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Polar stratospheric clouds and volcanic aerosol during spring 1992 
over McMurdo Station, Antarctica: Lidar and 
particle counter comparisons 

A. Adriani, 1 T. Deshler, 2 G. Di Donfrancesco, 3 and G. P. Gobbi 1 

Abstract. Coordinated observations with lidar and balloon-borne particle counters were used to 
characterize polar stratospheric clouds and to estimate a particle index of refraction. The index of 
refraction was estimated from comparisons of calculated and measured scattering ratios at a 
wavelength of 532 nm. The clouds, measured from McMurdo Station, Antarctica (78øS), were 
observed above 11 km at temperatures below 198 K and were divided into three classes based on 
their scattering properties and particle size. Clouds with a low scattering ratio, high depolarization, 
and significant fraction of particles with radii of >2.0 [tm had a mean index of refraction of 1.42 + 
0.04 and a mode of 1.43. Clouds with a moderate scattering ratio, low depolarization, and fewer 
particles of >2.0 [tm, had a mean index of refraction of 1.39 + 0.03 and a mode of 1.37. Ice clouds, 
apparent from measuremeres of high scattering ratio, high depolarization, and high concernrations 
of particles of>l.0 [tm, had a mean index of refraction of 1.32 + 0.02 and a mode of 1.31. 
Measurements in volcanic aerosol indicated a mean index of 1.43 +_ 0.04. 

Introduction 

Observations of polar stratospheric clouds (PSCs) have been 
documented for many years [Stormer, 1929; 3/[cCot7nick et al., 
1982]; however, studies of PSCs have intensified only with the 
renewed interest in the polar stratosphere following the first evi- 
dence of significant ozone depletion there [Farman et al., 1985]. 
PSC particles are the sites for heterogeneous chemical reactions 
which free reactive chlorine from its reservoir species and facili- 
tate the removal of reactive nitrogen from the polar stratosphere 
[e.g., Solomon, 1990]. Crutzen and Arnold [1986] and Toon et 
al. [1986] first suggested that nitric acid and water (NAW) were 
the main constituents of PSC particles which formed at tempera- 
tures above the frost point. Laboratory measurements then iden- 
tified nitric acid trihydrate (NAT) as the most probable compo- 
sition of non-ice PSC particles [Hanson and 3/[auersberger, 

1988]. In the Antarctic, field measurements indicated that NOy is 
incorporated into PSC particles and that cloud boundaries coin- 
cide with saturation with respect to NAT greater than 1.0 [Fahey 
et al., 1989; Pueschel et al., 1989]. In the Arctic the correspon- 
dence between PSC cloud boundaries and saturation with respect 
to NAT is not so clear. Measurements there often indicate an 

absence of PSCs in air that is supersaturated with respect to 
NAT, and significant PSC groxvth only at quite high supersatu- 
rations with respect to NAT [Rosen et al., 1989; Hofmann et al., 
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1990; Schlager et al., 1990; Dye et al., 1992; Kawa et al., 1992]. 
These observations of discrepancies between PSC occurrence and 
the phase boundaries for NAT have led to speculation that PSC 
particles may be composed of hydrates of HNO 3 other than NAT 
[Arnold, 1992], to additional work investigating the growth of 
sulfuric acid aerosol due to the uptake of HNO 3 and H20 
[Worsnop et al., 1993; Zhang et al., 1993; Molina et al., 1993], 
and to new models of PSC particle growth involving condensa- 
tion of HNO 3 into liquid solution droplets [Tabazadeh et al., 
1994; Drdla et al., 1994; Carslaw et al., 1994]. 

Tolbert [1994] has reviewed three current theories for the 
formation and growth of PSC particles. The most traditional one 
involves freezing the stratospheric sulfuric acid aerosol (SSA) 
and then the nucleation and growth of NAT. The difficulty with 
this theory is its inability to reproduce the growth of PSC parti- 
cles observed in field measurements [Dye et al., 1992] and labo- 
ratory work indicating that SSA may supercool significantly 
[Beyer et al., 1994; Anthony et al., 1995]. The second avenue 
involves the growth of ternary solution drops due to the uptake of 
H20/HNO 3 as temperature cools. When the weight percent of 
HNO 3 increases above 10%, the droplets crystallize to NAT and 
further growth proceeds by condensation of H20/ItNO 3 on the 
crystalline hydrate [Molina et al., 1993]. The third suggestion 
does not require the droplets to freeze until the ice point is 
reached. Instead the droplets may continue to grow as a ternary 
solution condensing water and nitric acid until the HNO 3 reser- 
voir is virtually depleted [Tabazadeh et al., 1994; Carslaw et al., 
1994]. The first two of these theories imply that non-ice PSCs 
may be predominantly composed of NAT particles, while the 
third implies a ternary solution droplet. 

In the stratosphere all of these growth paths may occur and 
the dominant particle type is probably controlled by the tempera- 
ture history, both recent and long-term, of the air parcel. It has 
been suggested that fast cooling ( >5 K day -1) leads to the for- 
mation of many small particles which may have an amorphous 
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structure, whereas slow cooling leads to fewer, but larger, parti- 
cles with perhaps a crystalline structure [Toon et al., 1989; 
Hofmann and Deshler, 1989; Poole et al., 1990; Schlager et al., 
1990]. The long-term history of the air parcel may be important 
in determining the phase of the particles on which PSCs initially 
nucleate and grow [Larsen et al., 1995; Tabazadeh et al., 1995]. 
In the Antarctic, where the vortex is more stable and tempera- 
tures are colder, much of the vortex stratosphere probably re- 
mains below the melting temperature (210 K) of SSA 
[Middlebrook et al., 1993] for most of the winter and early 
spring. Thus SSA in the vortex which had been frozen would 
remain so. The temperature at which SSA droplets freeze, how- 
ever, is not well known. densen et al. [1991] suggest that the 
phase change occurs when the SSA reaches the ice point, but 
other calculations [Luo et al., 1994] and laboratory work [Gable 
et al., 1950; Middlebrook et al., 1993; Anthony et al., 1995] in- 
dicate that SSA may significantly supercool. In the Arctic strato- 
sphere, where temperatures are warmer and the vortex less sta- 
ble, there is a higher probability that air masses leading to PSC 
formation had experienced recent temperatures above the melting 
temperatures of SSA [Larsen et al., 1995; Tabazadeh et al., 
1995], thus contributing to the possibility that Arctic PSCs have 
more variety than their southern counterparts. 

The initial lidar measurements of PSCs separated the obser- 
vations into two classes, one with high scattering ratio (SR) and 
high depolarization and the second with moderate SR and low 
depolarization [Poole and McCormick, 1988; Kent et al., 1990]. 
On the basis of the temperatures at which clouds with these 
characteristics were observed the first category is associated with 
ice PSCs, and the second with non-ice PSCs. The non-ice PSCs 

were observed at temperatures within 5 K of the frost point, and 
these particles have been assumed to be NAT. Lidar measure- 
ments in 1989 indicated that the non-ice PSCs could be further 

divided into two subclasses [Browell et al., 1990]. The more 
common observations were in clouds with moderate SR and low 

depolarization typical of previous observations in non-ice PSCs. 
The second category of non-ice PSCs was in clouds which gave a 
low SR but high depolarization. Additional lidar measurements 
since these initial ones further support the notion that non-ice 
PSCs can be divided into two categories along these lines [Rosen 
et al., 1993; Schafer et al., 1994; Godin et al., 1994]. From an 
analysis of Browell et al.'s [1990] measurements and back trajec- 
tory calculations, Toon et al. [1990] concluded that PSCs with 
moderate SR and low depolarization were composed of spherical 
particles with radii near 0.5 [tm and had experienced cooling 
rates in excess of 5 K day 'l, while the PSCs exhibiting low SR 
and high depolarization contained nonspherical particles with 
volume equivalent radii of 1.0 [tm and had experienced cooling 
rates considerably less than 5 K day '•. 

