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ABSTRACT

Long-term observations of precipitating clouds were carried
out by a vertical pointing radar, PPI radar and a 37 GHz micro-
wave radiometer at Syowa Station (69°00’S, 40°35’E), Antarctica
in 1989. The results obtained include the characteristics and
seasonal variations of snowfalls. The former revealed the cause
of precipitation near Syowa Station, Antarctica.

It as concluded from the observations that precipitation
near Syowa Station, Antarctica is mainly brought by cloud vor-
tices associated with extratropical cyclones which advance to
high latitude while developing to a mature stage. It is proposed
that the outer side of the cloud vortex is composed of layer
clouds above the warm front formed by warmer air advancing
southward from low latitude. The warmer air is considered to be
raised above the colder and drier air circulating westward around
the polar high along the coast near Syowa Station, Antarctica.
The inside of the vortex is composed of convective clouds formed
in colder air rotating around the low center along the well-
developed spiral. Therefore the cloud vortex is concluded to be
created by the occluded front composed of the cold front up-
gliding above the warm front.

Precipitation from an occluded front crossing over Syowa Sta-
tion was often observed when the low pressure center was station-
ary northwest of Syowa Station. The time-height c¢ross sections
of radar echoes in this case are considered to be normal cross
sections of cloud vortex. It is concluded from the observations
that the necessary conditions to bring large amount of precipita-

tion to the coastal region near Syowa Station, Antarctica are

that the low pressure system is in its mature stage, locates




northwest of the region, and is stationary. Especially, a low
pressure in its mature stage northwest of the station would bring
a large amount of precipitation for a long time when the low
pressure center moves westward in accordance with the orientation
of the cloud band of cloud vortex.

The seasonal variations of clouds and precipitation were
analyzed corresponding to the seasonal changes of air temperature
and sea ice area. The echo top height of stratified deeper
clouds accompanied by the warm front changed with season corre-
sponding to the change of height of -40°C. On the contrary the
occurrence frequency of convective lower clouds decreased 1in
winter and spring seasons when the air temperature is the lower
and the sea ice area is the larger. The seasonal variations of
the amount of vertically integrated liquid water content obtained
by microwave radiometer also showed a similar trend corresponding
to the seasonal change of sea ice area. The clouds having large
amount of water content of liquid phase were frequently observed
in fall when the open sea ice area expanded to Syowa Station.
However, clouds in 1liquid phase were seldom observed in the
austral winter and spring seasons when the sea ice area expanded
to lower latitudes.

The air temperature and the sea ice area influence not only
activities of cloud systems but also activities and trajectories
of low pressure system accompanied by cloud vortex. The occur-
rence frequencies of cloud vortex which brought snowfall to Syowa
Station increased in fall and spring seasons corresponding to
activity of the circumpolar trough. However, the activities of
cloud systems that brings precipitation are weaken in spring when

the sea ice area expands to low latitudes, because of less supply




of heat and vapor. Thus the activities of cloud vortex are also
weakened above the sea ice. In comparison with fall and spring,
precipitation occurred frequently in fall associated with low
pressures, whereas, precipitation occurred occasionally in spring
associated with low pressures. Therefore if the amount of precip-
itation caused by each low pressure system varies, the amount of
precipitation in spring can be expected to change more often from
year to year than that in fall.

In 1989, the amount of precipitation in spring brought by a
few snowfall events was as large as the amount of precipitation
in fall brought by frequent snowfall events. Radar observations
revealed that there were three abundant snowfall seasons at Syowa
Station and the amount of snowfall was uniform in all season
except summer. The amounts of precipitation in fall, winter and
spring seasons were 74, 74 and 53 mm respectively. The amounts
of precipitation in fall and winter were large at Syowa Station
in 1989. However, it is expected that the amount of snow in the
continent would be small in winter from the distributions of
precipitation measured by the PPI radar. Deeper clouds having
much liquid water content caused a large amount of precipitation
in the coastal region near Syowa Station, Antarctica. Therefore
the season which contributes the most to the snow accumulation
around Syowa Station, Antarctica should be fall because there

are many deeper clouds with much liquid water content in that

Season.




Chapter 1. Introduction

The Antarctic ice sheet plays a critical role as a cold
source in the global climate system. The mass of the ice sheet is
largely determined by the balance between the increase by precip-
itation and the decrease by the sum of the outflow and evapora-
tion. The estimation of amount of precipitation is important to
comprehend the water budget in Antarctica. However, in order to
estimate the amount of precipitation, there are few detailed
observations carried out in Antarctica due to difficulties of
observations. Since Antarctica is surrounded by sea ice, it is
difficult to transport large equipment for observations to Ant-
arctica. Moreover, the conditions of Antarctica are severe with
low temperature and strong wind. Such conditions suppress
detailed observations of snowfall.

