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Abstract

When a cold air outbreak occurred over the Sea of Japan, double snowbands stayed along the coastal
region of the Kanazawa Plain from 15 to 16 January 2001: Snowband 1 on the seaward side, and Snow-
band 2 on the landward side. Their structures are studied mainly using Doppler and dual-polarization
radars, and their maintenance processes are discussed. The double snowbands were maintained for
about 20 hours. Snowband 1 had a stronger reflectivity and a higher echo top than Snowband 2. The cells
in Snowband 2 were generated in the weak echo extending from Snowband 1 toward the land. Around
the snowbands, a southeasterly land breeze, with a thickness of 400 m was present. A convergence be-
tween the land breeze and the northwesterly monsoon wind formed a strong updraft. Convective cells in
Snowband 1 developed in association with the strong updraft. In Snowband 2, a weak convergence pro-
duced a weak updraft. The dual-polarization radar data showed that Snowband 1 was composed of
spherical graupels, including conical ones. On the other hand, flat-shaped snow crystals were converted
to snow aggregates along the trajectory of the particles within Snowband 2. Graupels were seen in the
pictures taken below Snowband 1, while only snow aggregates were observed below Snowband 2. These
facts indicate that the strong updraft at the land-breeze front contributed to the formation of graupels
through the riming process in Snowband 1, on the other hand, snow aggregates developed through the
deposition and aggregation processes in the weak updraft in Snowband 2. Some snow crystals, which
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contributed to the formation of snow aggregates in Snowband 2, were supplied from Snowband 1.

1. Introduction

When outbreaks of winter cold air occur
from the Eurasian Continent, snow clouds de-
velop over the Sea of Japan. When snow clouds
reach the Japan Islands, they are significantly
modified in the coastal region. The modifica-
tion of snow clouds usually results in the in-
tensification of precipitation. The cause of the
intensification is thought to be the topography,
contrasts of surface conditions, such as temper-
ature and roughness between land and sea, and
local wind in the coastal region. In particular,
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the intensification of precipitation occasionally
brings a large amount of snowfall to the coastal
region. In order to understand heavy snowfall
in a coastal region, the modification of snow
clouds and the intensification of precipitation
in a coastal region must be studied.

Takeda et al. (1982) observed two intensifi-
cation stages of isolated convective cells of snow
clouds in their landing using a radar in Hoku-
riku. The radar echo of the isolated snow cloud
intensified just before landing, and the echo
area gradually broadened after landing. Their
study did not clarify the kinematical and cloud
microphysical processes in the isolated snow
cloud, because neither Doppler nor polarization
properties were available.

Some previous studies using an aircraft and
Doppler radars have shown that a land breeze
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plays an important role in the intensification of
snowfall. Passarelli and Braham (1981) ob-
served shoreline-parallel snowbands, which
developed over Lake Michigan of the Great
Lakes, using an aircraft and a radar. The air-
craft observation showed that land breezes,
with a thickness of a few hundred meters, de-
veloped and made a strong convergence with
the ambient flow in the low level over the lake.
Snowbands echo developed around the land-
breeze front with the low-level strong conver-
gence. Ishihara et al. (1989) revealed that a
land breeze developed when the wind speed of
the winter monsoon was relatively weak, and
moderately cold air was located in the middle
and lower troposphere. They also studied the
structure of snowbands associated with a land
breeze using a Doppler radar in Hokuriku. The
snowbands moved toward the land with the
retreat of the land-breeze front and decayed
after its landing. Then, the land-breeze front
extended toward the sea, and another snow-
band developed along the front. Fujiyoshi et al.
(1988) and Tsuboki et al. (1989a) studied snow
clouds, which rapidly developed at land-breeze
fronts along the west coast of Hokkaido, using a
Doppler radar. They observed two different
types of snowbands. The snowband studied by
Fujiyoshi et al. (1988) moved toward the land,
and a weak updraft was present above the
land-breeze layer behind the front. On the
other hand, the snowband studied by Tsuboki
et al. (1989a) moved toward the sea, and a dis-
tinct subsidence was present behind the front.
Tsuboki et al. (1989b) reported that snowband
echoes continuously intensified at a stationary
land-breeze front when the snowband intruded
into a plain. The echoes intensified at the land-
breeze front and rapidly disappeared behind
the front. The intensification brought localized
heavy snowfall in the coastal region.

