are similar to obser-
vations at Dumont d‘Urville in both 1989 [Stefanutti et al.,
1991] and 1990 (L. Stefanutti, private communication,
1992). The authors present temperature data below 18 km
and show that temperatures at 18 km fall to between 198 K
and 193 K during July and August of 1989. The lidars at
both sites measured similar vertical structure and magnitude
of backscatter ratio. PSCs were first observed at Dumont
d‘Urville in early June 1990, several days after the first
observations at the South Pole. The measurements taken at
similar wavelengths (South Pole 589 nm, Dumont d‘Urville
532 nm) show the same bifurcated structure and suggest that
while Type II PSCs are sometimes observed, the predomi-
nant PSCs are of Type I. Observations of Type I clouds
show that clouds with the polarization characteristics of
Type Ia PSCs predominate at the higher altitudes, while the
clouds at the lower altitudes have characteristics of Type Ib
PSCs. Downward propagating features are also observed at
Dumont d‘Urville with velocities similar to those at the
South Pole, indicating strong wave activity in the lower
stratosphere at both sites.

Iwasaka [1986] presents several backscatter ratio profiles
from mid-winter at Syowa in 1983. The profiles have large
depolarization ratios (>30%) and peak backscatter ratios of
about 10 at 694 nm in June and July. The magnitude of the
depolarization ratios and backscatter ratios suggest that
these PSCs are of Type 1. Iwasaka et al. [1986] present the
seasonal variation of the IBC at Syowa for 1983 and 1985.
Temperatures between than 188 K and 183 K were observed
near 18 km during the winter. The value of IBC at Syowa
in the winter of 1985 is similar to that observed at the South
Pole (~ 1 x 1073 sr —1) while the 1983 Syowa values are
significantly higher reflecting the contribution of the El
Chichon volcanic eruption to the stratospheric aerosol
loading in 1982. SAM II observations show an increase in
the background aerosol content of the Antarctic stratosphere
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after the eruption of El Chichon [McCormick and Trepte,
1986].

Comparative lidar and balloon borne particle-counter
measurements of PSCs were made at McMurdo during the
spring of 1990 [Gobbi et al., 1991; Deshler et al., 1991].
The lidar operated at 532 nm. During September back-
scatter ratio never exceeded 1.7. Comparison of the lidar
and balloon borne particle-counter measurements indicates
that the predominant cloud particles are composed of NAT.
Correlation of the lidar observations of PSCs with balloon
borne temperature and water vapor measurements indicate
that the mixing ratio of nitric acid was about 1 ppbv at
McMurdo in the spring of 1990 [Gobbi et al., 1991]. The
authors note that this is much less than the expected mixing
ratio observed outside the polar vortex, and conclude that
the low levels are a consequence of denitrification of the
lower stratosphere by PSCs during the winter. This value
agrees with our estimate of the nitric acid mixing ratio at the
South Pole. Measurements of isolated cloud layers
observed in September 1990 at McMurdo suggest that the
cloud particles have an amorphous NAT composition
[Deshler et al., 1991]. The isolated event observed on
October 18 at the South Pole may be such a cloud.

CONCLUSIONS

PSCs were observed over the South Pole throughout the
winter and spring of 1990 over a period of 100 days. The
seasonal development of the clouds is controlled primarily
by the behavior of the stratospheric temperature field.
Clouds first form near 22 km in late May and extend from
14 to 25 km by mid-June as temperatures cool further.
Clouds persist in this altitude region during July and August
as temperatures remain below 190 K. PSCs are not
observed at the higher altitudes in the spring as the strato-
sphere warms from the top downwards. The clouds
observed in late July are predominantly Type I with par-
ticles of different physical characteristics in different
altitude regions.

The mixing ratios of nitric acid and water vapor in the
stratosphere also determine the location of the PSCs and
their structure. Correlation of these lidar measurements
with frost point measurements shows that nitric acid mixing
ratios are about 1.5 ppbv by late August. These measure-
ments suggest that denitrification of the stratosphere occurs
during the winter.

Observations of PSCs over periods of several hours show
downward moving features in the cloud layers. These
features have vertical scales of about 1 to 3 km and descend
at speeds of about 4 cm/s. These speeds are faster than the
settling velocities of PSC particles. These downward
velocities are consistent with upward-propagating low
frequency gravity waves moving through the clouds, and
suggest that gravity wave activity in the lower stratosphere
maintains the fine-scale structure of the clouds.
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