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ABSTRACT

Upper-tropospheric three dimensional air motions have been observed for the first time during the Baiu
period in 1984 by using a 46.5 MHz Doppler radar in Japan. This radar, called the MU radar, operates with
an antenna aperture of 8330 m? and peak and average radiation powers of 1000 and 50 kW, respectively. It
can steer the antenna beam up to 30° from the zenith in each interpulse period. With the aid of this fast beam
steerability the MU radar can measure the three dimensional air motion. Resolutions in time and altitude of
the present observations are 100 s and 150 m, respectively. Referring to the routine rawinsonde observations
the following results are obtained on the air motion over the Baiu front: 1) the observed mean meridional
motion is upward and northward as expected but deviates upward from the frontal surface and pseudo-isentropes;
2) the upper-tropospheric mesoscale wind variations are not strongly correlated with the lower-tropospheric
frontal activity such as precipitation; and 3) intense updrafts of 0.5-1 m 5! appear at an interval of approximately
22 h. This interval suggests that the updrafts are caused by neutral symmetric motion.

1. Introduction

Mesosphere—stralosphere—troposphere (MST) radars
are sensitive VHF/UHF Doppler radars. This type of
radar is a powerful tool for the study of air motions
because the echoes return from the atmospheric (re-
fractive index) fluctuations (e.g., Green et al., 1979;
Harper and Gordon, 1980; Balsley and Gage, 1980,
1982: Larsen and Rottger, 1982; Gage and Balsley,
1984; Rottger, 1984, for reviews). Resolutions in height
and time obtained by this technique are far better than
those of other conventional meteorclogical instruments
such as rawinsondes and rocketsondes. Application of
this technique to the study of mesoscale meteorological
phenomena has been made in Western Europe (Rott-
ger, 1979; Rottger and Schmidt, 1981; Ecklund et al.,
1985) and in the east of the Rocky Mountains (Ecklund
et al,, 1982). The MST radar technique is expected to
open a new era of the radar meteorology in the near
future.

This paper is concerned principally with the first
MST radar observation of dynamical aspects of the
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Baiu frontal atmosphere. The MST radar employed
for the present observation is the middle and upper
atmosphere radar (the MU radar) at Shigaraki, Japan
(34.85°N, 136.10°E; see Fig. 1 for its location). This
radar is a new generation MST radar which employs
an active phased-array system (Fukao et al., 1985a,b).
Fukao et al. (1985d) used this system for the first time
for tropospheric observations of a precipitating at-
mosphere, and recently detected precipitation motions
simultaneously with the ambient air motion (Fukao et
al., 1985c). The air and precipitation motions together
with radar reflectivity associated with a cold-frontal
passage were measured with the same radar by Wa-
kasugi et al. (1985). This radar system has also been
used to determine the raindrop size distribution with-
out any assumption on vertical air motion (Wakasugi
et al., 1986).

The Baiu front is known as the most activated sub-
tropical front (Ninomiya, 1984), which appears over
China and Japan during June and July and accom-
panies severe subsynoptic-scale rainfalls (see Yoshino,
1977 for a climatical survey of the Baiu front). The
activation is not caused only by the synoptic-scale
baroclinic conditions (e.g., Tokioka, 1973). The ob-
servational studies conducted so far related to the Bain
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Fig. 1. Location of the MU radar (MUR) and the rawinsonde
stations used in the cross section analysis (Fig. 4). Sapporo (5A; 47412),
Akita (AK; 47582), Wajima (WA, 47600, Shionomisaki (SH; 47778),
and Minamidaitojima (MTI; 47945) are lined approximately along the
haseline 44", while Fukuoka (FU; 47807), Yonago (YO; 47744),
Shionomisaki, Hamamatsu (HA; 47681), and Tateno (TA; 47646)
are near the baseline BB, The Baiu frontal position is transcribed
from the surface chart at 2100 LST 28 June 1984 (JMA, 1984a).