Cloud microphysical properties should be
investigated to understand the intensification
of snowfall in the coastal region. The solid pre-
cipitation particles grow through the processes
of deposition, riming, and aggregation. Har-
imaya and Sato (1992) examined the contri-
bution of the riming process to the snowfall
amount in the west coast of Hokkaido by sur-
face and radar observations. They clarified that
the riming process is predominant in snowfall
in the coastal region. They also showed that the
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riming process brings strong snowfalls and is
predominant during the developing and mature
stages of snow clouds. Moreover, Harimaya and
Kanemura (1995) clarified, using a Doppler
radar and surface observations, that the riming
process is predominant when updrafts are
strong in the clouds, and that developing or
mature stages of snow clouds appear more fre-
quently in the coastal region than in the inland
region. Namely, most snowfall in the coastal
region is brought by the riming process asso-
ciated with strong updrafts in developing or
mature stages of snow clouds, which frequently
appear in the coastal region. The microphysical
aspects of clouds in the studies were discussed
from surface observation alone. Therefore, the
relationship between the intensification of
snowfall, and cloud microphysical processes in
clouds, remains to be studied.

In order to understand the intensification of
snowfall in coastal regions, both kinematical
and cloud microphysical processes in snow
clouds should be observed simultaneously.
However, there were no such observations with
respect to snow clouds in coastal regions, and
only a few studies have focused on a modifica-
tion of snow clouds so far.

An intensive observation of snowstorms was
carried out from November 2000 to February
2001 in Hokuriku using the Doppler radar of
Nagoya University. During the observation
period, double snowbands stayed along the
coastal region for about 20 hours and brought a
large amount of snowfall to the coastal region
of Hokuriku. In this study, the kinematical and
cloud microphysical structures of the stationary
double snowbands along the coastal region are
investigated, mostly with the use of Doppler
and dual-polarization radars. In addition, the
maintenance processes of the stationary double
snowbands are discussed, to clarify the intensi-
fication processes of snowfall in the coastal
region.

2. Observation and data

The X-band Doppler radar of Nagoya Uni-
versity was installed at Oshimizu in Hokuriku,
Japan (Fig. 1) from 24 December 2000 to 12
February 2001 as a part of the special obser-
vation of the “Winter Mesoscale Convective
Systems Observation over the Japan Sea 2001
(WMO-01)” (Yoshizaki et al. 2001). Hereafter,
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Nyquist velocity 16 m st
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Fig. 1. Locations of observation points. H
and [] indicate the observation points
of the X-band Doppler radar of Nagoya
University installed at Oshimizu and
the C-band dual-polarization radar of
the Hokuriku Electric Power Company
set at Goishigamine, respectively. The
thick and thin circles indicate their
observation ranges. The upper-air
sounding observation site at Wajima is
marked with @. Pictures of snow par-
ticles were taken at Hirakamachi and
Yamada marked with +. The altitude of
the topography is shown with contours
and gray levels. The contours are
drawn at 0, 100, 200, 500, 1000, and
2000 m.

the radar is referred to as the “Oshimizu
radar.” Table 1 summarizes its characteristics.
The Oshimizu radar was operated with 11 Plan
Position Indicator (PPI) scans, and one Range
Height Indicator (RHI) scan in 6 minutes to
obtain the equivalent reflectivity factor (Z,)
and the Doppler velocity (Vg). The elevation
angles of the PPI scans were 0.6, 1.2, 1.9, 2.8,
3.9, 5.1, 6.8, 9.1, 12.3, 17.0, and 25.0 degrees.
The C-band dual-polarization Doppler radar is
located at Goishigamine (Fig. 1). The radar,
which is hereafter referred to as the “Goishig-

Doppler processing Pulse-pair processing

Table 2. Characteristics of the dual-
polarization radar of the Hokuriku
Electric Power Company.

5320 MHz (C-band)

Transmitting frequency

Peak transmitting power 250 kW
Pulse length 0.8 u sec
Pulse repetition frequency 1180 Hz
Beam width 1.0°
Range gate width 250 m
Maximum range of data 120 km

processing

amine radar,” is used for routine observations
by the Hokuriku Electric Power Company to
obtain the Z,, Vg, spectrum width, and differ-
ential reflectivity factor (Zpg). In this study, Z,
and Zpgr were used. The characteristics of the
Goishigamine radar are shown in Table 2. The
definition of Zpg is

Zpr = 10 log, (éHH) (1)
Vv

where Zyy and Zyy are the horizontally
transmitted/horizontally received and verti-
cally transmitted/vertically received reflectivity
factors, respectively (Seliga and Bringi 1976). A
horizontally oriented particle has a positive
Zpr, and a vertically oriented particle has a
negative Zpr. A completely spherical particle
has a Zpg of 0 dB. The Goishigamine radar was
operated in 5 minutes with 13 PPI scans, which
have elevation angles of —0.4, 0.1, 0.6, 1.1, 1.6,
2.1, 3.1, 4.1, 6.1, 9.1, 12.1, 20.0, and 30.1
degrees.

