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ABSTRACT. Long-term observations of precipitating clouds were carried out by a
vertical pointing radar and plan-position indicator (PPI) radar at Syowa station
(69.0°S, 40.5° E), Antarctica, in 1989. The observations revealed that there were three
abundant snowfall seasons at Syowa station and the amount of snowfall was uniform in
all seasons except summer. The amounts of precipitation in autumn, winter and spring
were 74, 74 and 53 mm (liquid water equivalent), respectively. The amounts of precipita-
tion in autumn and winter were large at Syowa station in 1989. However, the amount of
precipitation on the inland ice is expected to be small in winter, indicated by the distribu-
tions of precipitation measured by the PPI radar.

The occurrence frequencies of cloud vortices which brought snowfall to Syowa station
increased in the autumn and spring seasons, corresponding to the activity of the circum-
polar trough. However, the activities of cloud systems that bring precipitation weaken in
spring when the sea-ice area expands to low latitudes, because of a lower supply of heat
and vapor. Thus the activities of cloud vortices are also weakened above the sea ice.

1. INTRODUCTION precipitation phenomena. Since the sea-ice edge varies sea-
sonally from 200 to 1500 km off Syowa station and the sur-
face temperature varies from 07 to —40°C, precipitation
phenomena affected by these factors vary with the season,
The seasonal changes of atmospheric circulation in the
Southern Hemisphere are related to semi-annual oscilla-
tions of the circumpolar trough (Van Loon, 1984). The sym-
metric circumpolar zone of low pressure at high latitudes
retreats toward the coast of Antarctica in March and
October (Streten, 1980). The clouds and precipitation
around Syowa station are examined as possible indicators
for impacts of the seasonal oscillation.

Measurement of precipitation using a snow gauge presents se-
vere problems, since it is almost impossible to distinguish
between precipitation and drifting snow in the strong winds
that often accompany precipitation. In the present study, a
method of estimating the amount of snowfall by using contin-
uous meteorological radar data is deseribed. This method can
provide the amount of snowfall in each series of snowfall
events because the radar reflectivity converted to snowfall in-
tensity is measured at short time intervals automatically, irre-
spective of wind speed. The analysis also provides useful
information on the mesoscale structure of clouds causing pre-
cipitation. Previous studies estimating the amount of snowfall
in Antarctica (e.g. Budd, 1966; Bromwich, 1990) seldom refer
to the structure of precipitation clouds, as they emphasize the
results rather than the causes of precipitation.

The present study also deals with seasonal variations of

2. METHODS OF OBSERVATION

Long-term observations of precipitating clouds were car-
ried out by a vertically pointing radar and plan-position in-
dicator (PPI) radar at Syowa station (69.0°S, 405" E),

Table I. Specifications of vertical-pointing and PPl radar Antarctica, in 1989. Syowa station is situated on the north
) ' side of the Ongul Islands near the east coast of Lutzow-

Holm Bay. The specifications of the vertical radar and the

Vertical pointing PPl PPI radar are summarized inTable 1. Their detailed charac-
teristics are specified by Wada (1990) and Konishi (1992).

Carrier frequency 9410 MHz 9740 MHz A highly sensitive snow gauge (Konishi and others, 1988)
Eji‘}:’l‘;ﬂ] :)T;:'\\ :;{Z'E\\ was used to measure snowfall rate. The weight of snow fall-
Repetition frequency 750 pulse s ' 750 pulses™! ing in a bucket on a balance was measured automatically at
Receiver sensitivity 103 dBm ~105 dBm 1 min intervals and the data were computer-monitored. The
Antenna diameter 24m 1.2m minimum detectable snowfall rate for this gauge is
Ez\l':l:::zl’:um" - 2} (;g:: 0.062mm h ' (liquid water equivalent). The electric balance
Bos o il Gk was shielded by wooden walls to protect it from strong

Data interval 10s 18 min winds. However, we used the weight data only when the
. - 1
wind speed was <5ms |, because the balance measured
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Fig. I. Relationship between radar reflectivity factor, Z, and snowfall rate, IR. observed in a series of snowfalls at Syowa station.
T he types of crystals were mainly graupel (), aggregates of crossed plates (b ) and aggregates of dendyites (¢).

the weight not only of precipitation particles but also of

blowing snow particles.

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 (03LT) and 127 (15LT) at Syowa station.

Sea-ice extent was derived from weekly reports of satellite
data obtained by the U.S. Navy-National Oceanic and Atmo-
spheric Administration Joint Ice Center. Synoptic charts were
also used to trace the trajectories of low-pressure centers in
twice daily European Centre for Medium-range Weather Fore-
casts analysis grid data for 1000 hPa, at a resolution of 2.5°.

