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ABSTRACT 

The back-scattering coefficient and depolarization ratio of antarctic stratospheric aerosols 
were observed by a lidar at Syowa Station (69"00S, 39"35'E) in 1983 in order to understand 
the nature of polar stratospheric aerosols. Balloon measurement was also made on 3 June to 
obtain the number concentration of the particles. The balloon data showed a large 
concentration of particles with radius larger than 0.15 pm (15 particles/cm' in the lower 
stratosphere) and a size distribution which was rich in smaller size particles ( N ( r  > 0.15 pm)/ 
N(r> 0.25 pm)= 12-  80, where N(r>0.15 pn) and N(r>0.25 pm) are the number 
concentrations of particles with radius larger than 0.15 pm and 0.25 pm, respectively). During 
early June, the back-scattering coefficient rapidly increased, but the depolarization ratio was 
at a low level, at most 0.15. After mid-June, the depolarization ratio increased as the winter 
progressed, and this suggests that most of the stratospheric particles had non-spherical shapes 
(possibly ice crystal particles) in mid-winter. 

The lidar measurement showed that the stratospheric particles layer was transported 
downward at the rate of 0.8 mm/s during winter. The mass of water transported from the 
stratosphere to the troposphere is estimated to be about 5 x 10' ton per winter season if  we 
assume that the settling rate of the layer is due to gravitational sedimentation of ice crystal 
particles. If it is due to downward air motion carrying smaller crystals, this is reduced to 
5 x 10' tons 

1. Introduction 

Stanford (1973) suggested that the antarctic 
stratosphere acted as possible sink of strato- 
spheric water vapor through the "freeze-out'' 
effect, since temperatures in the winter Antarctic 
lower stratosphere often reached as low as 
-90°C and put a restriction on the amount of 
water vapor that could be held by the air of the 
lower stratosphere. Recently McCormick et al. 
(1982, 1985) showed, on the basis of SAM I 1  
satellite measurements, that the volume of polar 
stratospheric particulate matter increased as the 
temperature decreased. Lidar measurements at 
Antarctica also revealed that the opacity of the 
antarctic stratospheric aerosol layer was very 
enhanced during winter (Iwasaka, 1985; Iwasaka 
et al., 1985a). These observations showed that the 

content of particulate matter increased under 
cold stratospheric conditions, but it is not known 
whether the increase of particulate matter is 
mostly due to mass increase of background par- 
ticles (growth) or due to number density increase 
(nucleation). In addition, it is uncertain whether 
the particles in the polar winter stratosphere are 
sulfuric acid droplets or not. 

Thermodynamic studies on the aerosol par- 
ticles existing in the very cold polar stratosphere 
(Steele et al., 1983) suggested the possibility that 
active transformation of pre-existing aerosol par- 
ticles from sulfuric acid droplets to ice crystal 
particles occurred. The growth of these ice 
crystals through deposition is an essential factor 
controlling the increase in particulate matter in 
the polar winter stratosphere. 

During the winter of 1983, the total intensity 
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and the depolarization ratio of back-scattered 
light from the stratospheric aerosol were 
measured using a lidar at Sowa Station (69”00S, 
39”35’E) to investigate the change of particle 
shape. 

One purpose of the present work is to show 
that new results of these lidar measurements 
suggested the existence of non-spherical particles 
in the winter antarctic stratosphere. A further 
purpose is to discuss the effect of Aitken particle 
growth on the winter increase in particle content 
and the effect of the winter enhancement of the 
antarctic stratospheric aerosol layer on the global 
budget of stratospheric water vapor. 

2. Lidar measurements 

In Table 1 the main characteristics of the lidar 
used here are summarized. The detailed speci- 
fication of this system were described elsewhere 

(Iwasaka et al., 1985b) and an outline is given 
below. The lidar system consists of a 694 nm 
pulse ruby laser, 50 cm 4 telescope, dual 100 
channels photon-counters, A scope, A/D con- 
verter processing. Lidar measurements on the 
stratosphere have been made since April 1983 at 
Showa Station (69”00S, 39”35‘E), Antarctica as a 
part of the international project “Antarctic 
Middle Atmosphere (1982-1986)”. 

