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Abstract

A heavy rainfall event occurred along the Ibuki-Suzuka Mountains situated to the west of the Nobi Plain, Japan
on September 2-3, 2008. This event was caused by a stationary precipitation band that formed along the moun-
tains with a north-south alignment. This study examines the maintenance mechanism of the precipitation band and
describes the characteristics of high rainfall intensity in the band. For this purpose, data from the Japan Meteoro-
logical Agency (JMA) radar, JMA wind-profiler radar, and a dual-Doppler analysis from two X-band polarimetric
Doppler radars are used. The band stagnated for 13 hours from 12 Japan Standard Time (JST; 9 hours ahead of
UTC) on September 2. Its length and width were approximately 100 and 20 km, respectively.

Low-level warm and moist southeasterly winds with equivalent potential temperature greater than 355 K below
1 km impinged on the eastern slope of the mountains and continuously developed precipitation cells. These cells
propagated northward by southerly winds above 1 km and contributed to the formation of the precipitation band.
The maintenance of the precipitation band can be attributed to a persistent vertical wind shear; that is, the low-level
southeasterly and mid-level southerly winds.

The characteristics of high rainfall intensity in the precipitation band is examined by dual-Doppler analysis.
Low-level southerly winds with high equivalent potential temperature converged over a microscale wedge-shaped
valley that opens southward between the Ibuki-Suzuka Mountains and its branch, the Yoro Mountains aligned
north-northwest to south-southeast. The existence of graupel particles near the melting level and a high amount
of large raindrops below it, depicted by the polarimetric radar, are possible causes for the increased precipitation
in the region.
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intensity of precipitation (Smith 1979), and there-
fore, orographic precipitation is influenced by dynam-
ical processes including air flow induced by synoptic
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conditions and topography, in addition to microphys-
ical processes. Houze (1993) summarized mecha-
nisms of orographic control over precipitation; they
are the seeder-feeder mechanism, upslope condensa-
tion, upslope triggering of convection, upstream trig-
gering of convection, thermal triggering of convec-
tion, lee-side triggering of convection, and lee-side
enhancement of convection.

Convective clouds that develop and persist near
mountain regions occasionally cause heavy rainfall and
contribute to the occurrence of flash flooding. Doswell
et al. (1996) noted that heavy rainfall often occurs
when deep precipitation cells organize and propagate
repeatedly over a specific area. Mountainous regions
sometimes play a crucial role in the formation of a
quasi-stationary mesoscale convective system (MCS)
that produces heavy rainfall in the region. Numerous
studies investigate orographic convective precipitation
over isolated mountains such as the island of Hawaii,
USA (Smolarkeiwicz et al. 1988); Yaku Island, Japan
(Kanada et al. 2000); and Jeju Island, Korea (Lee
et al. 2010). However, this study focuses on orographic
convective precipitation over mountain chains.

Yoshizaki et al. (2000) pointed out that heavy
orographic rainfall events are often produced over
the upslope or upstream areas of mountain regions
through orographic blocking, corresponding to the
upslope/upstream triggering of convection. A well-
known event illustrating upslope triggering of convec-
tion is the Big Thompson storm, which occurred
adjacent to the Rocky Mountains in Colorado, USA
on July 31, 1976. Caracena et al. (1979) found that
an orographic uplift of a low-level inflow released
convective instability and light winds at steering levels,
causing the system to remain over the windward slope
and contribute to the formation of the heavy rainfall
event. Yoshizaki and Ogura (1988) accurately repro-
duced the structure of the Big Thompson storm using
three-dimensional, high-resolution numerical simula-
tions, and noted that a cold pool plays an important role
in maintaining the quasi-stationary structure. Yu et al.
(2007) observed upslope triggering precipitation over
the windward slopes of the southeastern Alps using an
airborne Doppler radar during the intensive observa-
tion period (IOP) of the Mesoscale Alpine Programme
(MAP). They reported that convective precipitation
is formed through the triggering of potentially unstable
air through simple upslope lifting. Grossman and Durran
(1984) reported significant precipitation west of the
Western Ghats Mountains in India through orographic
blocking, corresponding to the upstream triggering of
convection. Ogura and Yoshizaki (1988) accurately
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reproduced the convective region over the upstream
area of the mountains. Moreover, orographic enhance-
ment of precipitation was investigated over moun-
tainous regions in Japan. Kikuchi et al. (1988) reported
that the enhancement mechanism is the upslope trig-
gering of convection in addition to microscale conver-
gence over the valleys in the Orofure mountain range
in Hokkaido.