The Japanese Antarctic Research Expeditions (JARE) attempted
for several years to comprehend the Antarctic climate system as a
link in the Antarctic Climate Research (ACR) project, which is
under the umbrella of World Climate Research Program (WCRP). The
author participated as one of the wintering members in the 30th
JARE (Feb. 1989 - Jan. 1990) to study clouds and precipitation
near the coast around Syowa Station by using meteorological
radars and a microwave radiometer. The present paper describes
the characteristics and seasonal variations of precipitation
phenomena through analysis of observational data obtained in
1989. The only previous works concerning precipitation in Ant-
arctica observed by radar are Whinnery et al. (1979) and Warbur-
ton et al. (1981). Both of them were carried out at Palmer Sta-

tion at Antarctic Peninsula. The former used the radar data to

ascertain the relationships between radar reflectivity from




precipitating storm and the precipitation rate, and the latter
obtained the radar data to study cellular structure of storms and
the effects of the mountain barrier on storm motions.

It is important to establish a method of measuring snowfall
amount in Antarctica. Measurements of precipitation by using
snow gauge present severe problems, since it is almost impossi-
ble to distinguish between precipitation and drifting snow in
strong winds that often accompany precipitation. The classical
methods using snow stakes to measure accumulated snow depth have
large errors in amount of precipitation in strong wind. Some
reports showing the annual amount of snowfall, for example,
Murakoshi (1958) and Naruse et al. (1971), are based on data
obtained using the snow stakes at Syowa Station. Several attempts
to estimate the amount of snowfall have been carried out by
members of JARE. Kikuchi et al. (1981) sampled the precipitating
particles at Syowa Station on glass slides to make replicas and
estimated the amount of precipitation as 400 mm through a year
by multiplying the durations of snowfall by the snowfall rate
calculated from the replicas of precipitation particles. Ko-
bayashi (1985) and Takahashi (1985) derived the annual amount of
snowfall as about 200 mm by extrapolation of the vertical dis-
tribution of blowing snow measured by using a 30 meter tower at
Mizuho Station.

Estimations of amounts of snowfall over the whole of Antarc-
tica have been carried out by other methods. Budd (1966) esti-
mated the annual accumulation rates by combining several data
obtained from measurement of snow stakes and from snow-pit stra-

tigraphy along traverse routes. He found that the amount of

precipitation is relatively high over marginal ice slopes in




relation to the amounts in the interior. The amount is about 400
mm around Syowa Station. Schwerdtfeger (1984) reported the
changes of cloudiness and water vapor at some stations in Antarc-
tica and estimated the snowfall rate in point of vapor transport.
Bromwich (1988, 1990) and Connolley and King (1993) also esti-
mated the amount of snowfall to calculate the moisture flux by
using upper sounding data observed at some stations directly and
using analysis data generated by a numerical weather prediction
scheme.

In the present study, a method how to estimate the amount of
snowfall by using continuous meteorological radar data through
a year at Syowa Station is described. This indirect method
provides a good estimation of snowfall rate (Fujiyoshi et al,
1990) in comparison with those in the previous work in Japan.
Moreover, this method can provide the amount of snowfall in each
series of snowfall events because the radar reflectivity convert-
ed to snowfall intensity is measured at short time intervals
automatically whether wind blows hard or not. The analysis of
radar data also provides useful information on meso-scale struc-
ture of clouds causing precipitation. The studies of estimation
of amount of snowfall in Antarctica in the previous work seldom
refer to the structure of precipitation clouds because the stud-
ies emphasize on results of precipitation but not on causes of
precipitation.

Clouds and precipitation near Antarctica are thought to be
produced by water vapor transported from the sea surface at lower
latitudes surrounding Antarctica. Carleton (1992) noted that

synoptic scale cyclones are important in the supply of moisture

to Antarctica. Knowledge of synoptic climatology over the South-




ern Hemisphere tended to be incomplete before satellite images
became available because of the lack of conventional surface and
upper sounding data over extensive regions of the Southern
Hemisphere. Subsequent analyses of many satellite pictures have
made it possible to determine the characteristics of synoptic
climatology on extratropical cyclonic cloud vortices (Troup and
Streten, 1972). Streten and Troup (1973) investigated the sea-
sonal pattern of cyclonic evolution and decay over the Southern
Hemisphere by using satellite data. They noted that decay of low
pressure system is frequently observed close to Antarctica. The
present study shows the characteristics of precipitation phenom-
ena at Syowa Station and associates them with the precipitation
clouds by using the data of synoptic charts and satellite images.
The radar observations provided useful data to propose a concep-
tual model concerning the structure of cloud vortex associated
with extratropical cyclones.