Laboratory measurements of the condensation of HNO 3 and 
H20 on thin films have indicated that NAT is the most likely 
crystalline form [Hanson and Mauersberger, 1988; Middlebrook 
et al., 1993; Iraci et al., 1994], while Worsnop et al, [1993] in- 
dicated that the metastable dihydrate may form as a precursor to 
NAT. Other laboratory work, using vapor ratios of HNO3/H20 
more representative of stratospheric conditions, suggests that 
PSCs may have HNO3/H20 compositions closer to a penta- or 

higher hydrate of HNO 3 [Marti and Mauersberger, 1993]. Zhang 
et al. [1993] and Molina et al. [1993], investigating the behavior 
of cooled solutions of H2SO4•O3/H20 show that the ternary 
solution may exist down to temperatures approaching the ice 
point. 

Relating laboratory work to field measurements is possible if 
the optical character of these various forms of NAW are differ- 
ent. Deshler et al. [1991 ] and Adriani et al. [1992] compared li- 
dar and in situ measurements in PSCs to infer the PSC index of 

refraction (m) which was compared with theoretical values. Re- 
cent laboratory measurements of m for various compositions of 
PSC-like films provide a firmer basis for this technique. Koehler 
et al. [1992], Berland et al. [1994], and Middlebrook et al. 
[1994] have made such measurements on thin amorphous and 
crystalline HNO3/H20 films. Koehler et al. [1992] found two 
forms of NAT, although only one appears stable at stratospheric 
temperatures. Both Berland et al. [1994] and Middlebrook et al. 

[1994] measured m for these various HNO3/H20 films at a 
wavelength of 632 nm. They found for amorphous HNO3/H20 
that m increases from 1.35 to an asymptotic value of 1.47 as the 
mole fraction of HNO 3 increases from 0.1 to 0.5. For the hy- 
drates of HNO 3 the pattern was similar with m increasing from 
1.46 to >1.5 as the mole fraction of HNO 3 increased from the 
trihydrate to monohydrate. 

The purpose of this paper is to compare near-simultaneous 
measurements of PSCs, using lidar and balloon-borne optical 
particle counters. The lidar measurements characterize the SR 
and depolarization properties of the aerosol, and the particle 
counters their size and number density. Phase, shape, and com- 
position determine particle index of refraction which, along with 
size distribution, controls the scattered radiation observed from 
these particles. If the particles are nonspherical or crystalline, 
they will depolarize backscattered light. Ideally, if the size distri- 
bution and scattered radiation of an ensemble of particles are 
known, then the particle index of refraction can be inferred. This 
approach has been used in previous years to compare measure- 
ments in PSCs [Adriani et al., 1992], in background stratospheric 
aerosol [Deshler et al., 1991], and in fresh volcanic aerosol 
[Deshler et al., 1992]. The number of observations in PSCs dur- 
ing these two years, however, was not nearly as extensive as the 
number of observations in 1992 at McMurdo Station, Antarctica 
(78øS), which form the subject of this paper. 

Instrumentation and Methodology 

During the 1992 late winter and early spring, seven concur- 
rent measurements with ground-based lidar and balloon-borne 
particle counters were performed at McMurdo Station (78øS, 
167øE), Antarctica. These measurements were completed on Au- 
gust 27, 29, and 31, September 9 (2 sets) and 14, and Oetober 9, 
in a variety of stratospheric temperature conditions. PSCs, both 
non-ice and ice, and volcanic aerosol were observed. Besides 

these measurements the lidar performed measurements on a daily 
basis during the period August 26 to October 10. The results of 
ozone profiles measured at McMurdo during this period are 
reported by .1ohnson et al. [ 1994]. 

The lidar has been operating at McMurdo since 1990, and 
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the present system configuration has been described by Adriani 
et al. [1992]. The lidar measures the total atmospheric 
backscattering and depolarization at 532 nm. The backscattered 
signal arises from scattering by both molecules and aerosol. To 
assess only the contribution from aerosol particles, we use 
scattering ratio, the ratio of the scattering measured to the 
scattering expected from a purely molecular atmosphere. The 
molecular backscattering is normalized to 1 after the lidar signal 
is calibrated with a molecular density profile inferred from 
temperature and pressure soundings. SR then gives a vertical 
profile of the atmospheric particle content, with a vertical 
resolution as fine as 150 m. From atmospheric molecular density 
profiles, the volume particle backscattering cross section can be 
retrieved. Although this is more directly comparable to particle 
measurements, SR is adopted because it is more sensitive to 
small features at the upper levels. 

Depolarization, given in percentage, is a measure of the de- 
gree of depolarization of the backscattered light from an incident 
polarized laser beam. It is the ratio of the depolarized signal to 
the undepolarized signal. Spherical particles do not cause depo- 
larization, and thus a depolarized signal indicates the presence of 
aspherical, i.e., solid, or mixed solid/liquid particles. High depo- 
larization ratios can be correlated to crystalline particle structure. 
The depolarization due to air molecules is about 1.4% at 532 nm 
[Young, 1980]. 

Balloon-borne optical particle counters (OPCs) have been 
used to study PSCs in Antarctica since 1987 [Hofrnann et al., 
1989; Hofrnann and Deshler, 1991; Deshler et al., 1991; 1994]. 
They provide in situ observations of integral number densities. 
The instnanents were improved in 1989 such that since then 
particles with radii larger than 0.15, 0.25, 0.5, 1, 2, 3, 5, and 10 
!am can be measured. Bimodal lognormal distributions are found 
to represent the measured size distributions in most cases. To ob- 
tain the total number concentration of aerosols, separate balloon- 
borne measurements of condensation nuclei (CN) were 
conducted periodically during the time interval. In 1992, CN 
profiles were measured on August 24, September 9, and Sep- 
tember 23. For use with the measurements of aerosol 0.15 to 

10.0 !am, the CN measurement closest in time to the OPC meas- 
urement was used. As shown by Deshler et al. [1994], the CN 
concentrations between 10 and 25 km were very consistent from 
sounding to sounding with values between 8 and 20 cm -3. Ex- 
ample size distributions and comparisons with measurements 
from the OPCs have been given [Hofrnann and Deshler, 1991; 
Deshler et al., 1993; Deshler, 1994]. Discussions of the effect of 
statistical errors in the OPC measurements are given by Deshler 
et al. [1993] and below. Once the aerosol size distribution has 
been determined, the backscattering expected at the wavelength 
of the lidar, 532 nm, can be calculated along with aerosol surface 
areas and volumes, assuming that the particles are spherical. 