The scattering ratio, R ( Z ) ,  is defined as follows 
(e.g., Russell et al., 1976), 

(1) 

where B , ( Z )  and B z ( Z )  are the molecular and 
particulate back-scattering coefficients, respec- 
tively, a t  altitude Z. The usual matching of the 
lidar signal containing both molecular and 
particulate back-scattering with the profile of 
molecular back-scattering was made using the 
radiosonde measurements which were routinely 
made at  Showa Station. The mixing ratio of 

R e )  = [ B , ( Z )  + B,(Z)I/B,(Z), 

Table I .  Main characteristics of’rhe laser radar system 

Transmitter 
Laser output 

Laser pulse width 
Repetition rate 
Laser beam divergence 
Transmitter optics 
Transmitter beam divergence 

Receiver optics 
Receiver diameter 
F-number 
Receiver field of view 

Transmitter/receiver mount 
Vertical direction only (fixed type) 

Detection system 
3-channel detection (typical confirmation) 

Receiver 

A-channel PMT R-943-02 
B-channel PMT R-943-02 
C-channel PMT R-1333 

PMT R-1332 
Signal processing 

Analog method 
A-D converter 

Photon counting method 
Multichannel counter 

> 1 J/pulse (694 nm) 
>0.3 Jipulse (347 nm) 
40 ns 
60 ppm (max) 
I .6 mrad 
Galilean telescope ( x 4) 
0.5 mrad (30 mm diameter) 

Cassegrain telescope 
500 mrn 
F/4.0 
0.5-2.0 mrad 

347 nm 1.3 nm 
694 nm f 0.5 nm 
694 nm f 0.5 nm 
347 nm f 1.3 nm 

8-bit resolution 
Sampling speed 50 ns (max) 

8-bit resolution 
Range resolution 100 m (min) 

Data processing 
CAMAC data logging system with minicomputer (Melcom 70/10) 
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particulate matter is estimated by, 

R(Z) - 1 = B,(Z)/B,(Z). (2) 

When linearly polarized laser light is incident 
on a unit volume of air, the back-scatter fraction 
from atmospheric molecules is slightly depolar- 
ized due to the anisotropy of air molecules. Non- 
spherical aerosol particles also produce some 
depolarization. Irregular volcanic ash and ice 
crystal particles produce large amounts of de- 
polarization of back-scatter light (e.g., Pal and 
Carswell, 1976). Measurement of the depolariz- 
ation ratio of back-scattered light, D(Z), should 
therefore be very useful in detecting the presence 
of non-spherical particles such as ice crystals in 
the polar stratosphere. It is defined by, 

D ( Z )  = P,(Z)/P, (Z), (3) 

where Pl(Z) and P , (Z)  are the received back- 
scatter power polarized in planes perpendicular 
and parallel, respectively, to the transmitted laser 
beam which is linearly polarized. 

3. Results 

In Fig. I .  some typical profiles of the scattering 
ratio are shown, together with the correspondent 
temperature distribution. The scattering profile is 
maximum during winter and scattering layers are 
thicker as compared to those occurring during 
other seasons. 

The vertically integrated back-scattering co- 
efficient in the stratosphere is given by, 

I = IAz Bz(z) dZ, (4) 
where AZ is the height range from the base of the 
layer to the top. We chose the tropopause instead 
of the bottom of the layer when tropospheric 
clouds disturbed the base of the layer near the 
tropopause. The integrate I can be recognized as 
the parameter corresponding to the column mass 
concentration of particulate matter although this 
is not fully quantitative (Northam et al., 1974; 
Hofmann et al., 1983). The variation of I is 
shown in Fig. 2. The integrated back-scattering 
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Fig. I. Temperature distribution and scattering ratio profiles measured at Syowa Stations (69"OO'S. 39"35'E) in 
1983. The region with temperature lower than -80°C is shaded, and the regions labeled "L" show the areas with 
lower than -85°C. The aerosol layer top is very high and the scattering ratio of the layer peak large in winter. 
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coefficient reaches its maximum in winter, 1983. 
Similar events were also seen by the SAM I1 
satellite (McCormick et al., 1982, 1985). There- 
fore, the enhancement of the antarctic strato- 
spheric aerosol layer during winter is not an event 
peculiar to winter, 1983, but occurs regularly 
every winter. Here, this phenomena will be 

100 200 300 
1983 (Days) 

Fig. 2. Vertically integrated back-scatter coefficients of 
aerosols (see text). The large value in winter appears to 
correspond to the low temperature of the winter 
stratosphere. 
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referred to as the winter enhancement of the 
antarctic stratospheric aerosol layer. 