3. ESTIMATION OF PRECIPITATION AMOUNT

The relationship between the radar reflectivity factor Z
(mm6 m_s) and the snowfall rate R (mm lf') is usually ex-
pressed as Z = BR? where B and /3 are empirically deter-
mined constants. Three examples of the Z—R relationship
are shown in Figure 1, representing different types of snow

Table 2. Values of B and [3 in the Z—R relation derived from
14 snowfall events observed at Syowa station in 1989

Date B 8 Temperature  Type of crystals

()
28 Feb. 61.6 121 —14 Aggregates of dendrites
02 Mar. 623 1.32 -38 Aggregates of dendrites
13 Mar. 17.1 1.26 =72 Graupel
07 May 26.3 1.27 -180 Column
21 May 11.0 1.28 -169 Graupel
19 Jun. 170 L15 216 Column, thick plate
21 Jun. 7.6 1.31 -146 Combination of bullets
01 Jul. 457 .02 -10.5 Aggregates of dendrites
24 Jul. 16.4 1.29 =229 Combination of bullets
02 Oct. 16.5 1.30 -126 Graupel-like
03 Oct. 220 1.29 =16.0 Graupel-like
24 Okct. 63.0 1.52 =25 Aggregates of crossed plates
25 Oct. 467 140 =53 Aggregates of dendrites
31 Oct. 404 1.2 —10.0 Aggregates of dendrites
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particles. These data are from single snowfall events on 21
May, 24 October and | July 1989. The figure compares the
average reflectivity, Z, calculated from 30 pulses of the ver-
tical pointing radar, with the corresponding snowfall rate,
IR, measured by the gauge over 5min intervals. Because
the radar reflectivity below the 400 m level was influenced
by ground clutter, only data above 400 m are used in the
plot. The values of B and [ for each snowfall are determined
from linear fits to the log—log data of Figure 1.

Values of B and [# obtained in 1989 are shown in’lable 2,
together with the type of snow crystals and the daily mean
temperature. These values of B and 3 are mean values over
several series of observations in the day. Since snowfall is
usually accompanied by strong wind, a total of only 14 days
occurred which were suitable for these observations to be
made. B ranged from 7.6 to 63.0, and f from 102 to 1.52. 3
is adequately represented by an average value of 1.3 (mean
= 1.27; std dev. = 0.11). These values are almost the same as
those summarized for various types of solid precipitation by
Sato and others (1981).

Comparing the cases of graupel on 21 May and aggre-
gates 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. If we use the same values of
B and 3 for all precipitation, the estimated snowfall rates
may contain large errors. We must use the best Z—R relation
for each type of snow particle to estimate the snowlall rates
accurately by using radar data. However, it is impossible to
detect the types of snow particles continuously in the strong
wind conditions that often prevail in Antarctica. Because the
types of snow particles are approximately defined by the sur-
face air temperature, the values of B can be parameterized
by air temperature. A large value for B is induced at higher
temperatures, when the snow particles are typically aggre-
gates of dendrites, while a small value for B is induced at
lower temperature when the snow particles are typically col-
umns or bullets. The dependence of B on temperature in
Table 2 is illustrated in Figure 2. It can be seen that the
relation between B and daily mean surface temperature, 7’
(°C), is approximated by the regression curve B = exp (4.11

718 x 10 * x 7). Figure 3b shows the amount of daily snow-


https://doi.org/10.3189/1998AoG27-1-597-602

Konishi and others: Seasonal vartations of cloud and precipitation ai Syowa station

fall calculated using the Z—R relation, with B selected ac-
cording to this temperature dependence and /3 set to 1.5.

Precipitation was detected by the radar on more than
130 days in 1989. Almost all the daily amounts of snowfall
were less than 5 mm. The total amount of snowfall was de-
duced to be 204 mm in 1989. Since the correlation coefficient
of the regression in Figure 2 is 0.73, the error in this estimate
of the amount of snowfall is about 36%.

Figure 3a represents variations in mean sea-level pres-
sure shown as deviations from 30 day mean values. The fig-
ure indicates that the snowfall usually occurred when the
deviation of pressure was negative. This suggests that the
snowfalls were associated with low-pressure systems. Carle-
ton (1992) also noted that synoptic-scale cyclones are impor-
tant in the supply of moisture in the form of clouds and
precipitation in Antarctica. However, snowfalls did not
always occur whenever the deviation of pressure was nega-
tive. Some lows did not bring snowfall to Syowa station.