frontal atmosphere are classified into the following
three categories: 1) synoptic and climatical analyses
based on routine ground-based and rawinsonde obser-
vations (e.g., Murakami, 1951; Matsumoto et al., 1970;
Ninomiya and Akiyama, 1971; Yoshizumi, 1978; Aki-
yama, 1979; Ninomiya, 1983, 1984); 2} visible and in-
frared imageries by meteorological satellites (e.g., Ni-
nomiya et al., 1981; Akiyama, 1984); and 3) radar and
AMeDAS (dutomated Meteorological Data Acquisi-
tion System) observations of precipitation (e.g., Ni-
nomiya and Akiyama, 1972; Akiyama, 1978; 1979).
The first category is concerned with dynamical phe-
nomena such as low-level jets (~500 hPa) and frontal
cyclones. The second and third categories principally
discuss cloud-physical rather than dynamical aspects.
Therefore, as for the subsynoptic-scale dynamics of the
Baiu frontal atmosphere, only little knowledge has been
obtained so far. The dynamical aspects are considered
to be a key to the “missing link” for elucidation of the
Baiu front activation.
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In this paper we report some observations that are
considered to be typical of the Baiu frontal atmosphere.
The observed variations of wind ficld and echo intensity
are compared with routine observations of the Japan
Meteorological Agency (JMA). Both detailed physical
interpretation of the observed results and discussion
on their relationship to the Baiu front activation are
beyond the scope of the present paper. Despite this,
the paper will reveal the potential capability of the MST
radar technique for Baiu and other mesometeorological
studies, noting that no high-resolution continuous data
of the three-dimensional wind field was obtained in
the Baiu frontal atmosphere until the present MU radar
observation was made in June 1984,

2. MU radar system

The MU radar is a 46.5-MHz Doppler radar using
an active phased array system (Fukao et al,, 1980). It
is composed of 475 Yagi antennas and an equivalent
number of solid-state power amplifiers [transmitter-
receiver {TR) modules] (Fukao et al., 1985a,b). Each
Yagi antenna is driven by a TR module with peak
output power of 2.4 kW. All Yagi antennas and TR
modules are grouped into 25 subarrays (i.e., 19 Yagi
antennas and TR modules constitute one subarray).
The nominal peak and average radiation powers of the
whole system are 1000 and 50 kW, respectively. This
system makes it possible to steer the antenna beam up
to 30° from the zenith In each interpulse period. The
basic parameters of the MU radar are shown in Table
I. Further details of the system have been given by
Kato et al. (1984) and Fukao et al. (1985a,b).

The MU radar-deduced winds have been often
compared with the results of other well-established

TASBLE 1. Basic parameters of the MU radar.

Radar system:

Operationat frequency:
Antenna:

Aperture:

Beam width:
Steerabikity:
Beam directions:

Transmitter:

Peak power:
Average power:
Bandwidéh:

IPP:

Receiver:
Dynamic range:
A/D converter:

Pulse compression:

Monostatic pulse radar; active phased
array system

46.5 MHz

Circular array of 475 crossed Yagi
antennas :

8,330 m? (103 m in diameter)

3.6° (half power for full array)

Steering is completed in each IPP.

1657; 0-30° off-zenith angle

475 solid-state amplifiers {(TR-modules;
each wiih output power of 2.4 kW
peak and 120 W average)

000 kW (max)

50 kW {duty ratio 5%) {max)

1.65 MHz (max) (pulse width: 1-5§2 ps
variable)

400 us-635 ms (variable}

70 dB
12 bits X 8 channels

Binary phase-coding up to 32 elements
(Barker and complementary codes
presently in use)
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meteorological techniques of wind measurement. In
the troposphere and the lower stratosphere the radar-
deduced winds are favorably compared with the results
of rawinsonde balloons, while they are consistent with
the results of rocketsonde observations in the meso-
sphere (Fukao et al.,, 1985b; Tsuda et al., 1985; Kato
et al., 1986).

Since the present observation was conducted before
the full system of the MU radar was completed in No-
vember 1984 (Kato et al., 1986), the full capabilities
were only partially employed. A nominal beam width
of 4.0° and peak transmitted power of 760 kW were
selected.