Chu and Lin (2000) investigated the effects of orog-
raphy on the generation and propagation of precipi-
tation systems over a mesoscale mountain using an
idealized two-dimensional cloud-resolving model.
They showed that three regimes are identified by the
unsaturated moist Froude number (F,, = U/N,, H ; U is
the upstream wind speed, N,, is the unsaturated Brunt-
Viisild frequency, and H is the mountain height). In
regime (I) of the low F), an upstream propagating
precipitation system is formed. In regime (II) of the
moderate F,, a quasi-stationary convective system
over the vicinity of the mountain peak is formed. In
regime (III) of the high F,, two modes of precipita-
tion systems are identified: the quasi-stationary and
downstream propagation modes. Chen and Lin (2005)
expanded their study and showed that four regimes are
identified by combination of F), and convective avail-
able potential energy (CAPE). The quasi-stationary
precipitation system over the vicinity of the mountain
peak develops under conditions of low F), and CAPE.
To investigate the orographic precipitation system,
the relationship of precipitation systems to the atmo-
spheric environment shown by their studies should be
confirmed observationally.

Lin et al. (2001) proposed four common ingredients
for producing heavy orographic rainfall, including
(1) a convectively unstable airstream impinging on
a mountain, (2) a very moist low-level jet (LLJ), (3)
a steep mountain, and (4) a quasi-stationary synoptic
condition. A deep, short-wave trough or high CAPE
plays an important role in the formation of heavy
rainfall around a mountainous region with concave
geometry, which favors convection triggering. In
addition, Lin (2007) arranged them into nine common
ingredients; they are (1) high precipitation efficiency
of the incoming airstream, (2) a LLJ, (3) steep orog-
raphy, (4) favorable (concave) mountain geometry and
a confluent flow field, (5) strong synoptically forced
upward vertical motion, (6) a moist unstable low-level
flow, (7) a high moisture flow upstream, (8) presence
of a large, preexisting convective system, and (9) slow
or impeded movement of the convective system.

In these common ingredients, many studies point
out that the moist LLJ plays an important role to the
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AMeDAS total precipitation (12JST Sep. 2 ~ 06JST Sep. 3)
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Horizontal distribution of total precipitation amount from 12 JST on September 2 to 06 JST on September 3,

2008, as obtained by the AMeDAS. Points indicate AMeDAS stations. Contours show ground heights of 300 and
600 m. Crosses and dashed circles represent the locations of the X-band polarimetric radars at Nagoya and Gifu
universities and their observation ranges (61.8 km). A rectangle represents the dual-Doppler analysis area shown
in Fig. 11a. A star indicates the location of the upper-air sounding station (Hamamatsu) shown in Fig. 6.

precipitation enhancement over the windward slopes
by its orographic lifting, in particular, in the vicinity
of tropical cyclones (Sakakibara 1979; Lin et al. 2001;
Lin et al. 2002; Wu et al. 2002; Lin et al. 2005; Yu
and Cheng 2008). However, the maintenance mecha-
nism of precipitation systems producing heavy rainfall
without the LLJ around a mountain chain has never
been investigated.

A mountain chain composed of Mt. Ibuki and the
Suzuka Mountains, called as the Ibuki-Suzuka Moun-
tains in this study, is located to the west of the Nobi
Plain, Japan, as shown in Fig. 1. Its peak height
exceeds 1000 m. A heavy precipitation event occurred

along the mountains on September 2-3, 2008. The
horizontal distribution of accumulated rainfall amount
from 12 Japan Standard Time (JST: 9 h ahead of UTC)
on September 2 to 06 JST on September 3 obtained
by the Automated Meteorological Data Acquisition
System (AMeDAS) operated by the Japan Meteoro-
logical Agency (JMA) is shown in Fig. 1. The precipi-
tation area is locally concentrated along the mountains.
In addition, heavy precipitation is observed near Kami-
Ishidu (136.474°E, 35.304°N) and Odu (136.544°E,
35.564°N) stations. The total rainfall amounts are
425.0 mm at Odu and 385.0 mm at Kami-Ishidu for
18 hours beginning at 12 JST on September 2 (Fig. 2).
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AMeDAS: Hourly and Accumulated Rainfall
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Fig. 2. Time series of hourly rainfall amounts (bar graph) and accumulated amounts (solid lines) observed at (a)
Odu and (b) Kami-Ishidu AMeDAS stations from 00 JST on September 2 to 24 JST on September 3, 2008.

The hourly rainfall amounts reaches 90.0 mm at Odu
from 23 JST to 24 JST on September 2 and 65.0 mm at
Kami-Ishidu from 00 JST to 01 JST on September 3.