The present study also deals with seasonal variations of
precipitation phenomena. Since the sea ice edge varies seasonally
from 200 to 1500 km off Syowa Station and the surface temperature
varies from 0 to -40°C, precipitation phenomena affected by these
factors must be changed with the season. The seasonal changes of
circulation in the Southern Hemisphere are related to biannual
oscillations of the circumpolar trough, which have been analyzed
by means of daily synoptic weather maps (van Loon, 1984). The
symmetric circumpolar zone of 1low pressure at high latitudes
retreats toward the coast of Antarctica in March and October
(Streten, 1980). The clouds and precipitation around Syowa Sta-
tion were also examined for the seasonal oscillation.

According to precipitation phenomena based on radar obser-




vations around Syowa Station, some new findings are discussed

about the necessary conditions for a large amount of precipita-

tion near Syowa Station and the contribution to snow accumulation

in Antarctica.




Chapter 2. Methods of observation
2.1. Instruments

Long-term observations of precipitating clouds were carried
out by a vertical pointing radar, PPI radar and a 37 GHz micro-
wave radiometer at Syowa Station (69°00’S, 40°35’E), Antarctica
in 1989. The location of Syowa Station is shown 1in Pig.s 2+=%;
Syowa station is situated on the north side of the Ongul Islands
near the east coast of Lutzow-Holm Bay. The sea ice area extends
north of the station for a minimum of 200 km in February and a
maximum of 1500 km in October.

The vertical pointing radar gave reflectivity with a range
interval of 50m up to 6.4 km at time intervals of 10 sec. The
wavelength of the radar is 3.2 cm and the detailed characteris-
tics of the radar are specified by Wada (1990). A PPI radar
detects the horizontal distributions of precipitation and the
evolution of precipitating clouds near the coast within a 64 km
radius of Syowa Station. Radar data was recorded every 18 minutes
at three different elevation angles of 2.0°, 3.5° and 6.0°, in
order to produce Constant Altitude PPI (CAPPI). The specifica-
tions of vertical pointing radar and PPI radar are summarized in
Table 2-1 by Konishi (1992).

A 37 GHz microwave radiometer was also used to obtain the
liquid water content (LWC) in clouds. The microwave radiometer
data is collected every 1 minute (Konishi and Wada, 1991) and is
converted to the amount of vertically integrated liquid water
content by the methods described by Wada (1992).

A highly sensitive snow gauge (Konishi et al., 1988) was

used to measure snowfall rate. The weight of snow fallen in a

bucket on a balance was measured automatically at one minute



intervals and the weight data was sent to a computer by a cable
connected to the balance. The minimum detectable snowfall rate of
this gauge was 0.062 mm/hr. The balance was shielded by wooden
walls to protect the electric balance from strong wind. However,
we used the weight data only when the wind was weaker than 5
m/sec because the balance measured the weight of not only precip-
itation particles but also blowing snow particles which fell
into the bucket under the strong windy conditions.

The instruments were installed around the Earth Science Labo-
ratory, which is located in southwest of Syowa Station. Figures
2-2 and 2-3 show a schematic view of instruments and a photograph
of instrument located around the laboratory. Vertical pointing
radar and snow gauge were set beside each other to compare the
radar reflectivity and snowfall rate. PPI radar was set on a
small hill to reduce shadow area. The shadow area from the PPI
radar beam for the ground at an elevation angle of 2.0 degrees is
hatched in Fig. 2-4 because there are steep slopes along the
coast of Antarctica south and east of the station. The radar
detected mainly the precipitating echo in the northern semicircle
area with radius of 64 km.

Precipitation particles were also observed and photographed

under a polarization microscope at the radar site.