3. VAD observation

The MU radar has a Doppler capability which en-
ables radial velocity measurements along the radar
beam direction. For the present observation a velocity—
azimuth—display (VAD) technique, which was first ap-
plied to the VHF MU radar by Wakasugi et al. (1985),
was employed. The antenna beam was sequentially
steered to 16 oblique directions in different azimuths
keeping a zenith angle of 15°. The beam direction was
switched every interpulse period (400 us). Thus, one
scan on a VAD circle is completed in 6.4 m s. The
diameter of the VAD circle is approximately 2.7 and
5.4 km at altitudes of 5 and 10 km, respectively, which
is quite smaller than that for conventional (microwave)
meteorological Doppler radar observations. With this
technique the three dimensional air motion with a
horizontal scale larger than this distance is detectable
(see Fukao et al., 1986 for details).

The transmitted pulse was phased-modulated by a
16-element complementary code with | psbaud length,
corresponding to a height {or range) resolution of 150
m. The echo from each beam was sampled at 64 heights
in an altitude range of 5.21~14.3 km at 150 m intervals.
After coherently integrating over & circle scan periods
(51.2 m s), Doppler velocity spectra were estimated
every 6.5 s in real time from 128 point complex fast
Fourier transforms and then averaged for approxi-
mately 100 s, Thus, a vertical profile of VAD wind is
obtained about every 100 s in the present case, quite
faster than by microwave meteorological Doppler ra-
dars.

The radial velocity resolution is approximately 10
cm 57!, and the expected accuracy of a 1-h averaged
wind velocity is of the order of 1 cm s™!. Since we used
a 16 element complementary code (total pulse length
of 16 us) for pulse compression, the present observation
was limited to above an altitude of about 5.21 km.

The present observation was conducted over a two-
day period on 28-30 June 1984. Figure 2 shows plots
of radial velocity as function of azimuth (VAD) ob-
tained in approximately a 100 s interval at 5.21-10.0
km. It is noted that the VAD plots always yield nearly
sinusoidal variations as shown in this diagram, sug-
gesting that the predominant horizontal scale of wind
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variations is, in general, larger than the VAD circles
or a few kilometers. The horizontal motion is derived
from the first harmonic by a least squares fitting har-
monic analysis, while the vertical motion is derived
from the zeroth harmonic, Although slight fluctuations
of wind (less than a few m s™!) with scales less than the
VAD circles are observed to exist in Fig. 2, the velocity
estimates seem to represent the real three-dimensional
wind over the MU radar with an accuracy and reli-
ability sufficient for meteorological application.

4. Synoptic-scale meteorological features

As will be discussed in subsection 6b, the present
observation is made from a fixed ground station and,
in general, the spatial scale cannot be specified from
the observed temporal variation. However, in the fol-
lowing the temporal variations with time scales larger
than one day are called *‘synoptic-scale,” while those
with scales less than one day are called “mesoscale”
for convenience. In this section, some general features
of the synoptic-scale atmospheric structure which was
observed during the observational period are discussed.

Figure 3 shows the time-latitude cross sections of
the surface pressure and the cloud distribution along
the 136°E meridian during the entire observational
period. The surface pressure chart is transcribed from
the JMA 12-h interval weather chart (JMA, 1984a),
while the cloud distribution chart is depicted in ref-
erence to the Geostationary Meteorological Satellite
{GMS) cloud nephanalyses (JMA, 1984b). As observed
in the surface pressure chart the Baiu front stayed in

VAD WIND
29-JUN-1984

00:00:47-00:02:23

-10.0

{km)

{m/s)
HEIGHT

180 270

0 ‘ ‘QOI
AZIMUTH (degree)