4. SEASONAL VARIATIONS OF PRECIPITATION
AMOUNT, 1989

Changes of the surface air temperature and sea-ice extent
were investigated to determine whether they affect precipita-
tion at Syowa station. Seasonal variations of surface air tem-
perature at Syowa station, shown in Figure 4a, are
represented by averaged values at intervals of 10 days.
Assuming that the winter season is defined by the persistence
of low temperatures, it lasted from May to September in 1989.
The autumn and spring seasons are similarly defined by the
persistence of a tendency for temperature to decrease and
increase, respectively. In 1989, these seasons lasted from Feb-
ruary to April and from October to November, respectively.

The sea-ice extent along longitude 40° E is shown in Fig-
ure 4b. The autumn season defined by the air temperature
corresponds with the season of minimum sea ice. The winter
season corresponds with the season of expansion of the sea
ice, and the spring and summer season corresponds with the
season of rapid reduction of the sea ice.

Figure 3b indicates that in 1989 there were three seasons
with relatively abundant snowfall at Syowa station. The
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Fig. 2. Dependence of B on daily mean surface air tempera-
ture based on the values summarized in Table 2.

longest snowy season was in autumn. The total amount of
snowfall in this season was about 74 mm. The total amount
of snowfall in winter was also 74 mm. The other snowy
season was spring; the total amount of snowfall in this
season was 53 mm. The peak value of daily snowfall in this
season was 1L.0mmd ', larger than those in other seasons.
This indicates that the amount of snowfall tended to be
larger for each individual snowfall event in this season than
for those in other seasons.

The precipitation amounts shown in Figure 3b were de-
rived from vertical radar data, which were obtained at only
one observation point, Syowa station. Thus these values are
less representative of the area around Syowa station than
are those measured by PPI radar within an area extending
64km around Syowa station. The monthly accumulated
snowfall rate is shown in Figure 5, where the values have
been estimated from the PPl radar data at 2.0° elevation
angle, using the Z—R relation Z = 53R"™, This 7 R
relation has been deduced from a comparison between the
snowfall rate at Syowa station and the radar reflectivity
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Fig 3. (a) Deviation of surface pressure from 30 day mean values. (b) Daily snowfall rate calculated from vertical pointing

radar data.
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factor 10 km north of Syowa station, while sweeping at 6.0°
elevation angle. The site of the PPI radar data (to be com-
pared to the snowfall rate) was decided by consideration of
the drifting distance due to the horizontal wind. Since the
height attained at a distance of 10 km at 607 elevation angle
is 1000 m, 1000 seconds are needed for snow particles to
reach the ground, assuming a falling speed of 1 m s ', which
corresponds to a distance of 10 km drift in a horizontal wind
of 10ms . Almost all precipitation at Syowa station
occurred in northerly wind.

The small amount of snowfall near the periphery of the
observation circle shown in Figure 5 is due to the radar
beam reaching the upper parts of precipitating clouds or
passing above the cloud tops. Since the radar-echo height
was 22km at a distance of 64 km at 2.0° elevation angle,
and the heights of echo tops are mostly lower than 4 km at
Syowa station (Konishi and others, 1991), the radar beam
reached the upper part of clouds or passed above the cloud
top near the periphery of the circle. Thus the radar-echo
intensity was often small near the periphery.

The snowfall distribution shows that the maximum falls
every month were localized near the coast near Syowa
station. This local increase of snowfall was caused by oro-
graphic effects along the slope near the coast. However, care-
ful investigation reveals some differences in the distribution
of snowfall in autumn, spring and winter. In the autumn and
spring, the snowfall maxima extend 10-20 km into the con-
tinent, whereas, in winter the peak snowfall occurs on the
coast or on the sea, and the snowfall is less enhanced. The
differences in distribution suggest that the amount of snow-
fall is larger in autumn and spring than in winter.

5. SEASONAL TENDENCY OF LOW-PRESSURE
CENTER TRAJECTORIES

Figure 6 shows trajectories of low-pressure centers progres-
sing south of 60° S in the area 0-45° E in 1989. The trajec-
tories indicate that the low-pressure centers mainly move
eastward, although sometimes they remain stationary or
move westward at a high latitude near the continent. The
well-developed lows often dissipate near the coast after at-
taining a high latitude. The lows are classified by trajectory
into two groups: one dissipating near the coast, the other
moving to the cast along the coast. The moving lows often
appear in winter and spring, especially in May. In late
winter and spring (August-November) some lows pass to
the east and retreat Equatorward.

Seasonal variations in the trajectories of low-pressure cen-
ters are summarized inTable 3. In total, 64 lows dissipated in
the area and 27 lows moved to the east. The ratio between the
numbers of dissipating lows and moving lows changed with
the season, the percentage of dissipating lows being 81 %,
72% and 58% in autumn, winter and spring, respectively.