For each of the seven measurement pairs completed with 
both lidar and particle counters the measurements are assumed to 
be completed in the same air mass. In reality, the measurements 
are separated by up to 120 km, since the lidar is ground-based 
and the particle counter moves with the wind. Wind speed 
measurements from meteorological soundings at McMurdo were 
used to estimate an appropriate temporal sequence from the lidar 

profiles to compare with a balloon-borne instrument drifting with 
the wind. The validity of this assumption will be reduced dtn•g 
certain situations, such as the propagation into the stratosphere of 
gravity waves generated downwind of the Transantarctic 
Mountains. In these cases, localized formation of ice clouds has 
been observed, and characteristics of particle size and number 
density can vary significantly over a range of few tens of kilome- 
ters [Adriani et al., 1992]. 

Observations 

The lidar and aerosol measurements completed in 1992 at 
McMurdo have been separately described by Gobbi and Adriani 
[1993] and Desbier et al. [1994]. Here we present a comparison 
of these two data sets. Figure 1 describes the measurements 
taken on August 29, 1992. Starting from the left, the three panels 
depict the aerosol particle mixing ratio at several sizes, the lidar 
SR and depolarization, and temperature. The particle counter 
measurements are reported as profiles of integral mixing ratios of 
particles with radius larger than the value indicated. The short- 
dashed lines present measurements completed on October 9 
when McMurdo was under the edge of the polar vortex. The 
October 9 measurement is used to represent the polar vortex 
stratospheric aerosol when temperatures were too warm for PSC 
formation during the spring of 1992. It is indicative of the vol- 
canic aerosol cloud just before the vortex breakup and is as- 
sumed to be indicative of the particulate matter in the vortex on 
which PSCs formed during the colder season. To compare verti- 
cal aerosol profiles, the October 9 profiles are shifted upward by 
1.2 km. The criterion used in shifting this profile consisted of 
making the volcanic aerosol cloud SR at the base of the strato- 
sphere, between 9.5 and 11 km, coincide with the lidar profile 
observed on August 29. This displacement is mainly expected 
due to the lifting of isentropic surfaces in the inner vortex com- 
pared to the vortex margins [Shoeberl et al., 1992] and was 
confirmed by observations of a general descent of the volcanic 
aerosol close to the polar vortex border [Gobbi and Adriani, 
1993]. The vertical position of the aerosol cloud is quite conser- 
vative with respect to isentropic surfaces. Thus the relative dis- 
placement of the cloud in the vertical may give an indication of 
the position of the vortex center with respect to McMurdo. On 
October 9 the vortex border was roughly above the station. 

To provide a functional form for the size distributions meas- 
ured by the OPC, lognormal size distributions are used. For 
measurements in PSCs this usually requires bimodal distribu- 
tions. Each lognormal distribution is specified by three parame- 
ters: the total munber concentration, Ni; the median radius, ri; 
and the distribution width, c•i. The values for the distribution pa- 
rameters are selected to minimize the difference between the cal- 

culated and measured number concentration for each size chan- 

nel. The uncertainty in the aerosol concentrations measured in- 
creases as the number of particles measured decreases owing to 
counting statistics. The impact of this uncertainty on the lognor- 
mal parameters and the derived surface area and mass was esti- 
mated by using a Monte Carlo simulation to vary the aerosol con- 
centrations within their uncertainty limits and refitting size dis- 
tributions. The result was an average variation of 10-20%, with a 
maximum variation of 30-40%, for surface area and mass 
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concentrations and for ,•, r 2, and *2' Variations in r• and N 2 
were as high as a factor of 2 for small values of these quantities. 
N• is measured with the CN counter and has an uncertainty of 
<3% for concentrations near 10 cm '3. With the use of the derived 

size distributions the SR was calculated by integrating, over the 
size distribution, the backscattering expected from each particle 
size. The error on the measured SR is low. At an altitude of 15 
km we estimate an error of <1% for SR • 2. 

The rightmost curve on the third panel in Figure 1 is an es- 
timate of the refractive index of the particles. The refractive in- 
dices reported provide the best match of the SR calculated, from 
the measured aerosol size distributions, with the SR measured by 
lidar. Depending on vertical structure, averages over 150-500 m 
were used for the profile comparisons. The real part of the index 
of refraction was allowed to vary in the range 1.31-1.60, using 
steps of 0.02. At each step (each value of m) the sizes measured 
by the OPC were calculated on the basis of the response of the 
OPC for that value of m. These sizes and their associated number 

concentrations were used to determine the optimum values of the 
parameters of the bimodal/unimodal lognormal size distributions. 
The SR was then calculated on the basis of Mie theory and 
compared to the measured SR. The optimum m was obtained by 
minimizing ISRc•lc - SRm• • + 10(massume d - minferred ) I. Thus the 
comparison is weighted to force the assumed and inferred index 
of refraction to be close. At a forward scattering angle of 40 ø the 
response of the OPC is monotonic with particle size over the 
range of m considered [Hofmann and Deshler, 1991]. The 
imaginary, or absorptive, component of m is assumed to be zero. 
From the Monte Carlo simulation above the uncertainties in m, 
based on uncertainties associated with the OPC measurements, 
were found to be of the order of 0.01 to 0.02. 

Since Figure 1 illustrates the basic measurements and their 
comparison, a few additional points are worth illustrating. Be- 
tween 11 and 15 km, particle concentrations were increased 
above the volcanic aerosol level mainly for particles of >0.5-[tm 
radii. A small depolarization was also observed around 14 km, in 
correspondence with low concentrations of particles >2-1xm radii. 
In the complete set of measurements an increase in depo- 
lafization was observed whenever particles >2 [tm were present. 
The wave-like structure in the temperature profile, probably due 
to the propagation of lee waves generated downwind of the 
Transantarctic Mountains, does not seem to introduce large dis- 
crepancies between the OPC and lidar measurements. In the 14- 
to 15- and 17- to 20-km region, changes in the lidar signal corre- 
spond to changes in the size of the particles measured, and the 
maximum depolarization between 17 and 19 km coincides with 
the presence of larger particles. Slight discrepancies in altitude 
can be attributed to the presence of the wave-like structure in the 
atmosphere and the different location of the lidar and aerosol 
counter. Above 20 km the number of particles decays rapidly, 
and the lidar signal diminishes as well. 

Figure 2 presents 20 lidar profiles spanning the period Au- 
gust 26 to October 9. The dotted line repeated in each panel is 
the 9 October profile adjusted for altitude as described earlier. 
The magnitude of the displacement of the October 9 profile is 
indicated on each panel. On one occasion, September 11 (920911 
on Figure 2), a displacement in altitude of 2.4 km was observed, 

although typically the displacements were 1.5 km or less. The 
relatively constant Az of 1.0-1.5 km indicates that•e region ot' 
the vortex sampled was relatively homogeneous. Comparison of 
each lidar profile with October 9, gives an indication of PSC 
act;vity (e.g., 920826, 920830, 920909) and days when there 
were only minor, or no, deviations from the volcanic profile (e.g. 
920827, 920918). Included in Figure 2 are all PSC events 
observed over McMurdo in spring 1992 by lidar. As has already 
been mentioned, the characteristics of PSCs depend not only on 
the temperature at the time of the observation, but also on the 
history of the air parcel. This is particularly true for non-ice 
clouds. Trajectory analysis of the PSC air masses showed that in 
some cases they reached latitudes about 60ø-70øS before moving 
southward [Gobbi and Adriani, 1993] and that the air coming 
from the lower latitudes was often lifted and cooled. The solid 

circles indicate altitudes at which trajectory analyses were 
performed. The results of this analysis will be presented later. 