VELOGCITY

FIG. 2. Velocity-azimuth—display (VAD) plots of radial velocity
against azimuth angle observed at 5.21-£0.0 km in an approximately
100 s interval around 0000 LST 29 June 1984, Keeping the zenith
angle at 15°, the antenna beam is steered every IPP (400 ps) in 16
directions with azimuth angles of 0° (north), 20°, 45°, 65°, 90° (cast),
110°, 135°, 155°, 180° (south), 200°, 225°, 245°, 270° (west), 290°,
315° and 335°. The velocity scale applies only to the lowest VAD
plot.
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FiG. 3. Time-latitude cross sections of cloud distribution (upper diagram) and surface pressure
{lower diagram). The cloud distribution diagram is transcribed based on the nephanalysis of cloud
observations made by GMS (JMA, 1984b). The cloud amount is indicated by “OPN” (<20%),
“MOP” (20-50%), “MCO” (50-80%), and “CVD” (>80%) with stipplings for systematically
extending thick cloud systems and active convective clouds. Cloud-top heights are indicated in
units of 100 m. GMS data were not available at 2100 LST 29 June. The surface pressure chart
is depicted based on the weather maps (JMA, 1984a).

the south of Japan throughout the observational period.
A remarkable cloud system with a considerably high
cloud top (~11 km) covered the radar site from ap-
proximately 1600 LST 28 June 1984. It is observed in
these diagrams that mesoscale cyclogenesis is related
to the development of the cloud system as well as a
northward displacement of the Baiu front. The cyclone
center passed the 136°E meridian at 0300 LST.
Vertical cross sections of equivalent potential tem-
perature and horizontal wind at 2100 LST {1200 UTC)
28 June 1984 are shown in Fig. 4. They are produced
from the routine rawinsonde data (JMA, 1984c) ob-
tained along two baselines 44’ and BB’ indicated in
Fig. 1. All rawinsonde stations are operated by JMA
except the Hamamatsu station which is operated by
the Japan Defense Agency. The two cross sections give
approximately latitude—-altitude and longitude-altitude
cross sections that are nearly perpendicular and parallel
to the Baiu front, respectively. In both diagrams geo-
metric altitude 1s used by transforming from geopo-

tential height with the aid of the free-air gravity cor-
rection in both the vertical and meridional directions.

Figure 4 illustrates some features well known to be
typical of subtropical fronts (see Ninomiya, 1984, and
references therein). The Baiu front was located at 2-4
km altitude (~800-650 hPa level) over the MU radar,
and reached up to a tropopause folding. The tropopause
was located around 16 km in aititude {~ 110 hPa level)
over the radar site. The pseudo-isentropes in this dia-
gram clearly show strongly stable stratification in the
stratosphere, and unstable stratification in the lower
troposphere. They also indicate stratosphere-tropo-
sphere air exchange along the frontal surface. The sub-
tropical jet stream existed between the tropopause and
the front at approximately 41°N, and the lower-level
jet was observed around 5 km in altitude over the radar
site. It is noted that some day-to-day variations and
multi-layered structures were observed, particularly
near the tropopause folding (cf., Shapiro, 1980).

The BB’ section in Fig. 4 shows a zonal wavelike
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F1G. 4. Vertical cross sections of equivalent potential temperature (K; solid lines) and zonal
wind velocity (m s™'; broken lines) at 2100 LST on 28 June 1984 along the baseline A4’ (left)
and BB’ (right) indicated in Fig. 1. Thick solid lines above and below 10 km show the tropopause
and the frontal surface, respectively. Both are produced based on JMA (1984c¢).

structure with a wavelength of 500-600 km in the
whole troposphere. This is probably not a true wave
phenomenon but presumably an apparent one as
shown in the following. The mesoscale cyclone ob-
served in Fig. 3 has a zonal wavelength of 1000 km or
longer, which is typical of the Baiu front associated
cyclones. In the surface weather chart corresponding
to the time of Fig. 4 (the frontal position is transcribed
in Fig. 1) the cyclone center was found near 129°E and
a topographical fold was seen near 133°E. However,
the latter disappeared entirely in the 850 hPa chart and
was not included in Fig. 4. If the cyclone is observed
from stations north or south of baseline BB’ (Fig. 1),
an apparent wavelike structure is generated in the lon-
gitude-altitude cross section as observed in Fig. 4.
Therefore, concerning the synoptic-scale structure of
the troposphere near the Baiu front, the meridional
variation is considered to dominate the zonal one, that
is the field is strongly symmetric with respect to the
north pole,