Figure 3 shows the horizontal distribution of rainfall
intensity at 0000 JST on September 3, 2008 obtained by
the JMA radar. The precipitation system formed a band
maintained for 13 hours from 12 JST on September 2
to 01 JST on September 3. The purpose of this study is
to examine the maintenance mechanisms of the band-
shaped precipitation system along the mountains using
data obtained by the JMA C-band precipitation radar
and wind-profiler radar. In addition, high rainfall inten-
sity was observed near the Kami-Ishidu station. This
study also describes the characteristics of high rainfall
intensity in the band by dual-Doppler analysis using
two X-band polarimetric Doppler radars.

An overview of the observations is given in Section
2. Synoptic situations during the heavy rainfall event
are presented in Section 3. Observational results on the
maintenance mechanisms of the precipitation band and
the characteristics of high rainfall intensity in the band
are shown in Section 4. In Section 5, the maintenance
mechanisms of the precipitation system are discussed,
and a summary is presented in Section 6.

2. Observation data

To clarify the maintenance mechanism of the precip-
itation band along the mountains and to describe the
characteristics of high rainfall intensity in the band,
data obtained by X-band polarimetric Doppler radars
located at Nagoya University (136.97°E, 35.17°N) and
Gifu University (136.74°E, 35.46°N) were used. Table
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Fig. 3. Horizontal distribution of rainfall intensity (shading) at 0000 JST on September 3, 2008 obtained by the

JMA radar. Contours show heights of 300 and 600 m. A star indicates the location of Nagoya Local Meteorologi-
cal Observatory. Dashed and solid lines indicate the ranges of longitude-time and time-latitude sections presented
in Figs. 7, 8. A thin dashed line represents the topography along 35.3°N in Fig. 7.

1 summarizes the system parameters of the radars: a
solid-state-type transmitter is operated simultaneously
with horizontal (H-) and vertical (V-) polarization
signals, and H- and V-independent digital receivers
are used. The radars are able to obtain horizontal
radar reflectivity (Z;), Doppler velocity, differential
reflectivity (Zg), differential propagation phase (@),
correlation coefficient between H- and V-polarization
signals (p,), and specific differential phase (Kg,). The
detailed explanation of these parameters is presented
in Bringi and Chandrasekar (2001). Z, and Z, are
corrected for rainfall attenuation using Ky, shown by

Jameson (1992). Sampling resolutions are 150 m and
1.2° in the direction of the beam and azimuth, respec-
tively. Radius of the observation range is 61.8 km.

Plan position indicator (PPI) data are collected at
a dual pulse repetition frequency (PRF) of 1600 and
2000 Hz. The number of integration pulses is 104 Hz
for 1600 Hz PRF and 130 Hz for 2000 Hz. The rotation
rate of the PPI scans is 3.0 rpm, which obtains three-di-
mensional (3D) volume scans with 13 elevation angles
0.5°-27.6° in 6-min intervals during the precipitation
event.

All polarimetric parameters are interpolated to a
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Table 1. System parameters of the X-band polarimetric 2, 2008

Doppler radars located at Nagoya and Gifu universities.

Frequency 9415 MHz at Nagoya Univ. Yo

9375 MHz at Gifu Univ.

Peak power 200 W

Pulse width 32us

PRF 1600-2000 Hz (Dual) ‘

Antenna diameter 2.0 m (parabolic) §,>‘r

Beamwidth <1.2°

Antenna gain >41dB S0

Sidelobe level <-43 dB

Antenna scan speed PPI: 4.0 rpm (max.)

PPI: 3.0 rpm (obs.)

Polarization Horizontal (H) and vertical (V)
Cartesian grid volume using a weighting function
(Cressman 1959). The grid spacings are 0.5 km in both
horizontal and vertical directions. Three-dimensional )
wind fields in precipitation regions are calculated by Fig. 4. Surface weather chart at 21 JST on Sep-
dual-Doppler analysis using the method developed by tember 2, 2008.
Gao et al. (1999).

In addition, this study uses the JMA radars and the
AMeDAS data every 10 min. The JMA C-band precip-  (Fig. 5d).

itation radar data depict the horizontal distribution of
rainfall intensity at a height of 2 km with a horizontal
grid resolution of 1 km. Data obtained in 10-min inter-
vals by a wind-profiler radar located at Nagoya Local
Meteorological Observatory are used to analyze the
vertical profile of horizontal winds.