From comparisons similar to Figure 1, and roughly summa- 
rized in Figure 2 for the six sets of measurements, the clouds ob- 
served were classified into four categories: volcanic aerosol, 
nondepolarizing hydrated nitric acid particles (NAWn), depolar- 
izing hydrated nitric acid particles (NAWd), and ice. Volcanic 
aerosol measurements can be identified, since they do not differ 
significantly from the altitude-adjusted October 9 profile (see 
Figure 2). In regions where the particle measurements (both lidar 
and particle counter) differ from the volcanic profile, regions of 
moderate SR and low depolarization are classified as NAWn, 
those of low SR and high depolarization as NAWd, and those of 
high SR and high depolarization as ice. The basic criteria for 
three of the classes are illustrated in Figure 1. Between 9.5 and 
11 km and 15 and 16.5 km the coincidence of the profile on 
August 29 with the volcanic profile on October 9 marks the vol- 
canic aerosol. The cloud containing the increased aerosol con- 
centration in the interval 11-15 km is classified as NAWn, i.e., 
moderate SR and low depolarization. Between 17 and 19 km, 
where lower SRs and higher depolarizations are observed, the 
particles are classified as NAWd. The fourth category, not repre- 
sented here except perhaps briefly at 19.5 km, is associated with 
ice clouds. The observation of two distinct scattering and depo- 
larization signals from non-ice PSCs was first made by Browell 
et al., [1990]. Our classification of particles and measurement of 
particle size are in general agreement with Browell et al.'s meas- 
urements and Toon et al.'s [1990] conclusions. 

Based on comparisons similar to Figure 1 for the other days 
when measurements were completed, a data set of estimated 
particle index of refraction was generated and subdivided into 
the four classes defined. The set of measurements was limited to 

exclude those cases in which confidence in the inferred value of 

rn was low. Only cases when the SR was greater than 1.14 were 
considered. We also required that changes in m produce signifi- 
cant changes in the calculated SR. Cases in which the calculated 
SR was relatively insensitive to changes in m were excluded. Re- 
call that m is inferred from a comparison of calculated and 
measured SR. The spread of the calculated SR normalized to the 
average calculated SR is plotted in Figure 3. In the data set for 
analysis, cases in which the range of calculated SR was <40% of 
the average SR were excluded. 
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(Az) by which the October 9 profile is adjusted in each profile is indicated on that panel. Equilibrium existence 
temperatures for water ice and NAT are also shown, assuming 3 ppmv H20 and 1 and 5 ppbv HNO•. Here At is 
the time difference existing between the lidar and temperature balloon sounding. The solid circles on the SR curve 
mark the level where back trajectories were computed. 
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For the non-ice aerosol the best value of rn was found well 

away from the boundaries of the range over which m was varied, 
except for two cases, suggesting that the range of rn considered 
was not unrealistically restricted. For the cases classified as ice, 
15 of these layers resulted in a value of rn = 1.31, the lower 
boundary of the range considered. Of these 15, 10 displayed a 
good agreement between calculated and measured SR. The other 
five cases all occurred during the first measurement set on Sep- 
tember 9, 1992, and the calculated SR was a factor of 2-10 
higher than the measured SR. Thus the inferred m could have 
ranged significantly below 1.31. These discrepancies resulted, 
we believe, from a poor correspondence of the altitudes of the 
layers measured by the two instruments. On this day there were 
quite thin aerosol layers particularly those layers with ice charac- 
teristics. 

The index of refraction histograms in Figure 4 represent 199 
measurements classified according to the above criteria. The in- 

24 -- 

22-- 

20-- 

18-- 

16-- 

•14 - 

12 - 10 

8- 

6- 

4- 

• VOLC 

/ NAWn 

[•[ NAWd 

, , , • • , , • gl• •EIFI • • • 
1.30 1.32 1.34 1.36 1.38 1.40 1.42 1.44 1.46 1.48 1.50 1.52 1.54 1.56 

•EX OF •C•ON 

Figure 4. Histogram of the computed indices of refraction for 
each category: non depolarizing hydrated nitric acid (NAWn), 
depolarizing hydrated nitric acid (NAWd), ice, and volcanic 
aerosol (VOLC). 

dex of refraction distribution for volcanic aerosol is roughly 
Gaussian with a mode at 1.43. The distribution for NAWn has a 

mode at 1.37, skewed to higher rn, while NAWd has a mode at 
1.43 skewed to lower rn. Ice has a mode at 1.31. The average 
values ofm and their standard deviations are: 1.43 + 0.04 for vol- 

canic aerosol, 1.39 + 0.03 for NAWn, 1.42 + 0.04 for NAWd, 
and 1.32 + 0.01 for ice. The general characteristics of the distri- 
butions are also described in Table 1. 

On the basis of the depolarization and size measurements it 
is clear that in PSCs containing NAWd some of the particles are 
nonspherical. We did not attempt to model scattering from as- 
pherical particles because of the difficulties involved and be- 
cause we have no a priori information concerning particle shape. 
On the basis of the agreement of rn, calculated for those polar 
stratospheric clouds which could be clearly indentified as ice 
clouds, with that expected for ice, even though these particles 
were also assumed to be spherical, indicates that this distinction 
may not cause significant changes in our estimates of m. 

Laboratory measurements of the index of refraction for thin 

crystalline and amorphous HNO3/H20 films give values of 1.43, 
1.45, and 1.47 for amorphous NAW at stoichiometric ratios cor- 
responding to the trihydrate, dihydrate, and monohydrate 
[Betland et al. 1994]. For crystalline dihydrate and monohydrate 

Table 1. Characteristics of Particles in the Categories NAWn, NAWd, ICE, and VOLC 

NAWn [50] NAWd [46] ICE [29] VOLC [74] 

Concentration, crn '3 9.4-23 5.7-31 6.7-12 6.7-91 
Surface area, Fun 2 cm '3 19-50 1-32 4.7-126 3.8-44 

Volume, pan 3 cm '3 3.3-15 0.2-5.4 0.5-86 0.3-8.6 
Index of refraction 1.39 _+ 0.03 1.42 _+ 0.04 1.32 _+ 0.01 1.43 _+ 0.04 

Scattering ratio 2.5-4.9 1.1-3.1 1.1-8.7 1.1-3.2 

Depolarization 1.5-3.7 2.3-6.9 1.4-19 1.4-2.4 

Concentration > 2.0 gm, mg 'l <0.006 0.001-0.06 0.01-9.0 <0.01 

VOLC is volcanic aerosol. The number of points considered in the statistics are shown in the square brackets. 
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Figure 5. Index of refraction as a function of (a) measured SR, (b) depolarization, (c) computed surface area 
densities from the particle counter measurements, and (d) Computed SR versus measured SR. Measurements are 
grouped into the four categories. 

they measured 1.51 and 1.54 with errors of the order of_+0.01 but 
were unsuccessful in growing crystalline NAT. These meas- 
urements were performed at a wavelength of 632 nm and at 
temperatures lower than 175 K. Later, Middlebrook et al. [1994] 
repeated these measurements on thin nitric acid/ice films, using a 
slightly different technique, and obtained results similar to those 
of Berland et al. for amorphous NAW and for crystalline mono- 
hydrate. They were also successful in growing crystalline NAT; 
however, the NAT was not stable during the measurement se- 
quence. Refractive indices measured for NAT decreased from 

1.46 to 1.42. The cause of this change is not well known, al- 
though it is suggested to be the result of changes in the optical 
scattering due to inhomogeneities in the film. Our results at 532 
nm, 1.39 + 0.03 for NAWn and 1.42 + 0.04 for NAWd, are con- 
sistent with the laboratory results for an amorphous particle with 

stoichiometry similar to a tri- or higher hydrate, or with the lower 
range of Middlebrook et al.'s measurements on crystalline NAT. 
It is not known whether crystalline NAT particles in the 
atmosphere would age like the samples in the laboratory. 