5. Results of radar observations
a. Echo intensity

Figure 5 shows a time-height cross section of the
echo intensity caused by atmospheric refractive index
fluctuations observed in the northward beam direction.
The echo returns are primarily confined to altitudes
below 12 km, much lower than the tropopause which

is located at approximately 16 km (Fig. 4). In this al-
titude range the echo power decreases, on average, ex-
ponentially with altitude as shown in the right panel
of Fig. 5 (Balsley and Gage, 1980). The intense echo
power that is persistently observed below 7-8 km is
characteristic of tropospheric scattering. However, the
echo power varies quite differently during 1800-2200
LST 28 June; the intense echo power disappears during
this interval. Similar very weak echo in the same alti-
tude range is also found during 1600-2200 LST 29
June.

During 1500-1700 LST 28 June, two stable echo
layers are observed to descend with time at a speed on
the order of 1 km h™ in the altitude range of 7-10 km.
Since intense echo layers associated with the frontal
surface show a strong aspect sensitivity {(Wakasugi et
al., 1985), a much stronger echo would have been de-
tected by a vertical beam observation. The layer struc-
ture disappears at about 1700 LST.

The precipitation echo in the VHF band can, in
principle, be distinguished from the clear air echo, since
the Doppler power spectra are bifurcated into air and
precipitation particle echoes (Fukao et al., 1985¢). In
the present observation only the spectral component
which is considered to be due to clear air echo and free
from scattering due to precipitation particles is em-
ploved.

The surface rainfall rates as observed by JMA at
their facility in Kinose, 6.9 km north of the MU radar
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site, are also included in Fig. 5. The period of largest
rainfall rate, during 03000600 LST 29 June, coincides
with that of a relatively intense radar echo. The origin
of this enhanced radar echo could be attributed to an
increase of reflectivity fluctuations due to the presence
of gaseous water vapor (Gossard, 1979; Fukao et al.,
1985d).

b. Wind velocity

Figure 6 shows approximately 45 min-averaged ver-
tical profiles of the three velocity components of air
motion relative to the mean wind averaged over the
whole cbservational period (~48 h)} shown on the right-
hand side. The mean horizontal wind is west-south-
westerly (east-northeastward), while the upward motion
is predominant most of the time. Compared with Fig,
4, it is readily seen that the radar deduced winds are
consistent with the rawinsonde winds at the nearest
JMA station.

Figure 7 demonstrates time-altitude cross sections
of airflow relative to the three-dimensional flow aver-
aged over the first 18-h period. The horizontal relative
wind vectors are shown in (a), while the vertical-me-
ridional and vertical-zonal components are illustrated
in {b} and (c). The change of the wind vector pattern
1s as follows: During 1200-1600 LST 28 June a south-
ward or southwestward airflow with a fairly large
downward velocity is predominant throughout the
height range observed. Then, a relatively strong updraft
is observed during 1630-1800 LST. The upward ve-
locity in this period is approximately 1 m s™'. This
intense updraft is followed by a northward or north-
westward flow with a small downward velocity that
predominates in the region observed until 2000 LST.
During this period, a westward component persists ex-
cept below about 7 km where the direction is reversed
eastward. Then, a northward or eastward wind pre-
dominates until 0000 LST 29 June.

A similar, more long lasting updraft event with a
magnitude of about 0.5 m s™! occurs around 1500 LST
29 June, and presumably another event starts just be-
fore 1200 LST 30 June (Fig. 6). This feature suggests
that the updraft events were breaking out impulsively
at an interval of approximately 22 h. However, it is
noted that the observed horizontal wind does not have
the corresponding periodicity. The echo intensity seems
to be recurrently weakened after the updraft event, that
suggests a correlation between atmospheric reflectivity
and wind velocity fluctuations.