The correspondence of depolarization ratio to 
back-scattering coefficient is shown in Fig. 3a 
and b. All dots in figures indicate half-monthly 
averaged values. Fig. 3a shows the correspon- 
dence in the height range from the base of the 
layer to 100 mb, and Fig. 3b in the height range 
from 100 mb to 50 mb. 

4. Discussion 

4.1 .  Increase in particulate matter content 
The lidar results shown in Figs. 1 and 2 suggest 

an increase in the content of particulate matter 
during winter, and confirm the results obtained 
by SAM I1 satellite measurements (McCormick 
et al., 1982, 1985). The results in Fig. 3 indicate 
that the depolarization ratio also increased to 
relatively large values during winter. Such Iarge 
values, as far as we know, have not been 
measured in the low- and mid-latitudes strato- 
sphere. This suggests that stratospheric aerosols 
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Fig. 3. Correspondence of depolarization ratio (Depol. Ratio) to back-scatter coefficient (bxx,J.  (a) Shows the 
average value of measurements obtained form the layer bottom to 100 mb;  (b) those from 100 mb to 50 mb. 
respectively. Dots are half-monthly averaged values as follows: a, April 16-30, 1983; b, May 1-15, 1983; c. May 
16-31, 1983; d ,  June 1-15, 1983; e, June 16-30, 1983; f,  July 1-15, 1983; g, July 16-31, 1983; h, September 1-15, 
1983; i ,  September 16-30. 1983; j ,  October 1-15, 1983; k, October 16-31, 1983. 

Tellus 388 (1986), 5 



368 Y. IWASAKA 

- 
- 

1 I 1  

are essentially composed of sulfuric acid and have 
spherical shapes (droplets). Ice clouds such as 
cirrus frequently show large values exceeding 0.5 
(e.g., Pal and Carswell, 1976). The measurements 

obtained during the period of fully developed 
enhancement, June 30, is shown in Fig. 4. This 
profile shows that the depolarization ratio of the 
mid-winter antarctic stratospheric aerosol layer 
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Pig. 4. Comparison of lidar measurements in winter. The scattering ratio becomes noticeably large in winter, but 
the depolarization ratio is at low levels in early winter, 1983. Curves of June 2, 1983 are typical examples in early 
winter, and curves of June 30 those showing features of the mid-winter aerosol layer. 
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becomes comparable to that due to ice crystal in 
cirrus clouds. 

Steele et al. (1983) presented the hypothesis 
that the increase in particulate matter was due to 
the increase in mass of individual particles. 
According to them, these particles grow from pre- 
existing sulfuric acid droplets through the dilu- 
tion and the freezing of fully dilute droplets. Very 
little growth takes place until the temperature 
drops to the freezing point of pure ice or the 
saturation point of water. The lidar measure- 
ments will be described later; the possibly in- 
creased particle number concentration may also 
be important in increasing the particulate matter 
content of the polar winter stratosphere. 

4 . 2 .  Aerosol content increase during the onset of’the 

It should be noticed that the lidar measure- 
ments showed a large scattering ratio but not a 
large depolarization ratio in early winter. Typical 
samples are compared in Fig. 4. The scattering 
ratio of June 2 in Fig. 4 showed a large mixing 
ratio of aerosol particles (about 30-50 times 
larger than the levels measured in mid-latitudes 
during calm periods). However, the depolariz- 
ation ratio is not so large that we can definitely 
conclude the existence of non-spherical particles. 
The same features were found in measurements 
on June 12. After June 15, the depolarization 
ratio rapidly increased and showed a good corre- 
spondence with the large back-scattering co- 
efficient (see Fig. 3).  