In Figure 5, scatterplots of index of refraction versus SR, 
depolarization, and surface area for the four measurement cate- 

gories are shown. SR and depolarization are directly measured by 
lidar. Particle surface area is calculated from the particle size 
distributions. The four aerosol categories assume well-defined 
locations in the scatterplots according to their main characteris- 
tics. In all the comparative measurements, SR was never larger 
than 9, and depolarization never larger than 19%. In other lidar 
measurements, in a well-developed ice cloud, SRs larger than 12 
and depolarizations close to 50% were observed, but in situ 
measurements were not made at these times. In the ice cloud 
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50 

category all cases are included in which the calculated index of 
refraction was around the ice value of 1.31. Low values of SR 

and depolarization are assumed to represent the first stage of 
evolution, or measurements near the top or bottom, of these 
clouds. 

A general increase of the area of the particles is observed for 
decreasing refractive index. This point is consistent with the fact 
that the particles grow mainly by condensing water on their sur- 
faces. As volcanic aerosols cool, they grow initially through deli- 
quescence [Steele and Hamill, 1981] and then through the co- 
condensation of HNO 3 and H20. Although the ratio of nitric acid 
to water for crystalline hydrates in the atmosphere is often 

assumed to be 1:3 [Hanson and Mauersberger, 1988], other work 
points to the importance of lower hydrates [Worsnop et al., 
1993], higher hydrates [Marti and Mauersberger, 1993], and 
ternary liquid solutions [Carslaw et al., 1994]. In any case, as the 
particles grow either through deliquescence or cocondensation of 
HNO 3 and H20 , rn is likely to decrease owing to the uptake of 
water. 

The relationship between SR and surface area is shown in 
Figure 6a, which includes the points with surface area densities 
of <50 grn 2 cm -3. The average linear dependence of surface area 
on SR is shown by the fitted line. Figures 6b and 6c present ad- 
ditional details of Figure 6a for the categories of volcanic aerosol 



25,886 ADRIANI ET AL.: POLAR STRATOSPHERIC CLOUDS OVER MCMURDO DURING 1992 

and NAWn, respectively. The value of m calculated for each 
point in these categories is shown along with the fit line from 
Figure 6a. Comparison of the indices of refraction of volcanic 
aerosol and NAWn in Figure 6b and 6c with the fit line indicates 
that the points to the right contain more water. The index of re- 
fraction is generally lower on this side, approaching values near 
1.35, a result already illustrated in Figure 5c. SR and surface 

cles differ somewhat from t_he volcanic aerosol measurements 

during the PSC period and because we are using October 9 to 
characterize the volcanic aerosol undisturbed by cold tempera- 
tures. Figure 7a gives the condensation nuclei (CN) mixing ratio, 
and Figures 7b through 7f show the mixing ratio within specific 
size intervals. Figure 7b was constructed from a comparison of 
the mixing ratio of particles of >0.15 •m with t_he CN measure- 

area do not show the same dependence with decreasing index of ment closest in time to the 0.15-gm measurement. As mentioned 
refraction. For a constant SR in Figures 6b and 6c, as surface earlier and seen in Figure 7a, the three CN measurements were 
area increases, m decreases. quite consistent. From the comparison of the concentration of 

To eliminate the dependence of SR on altitude, due to the particles between 0.01 and 0.15 gm on October 9 (Figure 7b) 
decreasing molecular density, surface area is plotted against po- with the concentration of larger particles (Figures 7c to 70 it ap- 
tential scattering ratio (PotSR) in Figure 6d. PotSR is the SR that pears that above 370 K (•14-15 km) most of the small particles 
would be measured if the scattering particles were moved to the 
surface, and it is calculated by using 

Tp 
PotSR - (SR - 1) + 1. 

T and p are the temperature and pressure at the measurement al- 
titude, and T O and Po are a standard surface temperature and 
pressure. Figure 6d shows that for a given PotSR, surface area 

in the October 9 profile had earlier taken part in growth either 
through deliquescence of the volcanic aerosol or through nu- 
cleation and growth as NAW particles. The number of small 
(0.01-0.15 !am) particles is generally larger in the October 9 
measurement than the other cases of volcanic and PSC aerosol. 

Below 1.0 !am the swelling of the cold volcanic aerosol is similar 
to the growth of NAWd. This similarity is lost for particles of 
> 1.0 !am. The mixing ratio of all PSC particles between 1.0 and 
2.0 !am increases by a factor of 10 to 100 above the volcanic 

may change by a factor of 2 or more, and that increases in surface aerosol. Above 2.0 !am the mixing ratio of NAWn returns to 
area are associated with lower values of m. Thus in PSCs the near-volcanic levels, while t_he mixing ratio of NAWd and ice 
inference of surface area from SR measurements is somewhat 

uncertain. If surface area increases owing to water uptake, SR 
may not change much owing to decreases in particle index of re- 
fraction. 

Volcanic Aerosol 

Measurements in the Arctic by Dye et al. [1992] suggest that 
most sulfuric acid particles may still be liquid at temperatures 
below the equilibrium temperature for NAT and that condensa- 
tion of NAT starts preferably on the larger aerosol particles, 

remain elevated by factors of 10 to 100. 
Gravitational sedimentation of the aerosol can be observed 

through changes in particle concentration as a function of po- 
tential temperature (altitude) for particles of >0.5 !am. The in- 
creasing mixing ratio for particles between 0.15 and 0.5 !am for 
all particle classes suggests very little vertical redistribution for 
particles of these sizes; however, above 350 K &12 km) the 
mixing ratio of the volcanic particles decreases quickly for sizes 
larger than 0.5 [an. During August and September inside the 
vortex, temperatures were always well below 200 K, and the 
VOlcanic aerosol cloud always contained a greater number of 

which have a higher probability to be frozen when the tempera- particles with radii >0.5 [tm than was observed on October 9. In 
ture drops under NAT saturation values. Dye et al. also observed the October 9 observations, particle size distributions were bi- 
that sulfuric acid aerosol can be supercooled to 190-192 K, close modal below 15.5 km (415 K). The maximum SR, 2.7, was ob- 
to the assumed homogeneous freezing temperature. This observa- served at approximately 11.5 km (340 K). At that altitude the to- 
tion may help explain the high supersaturations over NAT often tal particle concentration was about 60 mg 4, the second mode 
observed for the initiation of significant growth of PSC particles had a median radius of 0.44 [tm, and the particles in the second 
in the Arctic. While in the Arctic stratosphere very low tempera- mode were 23% of the total. At the bottom of the cloud, 10 Lm 
tures are occasionally reached, in the Antarctic an examination of (320 K), the median radius of the second mode was shifted to 
June through August analyses at 70 and 30 hPa show wide areas 
almost constantly below temperatures of 190 K. This finding sug- 
gests that at the end of winter all the Antarctic vortex air could 
have been cold enough to freeze the volcanic sulfuric acid 
droplets. Once frozen, the sulfuric acid aerosol is expected to 
remain frozen until temperatures warm to between 215 and 220 

around 0.7 !am, probably because of the increase in larger parti- 
cles due to sedimentation, but the particles in the second mode 
were only 7.5% of the total number density. As was mentioned 
earlier, the errors in these sizes and concentrations associated 
with Poisson counting statistics are 10-20%. 