6. Discussions

‘The high resolution, three dimensional wind velocity
data of the present MU radar observation provide new
information on the dynamical feature of the Baiu fron-
tal atmosphere. In this section we discuss further the
above mentioned results in comparison with the rou-
tine meteorological observations. However, more de-
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tailed physical interpretations are beyond the scope of
the present paper, and a suitable method for analyzing
the mesometeorological phenomena based on this new
technique is expected to be developed in subsequent
studies,

a. Mean meridional circulation over the Baiu front

The average wind velocity shown in the right column
of Fig, 6 seems to be consistent with our picture of a
subtropical front. Namely, it is composed of a westerly
and an upward-northward circulation that roughly
parallels the frontal surface. More quantitatively, the
mean meridional and vertical velocities at an altitude
of' 8 km are approximately 6 and 0.15 m s™', respec-
tively, so that the inclination of the observed meridional
circulation is approximately 1/40, while that of the Bain
front is less than [/100 (Fig. 4). Thus the meridional
circulation deviates upward from the frontal surface
(and the pseudo-isentropes). This indicates that a con-
siderable amount of air is transported upward by some
diabatic, forced motions, such as active convective
clouds on the tropical side of the front in the upper
troposphere.

This tropospheric air ascent is presumably the coun-
terpart of the stratospheric air descent associated with
the tropopause folding, which is one of the most im-
portant problems in stratosphere-troposphere coupling
studies (see Holton, 1984, for a review). Based on air-
craft measurements, Shapiro (1980) has pointed out
that a considerable amount of air is transported through
turbulent mixing. Similar observations covering a wider
range up to the lower stratosphere are desirable to clar-
ify this air transport process.

The aforementioned discussions pertain to the mean
field averaged over the whole observational period. As
will be discussed in the following, the mean meridional
circulation is composed of several small-scale phe-
nomena. In fact, many observational studies by con-
ventional meteorological techniques suggest that Baiu
frontal activity cannot be understood only by synoptic-
scale phenomena (see references in the third paragraph
of section 1), Further, as Hobbs (1978) reviewed, the

- extratropical cyclone and frontal systems are, in gen-

eral, organized by mesoscale and microscale phenom-
ena. Therefore, the significance of MU radar obser-
vations of the Baiu frontal phenomena as a typical
frontal system should be highlighted more, and this
point is the principal motivation of the present paper.

b. Fromtal activity and upper-tropospheric wind

Since the present observation is made at a fixed
ground station, the following three types of mesoscale
variations cannot be distinguished from each other:

(i) those developed in time over the MU radar site;

(ii) those due to a spatial variation advected with
the mean horizontal velocity u of the synoptic-scale
motions; and
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FIG. 7. (a) Horizontal, {b) meridional-vertical and {c) zonal-vertical air flows relative to the mean wind velocities {upward, northward
and eastward positive). Time resolution is approximately 5 min. The vertical and horizontal speed scales are indicated in the right bottom.

(it} those due to a spatial variation moved with a
horizontal phase velocity ¢ of structures fixed to the
front.

In the present subsection we discuss three features ob-
served in Figs. 5, 6 and 7 mainly from the viewpoints
of (ii) and (iii).

First, the precipitation activity (Fig. 5) and low-level
jet acceleration (Fig. 6) can be well described by view-
point (iii), because they seem to be strongly correlated
with a mesoscale cyclone as well as a developed cloud
system which covered the MU radar site in the evening
of 28 June (Fig. 3). This is consistent with various ev-
idence reported by, ¢.g., Ninomiya and Akiyama (1971)
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and Akiyama (1979) that Baju precipitation is pre-
dominantly governed by lower tropospheric conditions.
If the cyclone is identified with a frontal fold in Fig. 1
(see the last paragraph of section 4), we may estimate
the zonal phase velocity as ¢, ~ 15 m s™' ~ 50 km
h~!. However, it should be noted here that the iden-
tification of Baiu frontal cyclones, in general, cannot
" be objectively made, since they are organized by me-
soscale and microscale phenomena.