The numbers in parentheses in the table show the
frequency of precipitation lasting more than 10 hours for
each type of low-pressure system. Almost all of the longest
precipitation events at Syowa station are associated with
dissipating lows. These low-pressure centers usually
approach the continent and stay several tens of hours.
Therefore the dissipating lows in the area contribute more
water supply near Syowa station than do the passing lows.

https://doi.o;gg 0.3189/1998A0G27-1-597-602 Published online by Cambridge University Press
)

Fall Winter I Spring |
10 T T f T T T I T I T
6 ‘.'_‘h'-"’ =
$) -
o B
2
E ke
a
£ —e 1989 |
g -=-=normal
-40

FIMIA] Ml J]JIAISIOINIDiJ

N

655 «*
.,.-f"""j
S ST F M s M J J A'S O N DJJ
1988 sbe—— 1989 ——————¥1990

Fig. 4. (a) 10 day averages of temperalure observed at Syowa
station. Solid line and dashed line show values in 1989 and in a
normal year, respectively. ( b ) Sea-ice edge along longilude 40° E
defined as the boundary of tce concentration larger than 80%.

6. DISCUSSION AND CONCLUSIONS

Precipitation phenomena at Syowa station, Antarctica,
were observed continuously using two kinds of radars in
1989. The results reveal that the total amount of snowfall
was deduced to be 204 mm in 1989. This is lower than the
values in earlier works (Kikuchi and others, 1981) near Syo-
wa station; however, the comparison with other results is
meaningless since the methods of measurement are very
different. It is thought that our results are more reliable,
because the measurements were carried out at short time
intervals continuously through the year.

The results also reveal that there were three seasons of
abundant snowfall at Syowa station, and the amount of
snowfall was uniform in all seasons except summer. The
amounts of precipitation (liquid water equivalent) for each
season were 74, 74 and 53 mm for autumn, winter and
spring, respectively. However, the amount of snow inland
from Syowa station is expected to be small in winter, indi-
cated by the distributions of precipitation measured by the
PPI radar. Thus the main seasons contributing to the snow
accumulation are autumn and spring, when the circum-
polar trough develops and moves poleward to high latitudes.
However, there are some differences in characteristics of
precipitation between these two seasons.

The amount of precipitation in spring associated with a
few snowfall events was as large as the amount of precipita-
tion in autumn associated with [requent snowfall events.
However, the activities of cloud systems that bring precipita-
tion are weakened in spring because of a reduced supply of
water vapor as the sea ice expands Equatorward. The liquid
water content data described by Konishi and others (1994)
suggest that cloud systems are more influenced by the sea-
ice area in spring than in autumn. And the seasonal varia-
tion of the frequency of solid-phase clouds corresponds to
the seasonal variation of the sea-ice edge. Thus the
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Fig. 5. Monthly accumulated snowfall rate oblained by PPI radar. The amount of snowfall is contoured every It) mm month " The

thick solid line shows the coast of Antarctica.

frequency of occurrence of low-level clouds was small in
spring, as described in Konishi and others (1991).

Therefore, if the number of snowfall events changes from
year to year due to some cause such as changing trajectories
or the frequency of lows, it is expected that the interannual
variation of the amount of precipitation will be less in
autumn but greater in spring. The amount of precipitation
summed for several snowfall events does not greatly affect
the total amount of precipitation in autumn, because preci-
pitation in autumn occurs in many snowfall events. In con-
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trast, in spring, precipitation occurs in only a few snowfall
events. Furthermore, since the sea-ice extent in late spring
decreases rapidly, it is expected that the location of the sea-
ice edge will also vary from year to year, producing varia-
tions in the amount of precipitation from year to year. It is
thus expected that the amount of precipitation around
Syowa station consists mainly of a relatively constant com-
ponent in autumn and a yearly fluctuating component in
spring.

Since this study is based on only one year’s data at one
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Fig. 6. Trajectories of low-pressure centers south of latitude 607 S. Crosses show where low-pressure centers dissipated. The hatched
region shows the continent, and the shaded area shows the sea-ice extent at the beginning of each month.

observation point, further work is needed to compare these
results with data at other points and [rom other years.
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Table 3. Numbers of types of low-pressure systems in 1989
(0—45° E,60-70° S )

Season Dissipating Passing Total
Autumn (Feb.—Apr) 22 (18) 50 27 (19)
Winter (May—Sept.) 26 (9) 10 (0) 36 (9)
Spring (Oct.—Nov) 11 (9) 8(3) 19 (12)
Summer (Dec.—Jan,) 5(3) 4 9(3)
Total 64 (39) 927 (&) 9l (43)

Note: Numbers in parentheses indicate the frequency of precipitation associ-
ated with low-pressure systems of long duration (>I0hours) at Syowa
station.
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