3. Synoptic condition

The surface weather chart at 21 JST on September
2 is shown in Fig. 4. A stagnant depression was
located around 135°E, 32°N near the western coast-
line of Japan. The chart indicates that the target region,
including the mountains shown in Fig. 1, is located to
the north of the depression. Figure 5 shows the time
series of the horizontal distributions of equivalent
potential temperature (6,) and winds near the surface
from 09 JST on September 2 to 03 JST on September
3, which was obtained by the JMA Mesoscale Model
(MSM) data. The high-0, airmass, defined by 6, larger
than 350 K, extended over the northwestern Pacific
Ocean during the period. At 09 JST on September 2,
easterly wind was dominant around the target region
(Fig. 5a). At 15 JST and 21 JST on September 2, the
high-6, airmass intruded into the southern coastal
region of the Japan Islands by southeasterly wind
advection around the northwestern rim of the depres-
sion (Figs. 5b, ¢). At 03 JST on September 3, wind
direction varied southerly around the target region

Figure 6 shows the upper-air sounding observation
at Hamamatsu that was located on the windward side
of the precipitation band at 21 JST on September 2.
Surface 6, was 357.1 K; convectively unstable stratifi-
cation appeared below a height of 2 km. The mixing
ratio of water vapor around the surface was 19.55 g
kg™!; thus, a very moist airmass existed around the
surface. Since the moist airmass was present in the
lower troposphere, estimated precipitable water was
53.68 kg m™2. The melting level was located at a
height of 5.2 km. The estimated lifting condensation
level (LCL) and level of free convection (LFC) were
approximately 0.65 and 1.0 km, respectively. CAPE
and convective inhibition (CIN) calculated using
virtual temperature were 1242 and 4.86 J kg, respec-
tively. Low LFC, small CIN, and moderate CAPE indi-
cated that moist convection could easily develop from
triggering effects, such as the mountains. The LFC
was approximately the same as the peak heights of the
mountains. The synoptic condition, which persisted
during the heavy precipitation event, and the vertical
stratification closely resembled those of the Aichi
heavy rainfall event on August 28-29, 2008 reported
by Shinoda et al. (2012).
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Horizontal distributions of equivalent potential temperature (shading) and winds (barbs) around the surface

(a) at 09 JST, (b) at 15 JST, (c) at 21 JST on September 2, and (d) at 03 JST on September 3, 2008 given by the
MSM data. Full- and half-barbs depict 5 and 2.5 m s, respectively. Bold rectangle indicates the target region for

the present study.

4. Results

4.1 Maintenance mechanisms of the precipitation
band

Before 12 JST on September 2, precipitation
cells developed randomly over the Nobi Plain and
surrounding mountains, propagating northwest-ward
(not shown). The precipitation band shown in Fig. 3
initially formed at about 12 JST along the mountains.
At 13 JST, its length and width were about 100 and
20 km, respectively. The precipitation band retained its
shape and length during its stagnation.

Figure 7 shows a longitude-time section of maximum
rainfall intensity between 34.8°N and 35.8°N obtained
by the JMA radar. Topography along 35.3°N repre-
sented by the thin dashed line in Fig. 3 is shown at
the bottom of the figure. Because the Ibuki-Suzuka
Mountains are situated approximately along 136.4°E,
maximum rainfall intensity above 30 mm h™' was
maintained over the eastern slope of the mountains
from about 12 JST on September 2 to 01 JST on
September 3. The precipitation band was stagnant in
the east-west direction for about 13 hours. After 01 JST
on September 3, the precipitation area propagated east-
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Fig. 6. Vertical profiles obtained by an upper-air sounding at Hamamatsu at 21 JST on September 2, 2008, indicat-
ing potential temperature (PT; solid line in the left panel), equivalent potential temperature (EPT; broken line in
the left panel), saturated equivalent potential temperature (SEPT; dotted line in the left panel), mixing ratio of wa-
ter vapor (Qv; solid line in the center panel), relative humidity (RH; broken line in the center panel), zonal wind
speed (solid line in the right panel), and meridional wind speed (broken line in the right panel).

ward at approximately 3.0 m s~

Figure 8 shows a time-latitude section of maximum
rainfall intensity between 136.3°E and 136.7°E
obtained by the JMA radar. Topography ranging from
136.3°E to 136.7°E in the longitudinal direction and
from 34.0°N to 36.0°N in the latitudinal direction is
shown in the left side of Fig. 8. This longitudinal range
corresponded to the continuous intense rainfall shown
in Fig. 7. The continuous intense rainfall area corre-
sponding to the stagnant precipitation band extended
between 34.8°N and 35.8°N. In the precipitation band,
significant rainfall intensity regions above 100 mm h™!
that would correspond to precipitation cells appeared
to propagate northward at speeds 4.8-12.0 m s\,

To confirm the propagation of precipitation cells
in the band-shaped system, data of the X-band pola-
rimetric Doppler radar located at Nagoya University
were used. Figure 9a shows the horizontal distribu-

tion of reflectivity at a height of 3 km at 1230 JST on
September 2. The time series of vertical cross sections
in maximum reflectivity in the east-west direction
projected on the north-south axis in the rectangular
region shown in Fig. 9a is presented in Fig. 9b. Several
precipitation cells detected in the cross sections propa-
gated northward in the precipitation band. For example,
a precipitation cell located at about 15 km at 1206 JST
propagated northward and reached 35 km at 1248 JST.
The propagation speed of precipitation cells was esti-
mated to be 6.5-8.0 m s~!, corresponding to that shown
in Fig. 8.