Second, it was shown in Fig. 5 that two intense echo
layers descended with a speed on the order of 1 km
h~! in the afternoon of 28 June. In view of (iii), if the
echo layers were inclined zonally, the inclination would
be estimated to be 1 km h™!/¢, ~ 1/50. On the other
hand, if they were inclined meridionally, a phase speed
of ¢, ~ 15 km h™!, with which the front moved north-
ward in the surface chart (Fig. 3), would lead to an
inclination of 1 km h™'/¢, ~ 1/15. Next, the mean
zonal and meridional velocities near the echo layers
are estimated from Fig. 6 as i, ~ 20 m 5™ ~ 70 km
h™! and i, ~ 0, respectively. Then, in view of (ii), the
zonal and meridional inclinations of the echo layers
become 1/70 (~1 km h™'/#,) and infinitely large (1
km h!/ii,), respectively. Thus, none of these estima-
tions are smaller than the mean frontal inclination (i.e.,
less than 1/100 meridionally and much smaller zonally;
see Fig. 4), and the echo layers are not considered to
be fixed to the front or synoptic-scale motions.

While the intense echo layers exist, the horizontal
wind, in particular the meridional component, shows
a wavelike fluctuation as illustrated in Fig. 6. This
seems to be consistent with a general observational
feature that intense echoes are assoclated with strong
turbulence which is generated in large wind shear re-
gions. The vertical wavelength of this wavelike fluc-
tuation is about 3 km, which is on the same order as
that of inertial-gravity wavelike variations found by
Ninomiya (1983) based on rawinsonde observations.
Recently, Hirota and Niki (1986) analyzed a similar
vertical wavelength near the tropopause jet stream from
MU radar data from a winter period. If the echo layers
correspond to such an inertial gravity wave, they do
not follow the synoptic-scale flows or structures of (ii)
or (iii).

Finally, a meridional ¢irculation pattern is observed
during the period when the abovementioned echo lay-
ers appear. The circulation preceeds the intense updraft
of 1630-1800 LST (Fig. 7b). The time scale of this
circulation is estimated to be about 5 h. In view of (iii)
its zonal and meridional scales are estimated as 250
and 75 km, respectively. In view of (i) they become
350 and 0 km, respectively. Therefore, if the observed
feature is a spatial structure, it is zonally elongated with
a horizontal scale of several hundreds of kilometers.
Such a scale is intermediate between the so-called
mesca and mesod scales, and is much larger than the
usual cumulus convection scale and smaller than the
mesoscale cyclone scale.
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The updrafts in the circulation pattern are not ac-
companied by surface precipitations (Fig. 5). Generally
speaking, the upper-tropospheric wind variations (Figs.
6 and 7) do not seem to be directly related with the
cyclone passage. The steady, symmetric structure
pointed out in section 4 is formed more perfectly in
the upper troposphere. The spatial scale derived above
is somewhat larger than that of the cloud clusters found
in satellite imageries (e.g., Akiyama, 1984). Based on
these considerations neither viewpoint (i) nor (iii) is
expected to uniquely explain the circulation pattern.

In the next subsection, we consider the upper-tro-
pospheric mesoscale wind variations observed by the
MU radar mainly in view of (i), although strictly
speaking, the circulation pattern should be considered
from the four-dimensional viewpoint (in both time and
space), The viewpoint of (i) may be acceptable not only
because of the dimensional restriction of our obser-
vation but also because of some evidence shown below.
Throughout the observational period the pseudo-is-
entropes were relatively sparse between the Baiu front
and the tropopause (Fig. 4). They are much denser
above the tropopause as is well known, but their in-
tervals near the tropopause were not uniform. These
features suggest first that the stratification is less stable
even in the upper troposphere, and then that some
strong mesoscale convective motions might infiltrate
into the stratosphere as pointed out in subsection 6a.
Thus, the phenomena could be recognized as those
appearing sporadically on a small area in a rather ho-
mogeneous region on large scales, so that we may be
allowed to base our interpretations on (i) at least at the
present quick-look stage of this paper.

c. Intense updraft events

1t has been pointed out in subsection Sb that the
intense updraft events appear at an interval of about
22 h. By the MU radar similar events were observed
in no small number during the Baiu and Shurin periods
in 1985-86.