Gravitational settling is not evident in the PSC particles, 
K [Middlebrook et al., 1993], values uncommon in the late win- NAWn, NAWd, and ice. This finding is consistent with the rela- 
ter Antarctic stratosphere. Thus it is reasonable to assume that tively recent growth of these particles. For these types of parti- 
the volcanic aerosol droplets measured in late August and cles the mixing ratios of 2.0 •tm particles increase rapidly as alti- 
September were mostly frozen at the time of the measurements. tude or potential temperature increases, reflecting the effect of 

Figure 7 presents particle mixing ratio versus potential tern- decreasing temperature at these altitudes, which permits more 
perature for particles in the four categories as a function of par- water and nitric acid to be condensed on the particles. The vol- 
ticle size. In this figure, October 9 is presented separately from canic aerosols are not expected to exhibit the same character as 
the volcanic category, because the characteristics of these parti- PSCs, since t_hey may be expected to have a longer history as 
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Figure 7. Vertical (potential temperature) profiles of mixing ratios in the size bins indicated. Only aerosols within 
the size bin indicated are included. The aerosol measurements are separated according to the classifications 
described in the text. October 9 is presented separately from the volcanic category. 
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stable larger particles due to deliquescence. Note that the vol- 
canic aerosols with larger surface areas exhibit in general a lower 
index of refraction (Figures 5 and 6). Growth was observed on 
all particle sizes during the earlier volcanic measurements. Dur- 
ing the October 9 measurements the average median radius of the 
first mode at various altitudes was about 0.2 •tm, and the average 
median radius of the second mode, when present, about 0.6 gin. 
In the earlier volcanic measurements, average median radii were 
increased to about 0.3 and 1.6 •tm, respectively. 

The index of refraction for volcanic particles was found to be 
1.43 + 0.04 at 532 nm in the temperature range 190-203 K, 
which is in agreement with the calculations of Steele and Hamill 
[1981 ]. The refractive index was generally lower at low altitudes, 
where the concentration of water vapor would be higher, and 
water and possibly some nitric acid would be condensed on the 
surfaces. When temperature increases in late spring, the aerosol 
particles lose their water and nitric acid. The temperatures 
ranged around 202-205 K between 10 and 15 km where the vol- 

until mid-September. Measurements performed in previous years 
during the same period gave values of 2-3 ppmv in this altitude 
range [Hofrnann et al., 1991 ]. An alternate method to infer water 
vapor content in the lower stratosphere is to use lidar ob- 
servations of ice clouds formed by upward propagation of gravity 
waves or another significant cooling process. The temperatures in 
these clouds then correspond to the frost point temperature. In 
certain meteorological conditions the Transantarctic Mountains, 
often upwind of McMurdo, generate gravity waves. The ice 
clouds formed in these conditions are usually well defined in 
quite thin layers, often less than 1 km thick, and are 
characterized by high SR and high depolarization. The appear- 
ance of multilayer ice clouds (see Figure 2) on August 26 be- 
tween 12 and 17 km at temperatures of 194 to 186 K, and on 
September 9 around 18 km at 186 K, suggest a water concentra- 
tion around 3 ppmv, a little higher than, but close to, the meas- 
ured water vapor profile in August. 

An indication of the particle sizes affected by PSC growth 
canic aerosols were located. These temperatures were still low can be obtained from Figure 7. Above 370 K (14-15 km), mixing 
enough that sulfuric acid particles which had frozen during win- ratios between 0.01 and 0.15 gm in all particle categories are 
ter would not have melted. A residual depolarization of 2-2.4% lower than the October 9 volcanic aerosol. In contrast, at larger 
was observed around the maximum SR between 11 and 13 km aerosol size ranges the PSC and volcanic aerosol categories con- 
(Figure 2, 921009 panel). tain mixing ratios higher than those on October 9. It appears that 

Polar Stratospheric Clouds 

On the third panel of Figure 1, equilibrium temperatures for 
NAT [Hanson and Mauersberger, 1988] and water ice are 
shown, assuming several vapor concentrations. During the ob- 
servations, in situ concentrations of nitric acid were not avail- 

able; however, water vapor was measured in late August in col- 
laboration with S. Oltmans of the National Oceanic and Atmos- 

pheric Administration [Deshler et al., 1994]. The water vapor 
mixing ratio was observed to decrease almost linearly, from 3.7 
ppmv at 11 km to 1.5 ppmv at 19 km. This profile was assumed 
as a reference value between 12 and 20 km from late August 

most of the particles found in the 0.01- and 0.15-1•m size range 
during October 9 (assumed to be similar to the prewinter vol- 
canic aerosol conditions) grew to larger sizes over the winter in- 
side the vortex. 

In Figure 8 the temperatures observed during the lidar parti- 
cle counter comparisons are reported as a function of altitude and 
SR. PSCs were observed at temperatures lower than 196 K even 
at the lowest altitudes (12 km), except for measurements 
performed on September 14 (920914 in Figure 2) represented by 
the five black stars in Figure 8 that appear at temperatures higher 
than 196 K. This measurement will be discussed in more detail 

later. Comparing temperatures measured over McMurdo during 
PSC events with equilibrium existence temperatures for NAT 
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from Hanson and Mauersberger [ 1988], assuming a water vapor 
concentration of 3 ppmv below 18 km, the concentration of nitric 
acid in the lower stratosphere can be roughly estimated at 1-2 
ppbv. These values are in good agreement with HNO 3 meas- 
urements from the CLAES instrument on the upper atmospheric 
research satellite [Roche et al., 1993]. From Figure 8 it is also 
clear that NAWn were usually observed in the coldest tempera- 
ture range at a particular altitude and are thus perhaps associated 
with faster cooling rates. Measurements performed during 1991 
[Adriani et al., 1992] show that for moderate cooling rates, lower 
than 5-6 K day -•, PSCs have a higher depolarization and a 
relatively lower SR. In such conditions the formation of NAWd 
seems to be promoted. 