To investigate the relationship between the main-
tenance of the precipitation band and the atmospheric
environment, Fig. 10 captures a time series of hori-
zontal winds in a vertical profile observed by the wind-
profiler radar located at Nagoya Local Meteorolog-
ical Observatory. Since Nagoya is located to the east
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Fig. 7. Longitude-time section of maximum rainfall intensity between 34.8°N and 35.8°N (ranged by solid lines in
Fig. 3) obtained by the JMA radar from 1140 JST on September 2 to 0600 JST on September 3, 2008. Maximum
rainfall intensity in the latitudinal direction is projected on the longitudinal axis at each observation time of the
JMA radar. Topography along 35.3°N is shown in the bottom illustration (represented by the thin dashed line in

Fig. 3).

of the precipitation band, the horizontal winds in the
vertical profiles should be considered as those of the
windward side of the precipitation band. As shown in
Fig. 7, the precipitation band formed at about 12 JST
on September 2 and remained until about 01 JST on
September 3. During the period, low-level southeast-
erly winds at approximately 5 m s™' were dominant
below a height of 1 km and expected to be high-6,
airmasses, as shown in Figs. 5, 6. The time series of

low-level winds corresponded to that of horizontal
distributions around the target region shown in Fig.
5. Thus, low-level southeasterly winds could supply
warm and moist airmasses to provide suitable condi-
tions for the continuous development of precipitation
cells over the eastern slope of the mountains.

At about 11 JST on September 2, easterly wind
components between 1 and 2 km in height reduced;
thus, the wind direction changed from southeasterly to
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Time-latitude section of maximum rainfall intensity between 136.3°E and 136.7°E (ranged by broken lines

in Fig. 3) obtained by the JMA radar from 1140 JST on September 2 to 0600 JST on September 3, 2008. Max-
imum rainfall intensity in the longitudinal direction is projected on the latitudinal axis at each observation time
of the JMA radar. Topography ranging from 136.3°E to 136.7°E in the longitudinal direction and from 34.0°N to

36.0°N in the latitudinal direction is shown at left.

southerly above a height of 1 km. As shown in Figs.
8, 9b, precipitation cells propagated northward in the
band. Thus, it is considered that these precipitation
cells formed over the eastern slope of the mountains
and moved northward via the mid-level southerly
wind above a height of 1 km. The wind-profiler radar
revealed that the wind speeds of the mid-level southerly
at heights of 2 and 5 km were respectively 4-7 m s™!
and 2—-5 m s! during the stagnant period of the precip-
itation band. Because the northward propagation
speed of precipitation cells in the band was 4.8-12.0
m s, the cells were expected to be advected by the
mid-level southerly wind. As a result, the precipitation
band aligned in the north-south direction along the
mountains. It is suggested that the precipitation band
remained during the period of wind field sustenance by
the synoptic atmospheric conditions from 12 JST on
September 2 to 00 JST on September 3.

4.2 Characteristics of high rainfall intensity in the
band
Significant rainfall intensity above 100 mm h!

was frequently observed in the precipitation band
near the Kami-Ishidu station (35.304°N) from 14
JST to 19 JST on September 2 and from 23 JST on
September 2 to 01 JST on September 3, as shown in
Fig. 8. Figure 9¢ shows a time series of vertical cross
sections of maximum reflectivity from 1700 JST to
1754 JST. During the period, a stagnant precipita-
tion cell with a horizontal scale of approximately 10
km formed around the 35-45 km region. Figure 11a
shows the horizontal distribution of radar reflectivity
(Z) at a height of 3 km and horizontal winds at a
height of 1 km near the Kami-Ishidu station at 1730
JST on September 2. This region corresponded to the
northern tip of the 30—50 km region shown in Fig. 9c.
The high reflectivity region enclosed by the solid rect-
angle corresponded to the low-level convergence by
southerly winds at a height of 1 km. The convergence
zone also corresponded to a wedge-shaped valley that
opens southward between the Ibuki-Suzuka Mountains,
aligned north-south, and its branch, the Yoro Mountains,
aligned north-northwest to south-southeast.