Akiyama (1978, 1984) reported on a quasi-diurnal
change of cloud cluster, which seemed to be correlated
with LST. A 2.5-day period variation was found by
Yoshizumi (1978) in upper tropospheric winds, but no
shorter period variation has been found in rawinsonde
observations. We consider that the observed intense
updrafis may not be caused by diurnal differential
heating, because they are not correlated with LST.

Further, it is noticed that the 22 h interval is very
close to the inertial period 2r/f (=20.9 h at 34.85°N;
[ Coriolis frequency). However, for the observed hor-
izontal winds this periodicity is not predominant, al-
though the inertial oscillation is essentially a horizontal
circular motion. So different types of motion should
be considered for interpretation of the intense updraft
events.

The so-called “conditional symmetric instability”
has been discussed as a possible mechanism of meso-
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scale rainband formation near a front in the lower tro-
posphere when the Richardson number Jin the moist-
air sense is less than unity (e.g., Bennets and Hoskins,
1979). The most unstable eigenfrequency w (imaginary)
of the symmetric instability is given by

W= fH1=14), (n

in the simplest case solved by Stone (1966). However,
in the atmosphere observed here,

d Infe 10 In350 —In340
oz 6000

T T sy 8 @
& (@)

where the mean vertical gradient of the equivalent po-
tential temperature fe is referred to the JMA rawin-
sonde data (Fig. 4), while the zonal flow # is referred
to the MU radar data (Fig. 6). Thus, as far as such a
synoptic-scale situation is concerned, the conditional
symimetric instability mechanism cannot work in the
observed upper troposphere,

On the other hand, when J > 1, there can exist a
neutral symmetric motion, and w of (1) becomes a real
frequency. Using the same values as for the above es-
timation, the period of this motion is 2x/w = 22 h.
This mode corresponds to a special case of the inertial-
gravity waves of zero vertical group velocity that are
almost frozen in the altitude range of generation (Ya-
manaka, 1985). The neutral symmetric motion also
has horizontal components but their magnitude may
not be so large as to distinguish them from other quasi-
horizontal (geostrophic) variations. Although it may
be beyond the context of this observational paper to
discuss this problem in detail, the coincidence of the
observed interval of the updraft events with the frozen-
in period of the neutral symmetric motion should be
noted.

7. Conclusions

An observation of the Baiu front as a subtropical
stationary front has been made with the aid of the MU
radar. Three velocity components of air motion are
obtained with time and height resolutions of 100 s and
150 m, respectively, which are much superior to those
of conventional instruments such as rawinsondes.

Both wind vector and echo power variations ob-
served by the MU radar have been compared with me-
soscale meteorological features observed at 12 h inter-
vals by the JMA rawinsondes. Based on this general
consistency, the detailed structure of the wind vector
pattern and echo intensity has been investigated. A
summary of the present work is presented below.

1) The observed mean meridional motion is found
to be upward and northward as expected, but deviates
upward from the frontal surface and pseudo-isentropes.
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This seems to be related to active convective clouds
on the tropical side of the subtropical front in the upper
troposphere.

2) Also, it is observed that upper-tropospheric me-
soscale wind variations are not strongly correlated with
lower-tropospheric frontal activity such as precipita-
tion. Further studies on the activities of cloud clusters
and internal gravity waves are needed to elucidate the
mechanism of upper- and lower-troposphere interac-
tion.

3) Particularly noted in the present paper is the in-
tense updraft events with a magnitude of 0.5-1 m s™'.
The intense updraft events appear at intervals of about
22 h. From the period of these events and from the
fact that no conspicuous change with the same period
is found in the horizontal winds, the updraft events
are considered to be caused by a neutral symmetric
motion that is almost frozen in the altitude range of
generation,

Admitting that the single station radar observation
cannot distinguish temporal and spatial variations, the
VHF Doppler radar such as the M1J radar is expected
to provide new information on Baiu and other meso-
meteorological phenomena. Finally, the importance of
the MU radar observations is to be noted in the me-
teorological point of view, since the climatological sit-
uation of Japan which is located in the east Asian sector
has a lot of interesting phenomena, both tropical and
midlatitudinal, as investigated in the present study.
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