To evaluate the temperature history of air parcels containing 
PSCs observed at McMurdo, back trajectories were calculated by 
using a three-dimensional transport trajectory model [Kallberg, 
1988] and data over Antarctica from the European Center for 
Medium-Range Weather Forecasts (ECMWF, Reading, Eng- 
land). Because of questions concerning the accuracy of the verti- 
cal component of the wind in three-dimensional trajectory mod- 
els, isentropic models are more commonly used for back trajec- 
tories. Comparisons between isentropic and three-dimentional 
models in describing air parcel history indicate no major differ- 
ences in the longitude-latitude plane, but possible errors in the 
temperature history of the air parcel [Austin and Tuck, 1985; 
Martin et al., 1987]. For several cases we have compared tem- 
perature history from Kallberg's model with an isentropic trajec- 
tory model and found no major differences. The choice of the 
three-dimensional model was based on its availability. For de- 
tailed analysis, 24 trajectories were chosen to cover the four par- 
ticle classes. Four trajectories each from six of the seven com- 
parative measurement days were chosen. They are represented by 
the solid circles in Figure 2 and include 8 trajectories for NAWn, 
10 for NAWd, 3 for ice, and 3 for volcanic aerosol. The 

trajectories are reported in Figures 9 and 10 for the August and 
September measurements. For the same back trajectories, Figure 
11 reports SR, depolarization, particle surface area, and index of 
refraction as a function of various parameters related to the 
thermal history of the air parcel. The cooling rates in Figure 11 
are based on temperature changes over a 6-hour period. Figure 
12 reports thermal histories during the last 5 days for the data 
shown in Figure 11. 

Figures 9 and 10 show two main kinds of trajectories, some 
with significant excursions to lower latitudes, approaching 60øS, 
and others confined to higher latitudes, south of 70øS. As air 
parcels move to lower latitudes, their altitude decreases, with a 
corresponding increase of temperature. In contrast, air parcels 
moving to higher latitudes can be rapidly cooled by ascent, in- 
ducing cloud formation. The trajectories in the 48 hours prior to 
observations on August 29 (138 and 108 rob) and September 9 
(both observations) were quite similar. In all cases the air parcels 
moved from latitudes near 65øS to McMurdo at 78øS, and clouds 

classified as NAWn and ice were observed. Figure 1 l a shows 
large cooling rates, between 7 and 20 K day -l, for these observa- 
tions. The displacement of the air parcel to higher latitudes and 
the consequent altitude increase as the air parcel passes deeper 
into the vortex at least partially account for the rapid temperature 
drop. 

The potential temperature (altitude) dependence of SR, de- 
polarization, and surface area is shown in Figure 13. From Fig- 
ures 5c and 13c the surface area densities in NAWn and ice 

clouds are the highest among the PSCs measured during spring 
1992. This fact could suggest that during the passage at low lati- 
tude an exchange of air with the outer vortex stratosphere per- 
mitted enrichment of the air mass in terms of nitric acid and 

water vapor and thus increased the vapors available for conden- 
sation. Figure 11, associating NAWn with fast cooling, and Fig- 
ure 7, associating NAWn with the growth of a higher percentage 
of particles of <0.5 I•m to sizes of >0.5 I•m, together suggest that 
during fast cooling a higher fraction of the volcanic aerosol takes 
part in the condensation of NAW, and on the basis of the low 
depolarization observed these particles are more likely to be 
amorphous or ternary solution droplets. In the 0.5- to 2.0-[tm 
range the highest number concentrations are observed in PSCs 
classified as NAWn (Figures 7d and 7e). The growth of particles 
of >2 grn, in cases of fast cooling, appears to be mainly related to 
ice cloud formation, producing large aspherical particles. The 
average temperature during the previous 5 days for air parcels 
producing NAWn and ice was always warmer than that at the 
time of the observation at McMurdo (Figures 1 l d and 12), and 
there was a strong latitudinal dependence (Figure 11 e). 

The history of air parcels producing NAWd was quite differ- 
era. The warm temperatures observed in trajectories leading to 
NAWn were not observed in trajectories leading to NAWd, and 
the trajectories remained closer to the Antarctic continent. For 
NAWd the temperature was usually low enough, <195 K, to sus- 
tain or grow particles of >2 I•m, while cooling rates were lower, 
typically <5 K day -• and never greater than 8-9 K day -•. When, in 
some cases, the temperature increased during the last part of the 
trajectory, it was not sufficient to evaporate the larger particles 
(Figure 7f). 

Some NAWd features are similar to volcanic aerosol, and it 

can be difficult to distinguish between them. The biggest differ- 
ences are in depolarization and in the concentration of the larger 
particles. In Figure 7 the substantial difference between NAWd 
and volcanic aerosol is in the concentration of particles of > 1 I•m. 
For NAWd the concentration of particles of >2 [tm is greater than 
all other cases except for the ice clouds. In Figures 13a, and 13c 
the volcanic aerosol and NAWd have similar SR and surface area 

characteristics; however, the NAWd has a clearly different 
depolarization signal (Figure 13b). General characteristics of the 
PSC observations in terms of concentration, surface area, and 
volume of particles larger than 2 grn are given in Table 2, along 
with 48-hour cooling rate. 

The points in Figure 8 classified as NAWd at temperatures 
higher than 196 K were so classified because of the high values 
of depolarization and low SR. Those points correspond to ob- 
servations on September 14 (Figure 2) when the temperature was 
too warm to sustain PSCs (Figure 8a) at altitudes below 370 K, 
13.5 km. The measurements on this day indicated the highest 
concentrations of particles between 0.01 and 0.15 [tm (Figure 
7b), the lowest concentrations of particles of >0.5 [tm (Figures 
7d and 7e), and no particles of>2.0 gm (Figure 7f). Yet this case 
also produced a SR higher than all the other volcanic measure- 
ments (Figures 8b and 13a). Evidently, there were many small 
aspherical particles producing a relatively high SR (2.5-3) and 
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Figure 9. Air parcel back-trajectories calculated for August 27, 29, and 31, 1992, using a three-dimensional 
transport model. All the trajectories extend back 7 days from the labeled dates. 

high depolarization (3-6%). This phenomena was observed for a 
few days around mid-September. 

The unusual particles observed on September 14 coincided 
with unusual trajectories as well. The vortex shape was 
elliptical, and air over McMurdo had come from latitudes of 

60øS within a few days (Figure 10). Details of the trajectory 
coinciding with the peak in depolarization, 12.5 km, observed on 
September 14 are shown in Figure 14. About 6 days before 
observation the air mass approached the pole with cooling rates 
of 4-5 K day'] and the temperature decreased to about 188 K. 
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Figure 10. Air parcel back trajectories calculated for September 9 and 14, 1992. All the trajectories extend back 7 
days from the labeled dates. 

The parcel was then warmed by a displacement to lower latitudes 
and temperatures higher than 200 K (heating rates of 8 K day-1) 
before experiencing a new cooling at the rate of about 6 K day '1 
to 195 K. The temperature remained constant around 195 K for 
about 60 hours, which, at that altitude, is low enough for NAT 

formation, assuming 1 ppbv HNO 3 and 2-3 ppmv H20, before 

rapidly increasing to 200 K in the last 12 hours. The temperature 
at the time of the observation, 200 K, was equivalent to the NAT 

existence temperature, assuming 3 ppmv H20 and 5 ppbv HNO3; 
however, below 12 km the temperature was 3-5 K above the 
equilibrium existence temperature for NAT particles at those 
altitudes (Figure 8a). This fact suggests that the particles formed 
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Figure 12. Air parcel temperatures experienced during the 5 
days prior to the observations over McMurdo. 

during the previous 60 hours at 195 K and that a significant 
fraction of the nonspherical or crystalline particles had not 
completely evaporated during the 12-hour period in which the 
temperatures warmed to 200 K, or that the H20 and HNO 3 vapor 
concentrations are significantly higher below 12 km. If the first 
of these two possibilities is the case, then this evidence supports 
the idea that PSC particles may undergo a slow evaporation 
process due to a nitric acid coating [Peter et al., 1994]. At the 
level of maximum depolarization, 350 K (•12.5 km), no particles 
of >2.0 pm were observed (Figure 7f). Just a few particles of 
>2.0 lam (•3x10 -3 mg 4) were observed around 360 K (13-13.5 
km). 