Figure 11b shows the vertical cross section of Z,
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(a) Horizontal distribution of reflectivity at a height of 3 km at 1230 JST on September 2, 2008 observed by

a polarimetric radar located at Nagoya University. (b) Time series of vertical cross sections of maximum reflectiv-
ity in the east-west direction projected on the north-south axis in the rectangular region shown in Fig. 9a obtained
in 6-min intervals from 1200 JST to 1254 JST on September 2. (¢) Same as that described for Fig. 9b, but from
1700 JST to 1754 JST on September 2. Crosses and dashed open circles indicate the location of the X-band pola-
rimetric Doppler radars at Nagoya and Gifu universities and their observation ranges.

wind vectors, and vertical velocity along the A-B
plane shown in Fig. 11a. An updraft region at heights
between 2.5 and 6.0 km with maximum velocity of
approximately 4 m s™! located at a distance of 9 km
should be induced by the low-level convergence. A
strong downdraft region at heights between 2.0 and 6.5
km with a maximum velocity of approximately 6 m s™!
appeared in a different precipitation cell located at a

distance of 15 km. Figure 11¢ shows the vertical cross
section of differential reflectivity (Z;) along the same
plane as that shown in Fig. 11b. The regions of high
Zgr corresponded to those of high Z;; that is, precipita-
tion cells. The maximum Z;, was greater than 3.5 dB in
one precipitation cell located at a distance of 15 km. A
high value of Z,, suggests the existence of large rain-
drops below the melting level (5.2 km). On the other
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Fig. 10. Time series of horizontal winds in a vertical profile observed by a wind-profiler radar located at Nagoya
Local Meteorological Observatory from 0000 JST on September 2 to 0600 JST on September 3, 2008. Full- and
half-barbs indicate 5 and 2.5 ms ', respectively. Light, moderate, and dark shading represent easterly wind com-

ponents larger than 0, 2, and 4 m s, respectively.

hand, negative regions of Z,, appeared near the melting
level, which were above the high Z,;, regions. Because
Zj, value in the high Z,, region was also greater than 35
dBZe, the existence of well-developed graupel parti-
cles is suggested.

Using the polarimetric radar data, Liu and Chan-
drasekar (2000) developed a particle identification
method using fuzzy logic. Although the original
method was developed for the S-band radar, it was
applied to data obtained by the X-band radar in this
study. The original membership functions for Z,, Z.,
Prv > and a modified membership function for K,
applied to the X-band were used to conduct particle
identification. The vertical temperature profile obtained
by the upper-air sounding observation at Hamamatsu
was also used for particle identification. The method
of particle identification used in the present study was
described by Kouketsu and Uyeda (2009).

Figure 11d shows the vertical distribution of particle
identification along the same plane as that shown in
Fig. 11b. Wet graupel was identified near the melting
level; rain was identified below the melting level. Thus,
it is hypothesized that the melting of graupel particles

formed large raindrops below the melting level and
caused a large amount of rainfall in the precipitation
cells.

Figure 12 shows the time series of area-averaged
divergence at a height of 1 km in the rectangular region,
corresponding to the area of the wedge-shaped valley
shown in Fig. 11a. Time series of rainfall amount at
Kami-Ishidu and lightning frequency in the rectan-
gular region are also drawn every 10 min. Lightning
frequency was obtained by the Lightning Location
System (LLS) operated by Chubu Electric Power Co.,
Inc. Divergence value was not calculated if the grid
number of available horizontal wind was less than 60%
of that in the rectangular region in Fig. 11a. Conver-
gence appeared from 14 JST to 15 JST and from 16
JST to 19 JST on September 2 and from 23 JST on
September 2 to 01 JST on September 3. These periods
corresponded to significant rainfall at the Kami-Ishidu
station. Lightning frequency increased from 17 JST to
19 JST and from 00 JST to 01 JST, corresponding to
the convergence and significant rainfall periods. On
the other hand, divergence appeared from 21 JST to 22
JST on September 2. This period corresponded to weak
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(a) Horizontal distribution of reflectivity at a height of 3 km (colors) and horizontal winds at a height of

1 km (arrows) in the rectangle shown in Fig. 1 at 1730 JST on September 2, 2008 as observed by polarimetric
Doppler radars located at Nagoya and Gifu universities. Contour shows the ground level at 300 m, and a solid
rectangle shows an area that calculates divergence shown in Fig. 12. (b) Vertical cross section of reflectivity (colors),
wind vectors (arrows), and vertical velocity (contours) along the A-B plane shown in (a). Solid (dashed) contours
show updraft (downdraft) regions drawn by every 2 m s ' from = 2 m s™'. (c) Same as that described for (b), but
for differential reflectivity (colors). (d) Same as that described for (b), but for particle identification (colors) with-

out wind vectors and vertical velocity.

rainfall at the Kami-Ishidu station. Also, lightning was
not observed during the period.