Fortunately, the size distribution and number 
concentration of particles with size larger than 
0. I5 p m  were observed by a balloon-borne par- 
ticle counter at Syowa Station on June 2,  1983 
(Morita, 1984, pers. comm.). These results re- 
vealed that above the tropopause, the number 
concentration of particles with radius >0.15 p m  
was quite high, above 15 particles/cm3. Previous 
observations, mostly during summer, showed that 
the stratospheric aerosol number concentration 
was 1 particle/cm3 at most during the calm 
stratospheric periods (e.g., Rosen et al., 1975), 
and 7 particles/cm3 during the disturbed periods 
(Hofmann and Rosen, 1984). This difference may 
therefore indicate a seasonal component in 
number concentration, although a possible contri- 
bution from the El Chichon volcanic eruption 
(Spring 1982, Mexico) cannot be dismissed. 

winter enhancement 

It is expected that most stratospheric particles 
are composed of sulfuric acid droplets from 
heteromolecular nucleation with water vapor and 
sulfuric acid molecules. According to kinetic 
theory, the rate at which the ith molecule strikes 
a particle per unit area is given by 

(3) 

where p ,  is the partial pressure of the ith gas, M, 
the mass of the ith molecule, k Boltzmann’s 
constant, and T the atmospheric temperature. 
Considering the surface area of typical strato- 
spheric aerosols, S,  the characteristic time scale 
of particle growth by collision is given by, 

7, , ,=[S x (P,/y’2nm,kT) x c,/V]-’. (4) 

where 0, and V are the volume of the molecule 
and aerosol, respectively. The time scales of 
water vapor molecules ( i =  I )  and sulfuric acid 
molecules ( i =  2 )  are as follows, assuming that 
P, = 10-4 mm Hg, P1 = mm Hg, T=200 
K,  V=4.2 x lo-’? cm3, and S =  lo-’ cm’ (e.g., 
Viggiano and Arnold, 1983), 

TC,] = 5 S, 

T,,? = 109 s 

It should be noticed that the time scale of tem- 
perature variation in the antarctic stratosphere is 
about lo6 s and smaller than T ~ , ~ .  This means that 
we can ignore the effect of H2S04 moIecule 
collisions in discussing the winter enhancement. 

The particle growth rate, dV/dt, is given by, 

where P d , ,  is the saturation vapor pressure, and a 
the sticking efficiency (unity is assumed). 

The growth time scales of particles with 
volume V are estimated by, 

7&r) = - ~ [: “dl-’ 
This implies that the growth rate of Aitken-size 
particles is faster than that of large particles. For 
example, the radii 0.05 and 0.5 pm, 

(7) 
For extremely small particles, the Kelvin effect 

is important and therefore the term ( p ,  - p d , , )  in 
eq. ( 5 )  should be modified. Steele and Hamill 

~ ~ ( 0 . 0 5  prn)/s,(0.5 p m )  z 10. 
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(1981) investigated the Kelvin effects on strato- 
spheric aerosol growth. According to them, this 
effect is important for a temperature of 200 K 
and for aerosols with size smaller than 0.005 pm. 
However, for large particles, this effect is 
negligible. 

Steele et al. (1983) and McCormick et al. 
(1985) suggested that the SAM I1 measurements 
were in good agreement with the log-normal size 
distribution function of background aerosols; 
total density = 6.3 particles ~ m - ~ ,  mode radius 
= 0.0725 pm, and r~ = 1.86. According to their 
estimation, the change of particle size is small up 
to the water saturation point the frost point. 

Considering the temperature measured in early 
June and the typical stratospheric water vapor 
content, about 5 ppmv, neither supersaturation of 
water vapor for ice nor that for water can take 
place during the set-up stage of the enhancement. 
The concentration of particles with radius larger 
than 0.15 pm during this period will be about 
unity at most if we follow the model of Steele et 
al. (1983). However, as described above, the 
particle density was larger than that. 