Some trajectories during the last days of August (profiles 
from August 27 to 30 in Figure 2) have been partially discussed 
by Gobbi and Adriani [1993]. Between 16 and 21 km, potential 
temperatures of 400-500 K, PSCs with high depolarizations and 
low SRs were observed. Those clouds were mostly classified as 
NAWd. The temperature history at these times indicated that the 
temperature remained between 185 and 190 K during the week 
preceding the observations with a slight warming, but not above 
195 K, during the last 48 hours (Figure 12). The situation sug- 
gests that sustained low temperatures over the previous 5 days 
promoted the growth of a few large particles (Figure 7). 

Figure 15 gives a survey of all the lidar measurements de- 
picted in Figure 2 except for those reported in the lidar particle 

counter comparisons. The individual measurements are classified 
on the basis of the same criteria used before and described in 

Figure 1. The temperature at which ice particles were observed 
(Figure 2, 920826, 920908, 920909, and Figure 15c) indicates a 
value of 3-4 ppmv for the water vapor concentration between 13 
and 18 km for the measurement period. The coldest temperatures 
were recorded at the end of August and in the period September 
8-10. The analysis of the temperatures with respect to altitude 
and SR show that PSCs were observed at temperatures lower 
than 198 K and at altitudes above 11 km. In all the PSC 

observations, temperatures were below the NAT condensation 
temperatures for 3 ppmv water vapor and 5 ppbv nitric acid. 

Summary and Conclusions 

Observations of stratospheric clouds were performed in 
Antarctica by lidar in the period August 26 to October 9, 1992. In 
the same period, seven measurements were coordinated with 
particle counters released on balloons. The two types of meas- 
t/rements were compared by using the size distribution meas- 
urements from the particle counter to calculate a lidar scattering 
ratio and then adjusting the particle index of refraction until the 
calculated and measured SR were in agreement. The aerosol 
measurements were classified into volcanic aerosol and PSCs. 

The volcanic aerosol contained, all measurements with lidar 

profiles similar to the final profile of the season, October 9. 
Very cold temperatures occur throughout the Antarctic 

stratosphere during the months of July and August. As a result, 
volcanic aerosols within the polar vortex are expected to be 
mostly frozen and to remain frozen for the Antarctic spring, 
furnishing the sites for growth of PSC particles. A low residual 
depolarization, 2-2.4%, for the volcanic aerosol measurements 
supports this idea. This low residual depolarization persisted 
through the final measurements in October, even though the size 
distribution of the volcanic particles had changed significantly 
through the period, containing fewer large, and a relatively 
greater number of small (<0.5 pm) particles. In late August and 
in September inside the polar vortex, the volcanic clouds con- 
tained particles greater than 1.0 lam in radius. The refractive in- 
dex inferred for these measurements was 1.43 + 0.04, consistent 

with the index expected on the basis of the temperatures and 
water vapor concentrations within the vortex. 

PSCs were observed to appear within the volcanic aerosol 
layer at temperatures below 198 K and above 11 km. The tem- 
perature at which ice and non-ice clouds were observed in the 
period August 26 to September 9 indicated a concentration of 3 
ppmv water vapor and 1-2 ppbv nitric acid in the range 12-18 
km. The PSCs were fitrther subdivided into three categories 

Table 2. Mixing Ratios, Surface Areas, and Volumes of Particles Larger Than 2 lam Radii in Polar Stratospheric 
Clouds 

Mixing Ratio, mg' 1 Surface Area, ]xrn 2 cm '3 Volume, }xm 3 cm -3 Cooling Rate Range, K day '] 

NAWn <0.006 0.00008-0.3 0.00006-0.2 8-20 

NAWd 0.001-0.06 0.0004-0.7 0.0003-0.5 1-8 

ICE 0.01-9.0 1.9-62 1.7-40 5-18 

The cooling rates are averaged on the previous 48 hours. 
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Figure 13. Vertical (potential temperature) profiles of (a) SR, (b) depolarization, and (c) surface area density 
([tm 2 cm -3) during the lidar particle counter comparisons. The measurements are separated into the four 
categories. 

based on their lidar signature: non-ice PSCs with moderate SR 
and low depolarization, non-ice PSCs with a low SR but high 
depoladzation, and ice with high SR and high depolarization. 
The distributions of index of refraction at a wavelength of 532 
nm for the non-ice PSCs led to means of 1.39 + 0.03 for the 

nondepolarizing class and 1.42 + 0.04 for the depolarizing class. 
The modes were 1.37 and 1.43, respectively. Comparison with 

laboratory measurements of index of refraction of HNO3/H20 
films suggests that the indices of refraction for these classes are 
consistent with laboratory results for an amorphous particle with 
stoichiometry similar to a tri- or higher hydrate, or with the lower 
range of measurements on crystalline nitric acid trihydrate. The 
distribution of index of refraction for ice led to a mean of 1.32 + 

Fast cooling (>7 K day 'l) seems to produce the nondepolar- 
izing clouds, when most of the underlying stratospheric particles 
participate in the growth of PSC particles, but very few particles 
grow as large as 2.0 !am. Except for the ice clouds the nondepo- 
ladzing clouds produced the highest SR (2.5-5) and surface area 
density (50 !am 2 cm'3), peaking at altitudes between 340 and 370 
K (12 and 16 km). Only when temperatures were below the NAT 
equilibrium temperature for a long time, or reached the ice point, 
were significant concentrations of particles of >2.0 [tm observed. 
On the basis of the higher depolarizations observed in these 
cases, some of the particles are expected to have aspherical 
shapes. In these cases, cooling below the frost point leads to ,the 
formation of ice, while slow cooling to sustained temperatures 

0.01 and a mode of 1.31, in close agreement with accepted just above the frost point leads to the development of a depolar- 
values. izing cloud with low SR. In one case, rapid heating of these 
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which arrived at MeMurdo on September 14. 
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clouds, over periods of 12-24 hours, did not cause evaporation of 
all the particles. 

Even though for the nondepolarizing high SR clouds and the 
cold volcanic aerosol there was a general pattern of a linear in- 
crease of surface area with SR, closer inspection revealed that at 
a specific SR, as surface area increased, index of refraction de- 
creased. This finding is consistent with water being the primary 
species condensed during particle growth and would be expected 
for both the deliquescence of volcanic aerosol at cold 
temperatures and the condensation of nitric acid in PSCs. Further 
evidence of this pattern was observed as an approximate 
doubling of surface area density as estimated index of refraction 
decreased from 1.45 to 1.3. 

Broadly speaking, these measurements indicate four classes 
of winter polar stratospheric aerosol. Below a potential tempera- 
ture of 400 K (16-17 km), volcanic aerosol and nondepolarizing 
hydrated nitric acid particles were predominant with surface ar- 
eas in the range of 10-30 and 20-50 [tm 2 cm '3, respectively. 
Above 400 K, depolarizing hydrated nitric acid and ice clouds 
were l:redominant with surface areas of 5-15 and 5-100 [tm 2 cm' 
3. Future work will extend this analysis to joint measurements 
over McMurdo Station collected in 1993 and 1994. 
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