5. Discussion

5.1 Maintenance mechanisms of the precipitation
band

The maintenance mechanism of the precipitation

band can be explained by the following factors. (1)

A low-level warm and moist southeasterly wind with

0, greater than 350 K impinged on the Ibuki-Suzuka
Mountains aligned north-south, and precipitation cells
would develop over the eastern slope of the moun-
tains. The precipitation band located in the vicinity of
the mountain peak (Fig. 7). The characteristics closely
resembled that of the upslope triggering of convec-
tion shown by Houze (1993) and the quasi-stationary
precipitation system over a mountain peak (regime II)
shown by Chu and Lin (2000). (2) Precipitation cells
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(a) Time series of area-averaged divergence at a height of 1 km (thin solid line at 6-min intervals) and its

moving mean prior to and following three volume scans (bold solid line) in the rectangle shown in Fig. 11a from
12 JST on September 2 to 02 JST on September 3, 2008. The total 36-min average values are indicated as mov-
ing mean. Divergence value is not calculated if the grid number of the available horizontal wind is less than 60%.
Negative value implies convergence. (b) Time series of 10-min rainfall amounts at the Kami-Ishidu AMeDAS
station (bar graph) and that of 10- min accumulated lightning frequencies in the rectangle shown in Fig. 11a ob-

served by the LLS (solid line) are drawn.

propagated northward. The propagation could be
attributed to the southerly winds above a height of 1
km. As a result, the precipitation band aligned north-
south, corresponding to the alignment of the moun-
tains. This shows that the precipitation band did not
have a two-dimensional structure perpendicular to the
mountains. (3) The precipitation band was maintained
for 13 hours by a sustained wind field in the lower and
middle troposphere through quasi-stationary synoptic
conditions.

The unsaturated moist Froude number is defined
as F,, = U/N,,H (Chu and Lin 2000), where U is the
upstream zonal wind speed (perpendicular to the
mountains), 3.9 m s ; N, is the unsaturated Brunt-
Viiséléd frequency, 0.0084 s7'; and H is the mountain
height, 1000 m. Here, U and N,, were calculated by
the upper-air sounding observation at Hamamatsu.
The unsaturated moist Froude number was 0.464.
In addition, CAPE was 1242 J kg~!, a moderate value as
shown by Chen and Lin (2005). The unsaturated moist
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Froude number in the present case was larger than
that corresponding to the formation of the regime II
(ranging between 0.341 and 0.354) shown by Chu and
Lin (2000). They pointed out that the quasi-stationary
precipitation system in the vicinity of a mountain peak
is attributed to the balance between the moist incoming
flow and the cold pool induced by the system. The
cold pool was not observed by the AMeDAS network
during the persistence of the band-shaped system over
the mountains. The lack of cold pool should be
attributed to the high humid environment in the lower
and middle troposphere shown in Fig. 6. This is the
first difference from the result shown by Chu and Lin
(2000).

Chu and Lin (2000) used an idealized two-dimen-
sional cloud-resolving model and uniform horizontal
wind vertically. In the present case, the three-dimen-
sional structure was characteristic of the band-shaped
precipitation system in which precipitation cells prop-
agated northward along the system and the moun-
tains. The structure would be formed by the favor-
able conditions of the vertical wind shear. This is the
second difference from the result shown by Chu and
Lin (2000). The precipitation system stagnated in the
vicinity of the mountains peak, although these differ-
ences appeared in comparison with the previous study
shown by Chu and Lin (2000).

After 01 JST on September 3, the wind direction
below a height of 1 km changed from southeasterly to
southerly (Fig. 10). At that time, the stagnation of the
precipitation band ended and it propagated eastward at
about 3.0 m s (Fig. 7). The unsaturated moist Froude
number during the period should be significantly
reduced because the upstream zonal wind speed in the
lower troposphere was approximately O (0.1) m s,
This should correspond to the upstream propagating
precipitation system from the mountain peak (regime
I) shown by Chu and Lin (2000). During the passage
of the precipitation band, surface precipitation and a
decrease in surface temperature of about 3°C were
observed at several AMeDAS stations located on the
eastern side of the mountains (not shown). This result
suggests that the precipitation band propagated with
a weak cold pool; that is, an organized gravity-cur-
rent-like structure, rather than the orographic effect,
contributed to the eastward propagation of the precip-
itation system.