2.2. Data sources

Surface synoptic data such as temperature, humidity, pressure
and wind velocity and direction were measured every hour and
upper air sounding data were obtained twice a day at 00Z(O03LT)

and 12Z(15LT) at Syowa Station. NOAA satellite data were also

received and processed for at least one orbit per day at Syowa




Station. The satellite carries several sensors including an
Advanced Very High Resolution Radiometer (AVHRR), which views the
earth’s surface with the high resolution of about 1 km. The AVHRR
image data was used to detect cloud vortices as shown in Fig.
2-5. All satellite images in this paper treat the same area as
shown in the figure. The area of satellite images contains the
coastal region near Syowa Station. A coastal region of continent
is denoted by the shaded area at the lower panel of the figure
and the location of Syowa Station is denoted by SYW.

Synoptic charts were used to trace the trajectories of low
pressure center in the format depicted twice a day by using
European Center for Medium-Range Weather Forecast (ECMWF) analy-
sis grid data at 1000 hPa every 2.5 degrees.

Annual changes of the sea ice extent were surveyed by using

the weekly reports of sea ice limit issued by the NAVY-NOAA joint

center.




Chapter 3. Estimation of amount of precipitation
3.1. Relation between radar reflectivity and snowfall rate ob-

‘tained by snow gauge of electric balance type

The vertical pointing radar was operated continuously from
February 1988 to December 1989 to estimate the amount of precipi-
tation. The snowfall rate at every minute was also measured by
a highly sensitive snow gauge of electric balance type under calm
wind conditions from February to December in 1989. The relation-
ship between radar reflectivity factor Z (mmé/m3) and snowfall
rate R (mm/hr) is usually expressed as Z=B-R.B . Three examples
of the Z-R relationship are drown in Fig. 3-1 for different
types of snow particles in a series of snowfall observed on 21
May, 24 October and 1 July 1989. The figure compares the averaged
radar reflectivity, dBZ (10logZ), calculated from the data of 30
pulses of vertical pointing radar and corresponding snowfall rate
measured by the gauge for 5 minutes. Because the radar reflec-
tivity below the level of 400 m was influenced by ground clutter,
the reliable data at the lowest level of 400 m was compared with
those of the snowfall rate. The snowfall rates were usually weak
in all cases in comparison with those at middle latitudes. The
maximum snowfall rates were 0.5, 0.3 and 0.5 mm/hr in these
cases, respectively. On the other hand, the maximum radar reflec-
thvity were 7, 12 and 16 dBZ, respectively. Comparing between
cases of graupels on 21 May and aggregates of dendrites on 1
July, the radar reflectivity factors of the former were about 7
times greater than those of the latter at the same snowfall rate.
Therefore, the regression lines for Z-R relations are expected to

be much different between the aggregates of dendrites and graupel

particles.




The coefficients B and 8 for each snowfall are determined by
a regression line for the data of snowfall rates and radar re-
flectivity factors. 1In this paper the coefficients B and 38 were
calculated only for the cases in which the surface wind speed was
weaker than 5 m/sec and the snowfall continued for at least
several hours. Since snowfall is usually accompanied by strong
wind, only 14 days were observed in total during the observation-
al period from February to December 1989. The snowfall rates at
Syowa Station were usually weak compared to those at middle
latitudes and the maximum snowfall rate averaged for 5 minutes
rarely exceeded 1 mm/hr. The coefficients B and 8 obtained in
1989 are shown in Table 3-1 with type of snow crystals and daily
mean temperature for the cases. The values of coefficient B
ranged from 7.6 to 63.0 and B8 from 1.02 to 1.52. These values
are almost the same as those summarized for various types of
solid precipitation by Sato et al. (1981). The values of coeffi-
cient [, which represents the slope of the regression line, were
almost the same in all cases, although the values of coefficient
B were much different. Therefore the slope of regression line
would not change so much even if the coefficient /4 is fixed at
averaged value of 1.3.

Since the radar reflectivity factor is proportional to the
sixth power of the snow particle size, the radar reflectivity
factor for large particles like aggregates will be large compared
to that for densely rimed particles or graupel particles at the
same snowfall rate. The differences of radar reflectivity factor
at the same snowfall rate imply that the differences of apparent

density of particles reflect the masses per unit volume, due to

different amounts of open space. Since the value of coefficient B



is defined as the value of radar reflectivity factor to snowfall
intensity of 1 mm/hr, the values of coefficient B provide
information on the apparent densities of snow particles. The
values of coefficient B will be large when the apparent densities
are small, such as in the case of aggregates, and the values of
coefficient B will be small when the apparent densities of snow
particles are large, such as in the case of graupel or heavily
rimed crystals. The apparent densities of snow particles can be
estimated from the values of coefficient B.