The balloon measurement of June 3 also 
showed that the particle number ratio N(r > 0.15 
pm)/N(r > 0.25 pm), where N(r > 0.15 pm)  and 
N(r > 0.25 pm) are the number concentration of 
particles with radius >0.15 pm and >0.25 pm, 
respectively, was 12-80 above the tropopause 
(Morita, 1984, pers. comm.). The size distribution 
was far from log-normal, exponential, and ZOLD 
type. From the large ratio of the particle 
concentration, i t  seems likely that there are many 
particles with radius smaller than 0.15 pm. 

Summarizing these facts, we can conclude that 
during the early stage of the enhancement, par- 
ticles formed with radius larger than 0.15 pm 
were not ice crystal particles. Consequently, this 
provides a large contribution to the increase in 
the particle content during the early phase. 

4.3.  Ice particle. ,formation 
As the temperature decreases in the winter 

stratosphere, sulfuric acid molecules in aerosols 
cannot follows the new stratospheric conditions 
owing to the lack of collision frequency in the 
time scale of interest. Consequently, the chemical 
composition of aerosols under the new atmos- 
pheric conditions is controlled only by collisions 
between water vapor molecules and aerosol par- 

ticles. The necessary condition for growth of 
aerosol particles is that the water vapor pressure 
of molecules exceeds the local saturation vapor 
pressure. The Clausuis-Clapeyron equation is 
given by, 

where L, is the latent heat of vaporization. By 
integration of eq. (8), we find 

where P , , , ~  is the known saturation vapor pressure 
at temperature To. The frost point temperature 
for water vapor mixing ratios of 5 ppmv and 10 
ppmv was estimated using L, = 2.8 x 1 O l o  ergs/g, 
T(, = 273 K ,  po,, = 6.1 1 x lo3 dynicm?. 

The frost point temperature of water vapor 
(curves g and h), the saturation temperature of 
water vapor on sulfuric acid solution (c, d for 
sulfuric acid solution 75% weight, and e, f for 
SO'?; solution) and saturation temperature of sul- 
furic acid vapor (a, b for 75% solution) are shown 
in Fig. 5 .  The temperatures are estimated on the 
basis of the results of Ayers et al. (l980), and by 
Gmitro and Vermeulen (1964). 

The freezing point of sulfuric acid solution is a 
function of the weight percentage of H2S0,. 
According to Gable et al. (l950), pure ice freezes 
out from sulfuric acid solution with about 40% 
H2S0 ,  weight when the temperature drops below 
-73°C. If the weight percentage of H2S0,  de- 
creases further through dilution, the freeze-out 
temperature increases. For example, the freeze- 
out point becomes about -35°C for a 30% 
sulfuric acid droplet. Thus, the decreases of 
stratospheric temperature cause active dilution of 
the sulfuric acid droplet and enlarges the 
difference between atmospheric temperature and 
the freeze-out point of ice from the droplet. 

In Fig. 6. the vapor pressure of water over 
sulfuric acid solutions (10%. 30%, 40%, and SO% 
weight) are shown. The water vapor pressure for 
pure water is the same as that for a 10% sulfuric 
acid solution (Steele et al., 1983; Gmitro and 
Vermeulen, 1964; McDonald. 1965). Region "a" 
indicates the range of the temperature measured 
in the height range 125 to 50 mb from June 15 to 
July 30. 1983 at Syowa Station. Region "b" shows 
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Fig. S, Comparison of atmospheric temperatures and 
saturation (or frost) point temperatures of water vapor 
and sulfuric acid vapor. Curves 0, P. Q, and R are the 
atmospheric temperatures which are half-monthly aver- 
ages on the basis of radiosonde measurements at Syowa 
Station. and show typical feature of each season: 0, 
February 1--15, 1983 (summer); P, September 16-30, 
1983 (spring); Q,  May 16-31, 1983 (fall); R, July 1-15, 
1983 (winter). Curves (a) and (b) are saturation point 
temperatures of sulfuric acid vapor with 0.2 pptv and 
0. I pptv mixing ratio for sulfuric acid solution of 75% 
weight. Curves (a)  and (d) are saturation point ternpera- 
tures of water of 10 ppmv and 5 ppmv, respectively. for 
a sulfuric acid solution of 759; weight. and curves (e) 
and (f)  are for sulfuric acid solution of 50% weight. 
Curves (h) and (g) are frost point temperatures of water 
vapor with mixing ratios 10 ppmv and 5 ppmv, respec- 
tively. In winter, the atmospheric temperature fre- 
quently falls to a value lower than the frost point 
temperature, (h). The shaded area (A) indicates the 
region in which typical stratospheric aerosol particles of 
about 75'4 sulfuric acid can exist. 

the temperature range at which the large depolar- 
ization ratio (larger than 0.5) was measured. Most 
measurements were in the region "b" during 
this period; 77a{ for 125-50 mb, and 850/, for 
100-SO mb. 