The common ingredients for producing heavy
orographic rainfall proposed by Lin etal. (2001) and Lin
(2007) are examined in the present case. The stagnant
precipitation band was one of the major ingredients. A
warm and moist southeasterly airstream intruded into
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the target region and impinged on the mountains, the
airmass was convectively unstable below a height of 2
km and the CAPE value was 1242 J kg™!, as shown in
Figs. 5, 6. The gradient of the eastern slope is approx-
imately 5.5° ; that is, horizontal and vertical scales of
the mountains are approximately 10 and 1 km, respec-
tively. Low-level southeasterly and mid-level south-
erly winds were maintained for 13 hours during the
precipitation period (Fig. 10) through the persistence of
the synoptic conditions (Fig. 5). However, the approxi-
mate wind speeds in the lower troposphere, observed
by upper-air sounding (Fig. 6) and the wind-profiler
radar (Fig. 10), were 3-8 m s™!. Thus, the existence of
LLJ could not be recognized during the precipitation
event. Also, a preexisting precipitation system could
not be recognized. These results show that almost all
of Lin’s common ingredients do not need to be satis-
fied to produce heavy rainfall in a certain area if some
ingredients are fully satisfied. In this case, the heavy
rainfall event occurred without LLJ and a preexisting
precipitation system. These should be important signa-
tures in the present case. These ingredients should be
confirmed in other heavy rainfall events.

5.2 Characteristics of high rainfall intensity in the
band

As shown in Fig. 1, two peaks of precipitation
obtained by the AMeDAS appeared during the event,
one at the Kami-Ishidu station (35.30°N) and the other
at the Odu station (35.56°N). As shown in Fig. 8§,
highly frequent high rainfall intensity was located
near the Kami-Ishidu station. As shown in Figs. 1, 3,
a wedge-shaped valley that opens southward appears
around the Kami-Ishidu station. Since the low-level
convergence appeared around the region (Fig. 12), a
low-level warm and moist inflow converged over the
microscale wedge-shaped valley area. The conver-
gence of a high-0, airmass was continuously expected
to form updrafts and precipitation cells over the wedge-
shaped valley and contribute to heavy rainfall there.
The additional Lin’s gradients that was the “concave
mountain geometry and a confluent flow field” should
contribute to the high rainfall intensity in the region.

The existence of graupel in the precipitation system
was suggested through particle identification via the
polarimetric radar near the Kami-Ishidu station (Fig.
11d). Frequent lightning (Fig. 12) also suggested the
existence of graupel above the melting level. An active
riming process induced by a supply of abundant water
vapor and cloud droplets in the high-6, southeasterly
wind in the lower troposphere could be expected (Figs.
5, 6). The melting of graupel particles that produced
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large raindrops coupled with the insignificant evapo-
ration rate owing to the moist environment possibly
caused the high amount of rainfall. Thus, the addi-
tional Lin’s ingredient that was the “high precipitation
efficiency” by the hydrometeor concentration through
the riming process might also act to increase the rain-
fall amount in the region. This microphysical process
of heavy rainfall induction was similar to that of the
Aichi heavy rainfall event on August 28-29, 2008 as
proposed by Shinoda et al. (2012).

6. Conclusions

A heavy rainfall event occurred along the Ibuki-Su-
zuka Mountains situated to the west of the Nobi Plain,
Japan on September 2—3, 2008. This event was caused
by a stationary precipitation band that formed along
the mountains with a north-south alignment. This study
examines the maintenance mechanisms of the precip-
itation band and describes the characteristics of high
rainfall intensity in the band. For this purpose, data
obtained by the JMA radar, JMA wind-profiler radar,
and dual-Doppler analysis from two X-band polari-
metric Doppler radars located at Nagoya and Gifu
universities were used. This stationary precipitation
band aligned in the north-south direction, which corre-
sponded to that of the mountains. The band stagnated
along the mountains for 13 hours from 12 JST on
September 2. Its length and width were approximately
100 and 20 km, respectively.

Low-level warm and moist southeasterly winds with
6, greater than 355 K below a height of 1 km impinged
on the eastern slope of the mountains and continuously
developed precipitation cells. These cells propagated
northward by the southerly winds above a height of 1
km, corresponding to the alignment of the precipita-
tion band and the mountains. The maintenance mech-
anism of the precipitation band can be attributed to the
persistence of the vertical wind shear; that is, low-level
southeasterly and mid-level southerly winds persisted
for about 13 hours by synoptic conditions.

The characteristics of high rainfall intensity in the
precipitation band were examined by dual-Doppler
analysis. This analysis reveals that low-level south-
erly winds with high-, converged over a microscale
wedge-shaped valley that opens southward between
the Ibuki-Suzuka Mountains and its branch, the Yoro
Mountains, aligned north-northwest to south-south-
east. The convergence of a high-6, airmass was contin-
uously expected to form updrafts and precipitation
cells, causing heavy rainfall over the region, although
the causal relationship between the low-level conver-
gence and convection. In these precipitation cells, the
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existence of graupel near the melting level and a high
amount of large raindrops below it were suggested by
data obtained by the polarimetric radar. The hydro-
meteor concentration through the riming process
by graupel particles was also expected to increased
precipitation amount in the region.
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