The snowfall rate calculated from the Z-R relation by taking
the maximum value of coefficient B to be 63 is about 5 times
larger than that by taking the minimum value of B to be g 0L -
at the same radar reflectivity factor by using the coefficient f
of 1.3. If we use the same values of coefficients B and § for
all precipitation, the snowfall rates may contain large errors.
We must use the best Z-R relation for each type of snow particle
to estimate the snowfall rates accurately by using radar data.
However, it is impossible to detect the types of snow particles
continuously in strong wind conditions as often prevail in
Antarctica. Because the types of snow particles are approximately
defined by the air temperature, the values of coefficient B can
be parametrized by air temperature. The large coefficient B is
induced at higher temperature when the types of snow particles
are aggregates of dendrites, however, the small coefficient B is
induced at lower temperature when the types of snow particles are
columns or bullets. The dependency between coefficient B and
temperature in Table 3-1 is expressed in Fig. 3-2. As it is shown

in the figure that the relation between coefficient B and daily

mean surface temperature is distributed around the regression



line, the values of coefficient B are related to the temperature.
In this paper the values of coefficients B and B are chosen as
the values on the regression line at each temperature and the
constant wvalue of 1.3 respectively, to estimate the snowfall

rate from echo intensity of vertical pointing radar.

3.2. Total amount of precipitation in 1989 at Syowa Station,
Antarctica

Figure 3-3 shows the amount of daily snowfall in 1989 calcu-
lated from vertical pointing radar data by using the coefficient
of the Z-R relation mentioned in Section 83.1. The precipitation
detected by the radar was more than 130 days. Almost all daily
amounts of snowfall were less than 5 mm. The total amount of
snowfall was deduced to be 204 mm in 1989. Since the correlation
coefficient of the regression line in Fig. 3-1 is 0.73, the error
of amount of snowfall is about 36%. Compared with values 1in
earlier works near Syowa Station, the value 204 mm is less,
however, the comparison with other results is meaningless be-
cause the methods of measurement are much different. It is
thought that our results are much reliable because the measure-
ments were carried out at short time intervals continuously
through the year.

Figure 3-3 indicates that there were three snow abundant sea-
sons at Syowa Station. The longest snowy season was from February
to April in the austral fall. The total amount of snowfall in
this season was about 74 mm. Another season appeared in winter.
The total amount of snowfall in this season was 74 mm. The other

season was from October to November in spring; the total amount

of snowfall in this season was 53 mm. The peak value of daily




snowfall in this season was 11.0 mm/day, larger than those in
other seasons. This indicates that the amount of snowfall was
larger for each snowfall event in this season than those in other
seasons. The seasonal variation of snowfall suggests that the
precipitation occurred evenly in all seasons except summer.

Also the upper panel in Fig. 3-3 represents the pressure
variation, which deviated from the averaged sea surface pressure
for 30-days. The figure indicates that the snowfall usually
occurred when the pressure was lower than the normal mean level.
This fact suggests that the snowfall was brought by low pressure
systems. Carleton (1992) also noted that synoptic scale cyclones
are important in the supply of moisture as clouds and precipita-
tion in Antarctica. However the snowfall did not always occur
when the pressure is lower than the normal mean level. Some lows

do not bring snowfall to Syowa Station.




Chapter 4. Characteristics of precipitation phenomena over the
coastal region around Syowa Station, Antarctica
4.1. Cloud vortex associated with extratropical cyclones
4.1.1. Classification of vertical structure of precipitating
clouds

The vertical structure of precipitating cloud was observed
continuously from 1 January to 19 December in 1989 by vertical
pointing radar at Syowa Station. Figure 4-1 shows the occurrence
frequency of duration of echo at 1-hour intervals observed by the
vertical pointing radar. The longest duration of echo reached 55
hours. When the echo observed for 1long duration, a blizzard
usually caused with strong wind on the ground and suppressed the
various observations of precipitation such as amount of precipi-
tation by sensitive gauge and sampling of precipitating parti-
cles. However observations wusing radar were not affected by the
blizzard.

Since the cloud system accompanied by low pressure is usually
as large as several hundred kilometers in diameter, the clouds
associated with the low pressure system would cover Syowa Station
for long duration. The occurrence frequency of duration longer
than 10 hours is 53 cases in the observation period. The sum of
appearance duration of the 53 cases is 50% of that of all cases
and the total amount of precipitation of them 66% of that of all
cases. Hence it is concluded that the cases of the long duration
contribute large amounts of snowfall to Antarctica. So the
present paper describes only cases of long duration of echo to
investigate the characteristics of precipitation phenomena over

the coastal region around Syowa Station.