Atmospheric temperature profiles showing the 
characteristics of each season are compared in 
Fig. 5 on the basis of the routine sonde sounding 
at Syowa Station. The temperature distribution 
R,  which is an averaged value during the period 
from July I to July 15, was lower than the frost 
point temperature g for the water vapor mixing 
ratio of 10 ppmv, and comparable to the frost 
point temperature for a mixing ratio of about 6 
ppmv. In summer, the stratospheric temperature 
0 is in the range where sulfuric acid droplets with 
7Soj; weight are in equilibrium with the surround- 
ing atmosphere. When the temperature decreases 

180 200 2 20 2 

Temperature( K) 

0 

Fig. 6. Water vapor pressures for sulfuric acid solu- 
tions; lo%, 30"/,, 400/,, and 5004, weight. Vapor press- 
ure on ice is indicated by a dotted line. The shaded area 
(a) shows the temperature range measured form 125 mb 
to 50 mb height (Syowa Station, June 15-July 30). Area 
(b) indicates the range in which depolarization ratios 
larger than 0.5 was observed. The arrow indicates the 
water vapor pressure, corresponding to a water vapor 
mixing ratio of 5 ppmv at 100 mb height. 

rapidly, supersaturation occurs for water vapor 
and sulfuric acid vapor. However, as described 
before, it is reasonable to consider that only water 
vapor molecules can condense rapidly onto the 
aerosol particles. 

Composition of aerosol droplets can change 
from about 75% to about 10% through dilution 
since the temperature drops frequently below 
-85°C during winter in the height range from 
125 to 50 mb if we assume the mixing ratio of 
water vapor is 5 to 10 ppmv (the case of 100 mb 
height is shown by an arrow in Fig. 6). Droplets 
with about 3004 weight or below will be 
supercooled by more than 40T, and these par- 
ticles will be frozen if  we follow Hallet and Lewis 
( I  967). Owing to subsequent temperature drop, 
particles can be suficiently diluted to be treated 
as ice particles, and rapid growth through 
deposition can occur when the temperature de- 
creases below the frost point. 

As pure ice occupies the major proportion of 
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I 

particle volume, it is reasonable to assume that 
the particle shape depends on the freeze-out ice. 
Usually, ice crystals in the atmosphere have non- 
spherical shapes, and a large depolarization ratio 
can be expected. Thurnan and Robinson ( I  954) 
observed that over 90% of ice particles in fogs 
near Fairbanks, Alaska at  temperature below 
- 3 8 T ,  were approximately spherical shape 
(these are named “droxtals”). Kumai (1966) also 
found spherical ice crystals of 2 gm to 15 g m  
diameter formed at around -40°C. Kobayashi 
(1965) grew ice crystals from water vapor 
between - 40 and - 90°C using a small diffusion 
cold box. In this range of temperature, the basic 
shape of the crystals was prism like. Long prisms 
and whiskers occurred at  low supersaturation 
between -45 and -50°C. Pyramidal faces ap- 
peared at the ends of prisms between -50 and 
-90°C. Ohtake (1970) noted that “droxtals” 
included 20-faced bi-pyramids on short prisms 
and also 14-faceted bi-pyramid crystals. These 
crystals seem to be similar to those which 

I 

Kobayashi (1965) grew in the laboratory. From 
the observations and the experiments, it seems 
likely that “droxtals” and faceted crystals present 
a low-temperature quasi-stable state. 