The 53 cases of long duration of echo are classified into



three types by the time-height cross section showing the vertical
structure of the echo observed by the vertical pointing radar.
The typical time-height cross sections of three types are shown
in Figure 4-2. The echoes of the type-A consist of a pair of deep
and shallow echoes. The deep echo appeared over 6 to 10 hours
before the shallow echo appeared. Type-B echoes are composed of
only high level echo without precipitation on the ground for
long period over 10 hours. Type-C echoes show short periodic
structure such as convective cells. The number frequencies of
type-A, type-B, type-C and other types are 24, 11,.4 and 17,
respectively.

The thermal and kinetic vertical structures corresponding
to the cases in Fig. 4-2 are shown in Fig. 4-3 by equivalent
potential temperature, wind speed and wind direction obtained
from upper soundings. The equivalent potential temperature of
type-A indicates that the warm air was present in the upper part
of echoes at the beginning when the high level echo appeared;
however, the air temperature decreased when the low level echo
appeared. The temperature difference between both conditions was
greater than 20 degrees around 4 km height at 15 LT on 4 March
and at 3 LT on 5 March. Vertical stability was suspected to be
small above 4 km at 15 LT on 4 March, but larger at 3 LT on 5
March. Therefore it is expected that the air mass was changed
during the passage of the type-A echoes above Syowa Station. The
neutral layer was observed in the warm air, around 6 km on 17
February. The equivalent potential temperature of type-B indi-
cates that the echo exhibited in a stable layer and the profiles

changed little with time. The wind profile suggested that the

low pressure center was located north of Syowa Station because




the wind blew westward at every height. On the contrary, the
potential temperature of type-C shows that the echo was expected
in the neutral layer of potential temperature after convective
mixing.

The type-A echoes appeared most frequently in 1989 as men-
tioned above. Figure 4-4 shows 6 cases of time-height cross
section of type-A echoes expressed as similar as Fig. 4-2(a).
The time scale of the horizontal axis in Fig. 4-4 is 6 times
shorter than that in Fig. 4-2. The type-A echoes are observed in
all seasons as shown in the figure. Since the height of the deep
echo top changes with season at about the -35°C level (dotted
lines), the echo top would depend on temperature. The solid
triangles depicted on the horizontal axis indicate the time of
minimum surface pressure during the passage of a type-A echoes.
The time of the minimum surface pressure corresponds to roughly
the change from the deep echo to the shallow echo. The deep echo
appeared when the pressure decreased and the shallow echo ap-
peared when the pressure increased. These facts suggest that
boundary of two echoes seems to be a frontal structure dividing
warm and cold air masses.

The horizontal structure of the type-A echoes was analyzed by
using the PPI radar data and NOAA satellite images. The composite
charts of PPI radar for one of the typical cases observed on 4
March and 5 March 1989 are shown in Fig. 4-5. The lower part of
the figure shows the horizontal structure of type-A echo composed
of time-distance cross section using the PPI radar echoes along
a line 10 km north of Syowa Station. The time—-height cross

section of radar echo wusing vertical pointing radar data is also

shown for comparison in the middle part of the figure. The PPI




radar data suggests that the type-A echoes consisted of layer
echoes before 21 LT on 4 March and line echoes in the latter
period. The former echoes were consistent with deep echoes and
the latter line echoes were consistent with shallow convective
echoes in comparison with time-height cross section. The
NOAA/AVHRR image indicates that the cloud band of cloud vortex
was above Syowa Station at 16 LT on 4 March as shown in upper
part of the figure. The cloud band of cloud vortex passed above
Syowa Station from north to south. The orientation of c¢loud band
of cloud vortex extends from east to west at the southern
periphery, when the type-A echo appeared above Syowa Station. On
the other hand, the orientation changed to NE-SW around the rear
edge of the band as the type-A echo passed away. The change of
orientation of the band is also found in composite charts of PPI
radar data. Hence it is expected from the NOAA image that the
type-A echoes would be cross sections across the cloud band of

cloud vortex associated with an extratropical cyclone.

4.1.2. Synoptic scale features for the cloud types classified
Synoptic analysis over the Southern Hemisphere tended to be
incomplete before using satellite data because of the lack of
conventional surface and upper-air data. Satellite data has been
used to research the climatology of cloud vortex for the Southern
Hemisphere from the 1970’s. Satellite data plays an important
role in climatological studies on hemispheric and global scales.
The increase of satellite d