In view of Kobayashi’s experiments (1956) on 
the shapes of ice crystals at low temperatures, it 
might be expected that stratospheric ice particles 
which are just a few pm in diameter, will develop 
pyramidal faces (Hobbs, 1974). The large de- 
polarization ratio measured in the winter antarc- 
tic stratosphere (although the crystal shapes of ice 
cannot be estimated directly from the measure- 
ments) show the existence of non-spherical par- 
ticles which are speculated to be ice crystals. 

In Fig. 7, the region where atmospheric tem- 
perature is lower than the frost point tempera- 
ture, is illustrated; the upper limit for the mixing 
ratio of water vapor is 10 ppmv and the lower 5 
ppmv. If we assume a water vapor mixing ratio 
of 6 ppmv in the winter antarctic stratosphere, 
we find general agreement between estimations 
and the observations at Syowa Station. 

0 
I 
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1 9 8 3  Syowa Stat ion 
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4.4 .  Possible effrct q j  the winter antarctic strato- 
sphere on the global budget of stratospheric 
water wpor  

It is worth noticing that the height of the layer 
center descended at the rate of about 0.8 mmjs in 
the winter season, and this motion was closely 
related to the descent of the cold region (Iwasaka, 
1986). McCormick et al. (1985) pointed out that 
the same motion with a descending rate of 0.77 
mmjs was also found in the antarctic stratosphere 
and suggested that this motion was related to the 
large-scale air motion in the winter stratosphere. 

The interpretation of this motion is not yet 
certain, but the descending motion found by lidar 
and satellite, is an important factor controlling 
the transport of particles, if this motion means 
substantial movement of particles. 

If we assume the descending motion is due to 
air motion, and an average particle size of about 
0.2 pm, the flux of water due to this is about 
4 x lo-'.' g cm-? s-I. For the assumption that 
particle sedimentation causes this descending 
motion, the particle size should be 2 pm or larger 
and the flux about 4 x IO-"  g cm-2 s-l. The 
horizontal scale of events is unknown. Consider- 
ing that the increase of particulate matter is 
highly correlated to the cold temperature field in 
winter, the area of enhancement of stratospheric 
aerosol layer, is about 17 x 1016 cm2 (the polar 
area at latitudes higher than 70"s). The lidar 
measurements show that the duration of an event 
is about 3 months to 4 months. Assuming a 
constant flux at the tropopause level, we estimate 
the mass of water transported from the strato- 
sphere to the troposphere to be 5 x 10.' and 
5 x lo7 ton per winter for displacement due to 
subsidence and sedimentation, respectively. The 
mass of water transported by the global-scale air 
motion is of the order lo8 tons per year (e.g., 
Ellsaesser, 1974, 1983). The present rough esti- 
mates suggest the importance of particle growth 
and transportation during the antarctic winter for 
the global budget of stratospheric water vapor. 

5. Summary and conclusions 

Summarizing the lidar and balloon measure- 
ments on stratospheric aerosols at Syowa Station 
(69"00S, 39"35'E), we can mention the following. 

(1 )  During winter. particulate matter content 
is extremely enhanced. 

(2) Increase in particle number concentration 
(nucleation) possibly contributed to the 
winter enhancement of stratospheric 
aerosols during the onset stage of the 
enhancement. 

( 3 )  During the main stage of the enhancement, 
the depolarization ratio of particles was 
very large, but was low during the onset 
stage. 

(4) Most of the aerosol particles are transferred 
to ice particles during the main stage of the 
enhancement. Growth of ice particles 
through deposition contributes to the win- 
ter enhancement. 

(5) I f  the descending motion of the particle 
layer measured during winter is due to 
particles sedimentation, the antarctic win- 
ter stratosphere is a possible sink for 
stratospheric water vapor. 

The studies described in this paper are based 
on the measurements of a single station during 
a period of one year. Further investigation is 
necessary to understand the nature of polar 
stratospheric aerosols. Better information on the 
size distribution and composition of particles is 
badly needed. Simultaneous measurements of 
water vapor and aerosol particles are also needed. 
I t  is important to determine the mechanism of 
the descending motion of the aerosol layer in 
order to assess the effect of the winter enhance- 
ment of the aerosol layer on the global budget of 
the stratospheric water vapor. Information on the 
horizontal scale of the enhancement is also 
essential. 
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