The regional objective analysis (RANAL)
data, the upper-air sounding data at Wajima
(Fig. 1) provided by the Japan Meteorological
Agency (JMA), and the NOAA satellite data
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received at the Hydrospheric Atmospheric Re-
search Center of Nagoya University were used
to examine the synoptic situation and cloud
distribution. The air temperature at the sea
level was calculated using the dry adiabatic
lapse rate from the air temperature at the
surface of the RANAL data. Surface wind data,
obtained by the Automated Meteorological
Data Acquisition System (AMeDAS) of the
JMA, was employed in examining the meso-
scale environmental features around the snow-
bands. In addition, pictures of snow particles
were utilized. The pictures of snow particles
were taken by digital cameras after snow par-
ticles were captured on wood boards covered
with a velvet cloth at Hirakamachi and Ya-
mada (Fig. 1), in order to investigate the cloud
microphysical characteristics of snowfall par-
ticles near the coast by observation members of
Nagoya University.

The Z,, Vg, and Zpg obtained from the radars
were interpolated on the Cartesian coordinate
system with horizontal intervals of 0.5 km and
vertical intervals of 0.25 km (Constant Altitude
Plan Position Indicator [CAPPI] data). A cor-
rection of radar-echo advection was applied
(Gal-Chen 1982). The Velocity-Azimuth Display
(VAD) method (Tsuboki and Wakahama 1988)
was used to determine a wind field above the
Oshimizu radar on the vertical coordinate with
intervals of 50 m. Using RHI data obtained by
the Oshimizu radar, the horizontal velocities
(Vi) were derived from

Vr
VH = )
COS o

(2)

where o is an elevation angle. RHI data with
elevation angles of less than 30° was used for
maintaining accuracy. Furthermore, a horizon-
tal divergence was calculated from the horizon-
tal wind derived from the RHI data assuming
no divergence in the direction normal to the
RHI scan.

Although the equivalent reflectivity factor
(Z,) is derived from radar, the reflectivity fac-
tor (Z), instead of Z,, is used hereafter for
simplicity.

3. Synoptic situation

The synoptic charts of RANAL data at the
surface and 500 hPa at 21 JST (Japan Stan-
dard Time) on 15 January 2001 are shown in
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Fig. 2.
hPa),

(a) Sea-level pressure (solid lines,

sea-level temperature (dashed
lines, °C), and surface wind field (ar-
rows), and (b) geopotential height (solid
lines, m), temperature (dashed lines,
°C), and horizontal wind field (arrows)
at 500 hPa at 21 JST, 15 January 2001

of the regional objective analysis
(RANAL) data. The shaded area in
(a) represents the Japan-Sea Polar-
airmass Convergence Zone (JPCZ).

Fig. 2. On the surface, the isotherms cross
the isobars over the Sea of Japan, and the
northerly or northwesterly wind caused cold
advection from the Eurasian Continent to the
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Station: Wajima
2100 JST, 15 January 2001
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Fig. 3. Vertical profiles of the potential
temperature (0), equivalent potential
temperature (0,), saturated equivalent
potential temperature (6,), and hori-
zontal wind at 21 JST, 15 January 2001
at Wajima. A half barb, a full barb, and
a flag indicate 2.5 m s~!, 5 m s!, and

25 m s~ 1, respectively.

Sea of Japan. In the southwest region of the
Sea of Japan, a convergence zone was formed to
the east of the Korean Peninsula. The conver-
gence zone is referred to as the Japan-Sea
Polar-airmass Convergence Zone (JPCZ) (Asai
1988). At 500 hPa, cold air less than —33°C was
present over Hokuriku. The counterclockwise
turning of the wind direction from N or NW at
the surface, to WNW at 500 hPa over the
western Sea of Japan, indicates cold advection.

The relatively warm sea supplies sensible
heat and latent heat to the cold air, and a mix-
ing layer develops over the sea. At 21 JST, 15
January 2001 at Wajima, the potential temper-
ature (0) shows that the mixing layer was
present below 600 hPa (Fig. 3). The small dif-
ference between the equivalent potential tem-
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Fig. 4. NOAA-14 channel 4 (thermal-
infrared) satellite image at 1523 JST,
15 January 2001.

perature (6,), and the saturated equivalent
potential temperature (6,), indicates that the
atmosphere in the mixing layer was almost
saturated except for the lowest level and the
uppermost part of the mixing layer. The coun-
terclockwise turning of the wind direction from
NW near the surface to WSW at 700 hPa in-
dicates cold advection. The wind speed in the
lower level was not too strong (less than
12 m s! below 800 hPa). The weak static sta-
bility in the mixing layer, and the relatively
weak wind in the lower level, are favorable
conditions for the development of a land breeze.

Many cloud streaks developed in the mixing
layer (Fig. 4). A cumulonimbus cloud line with
a high cloud top (a height of about 650 hPa),
which was located along the JPCZ shown in
Fig. 2a, extended from NW to SE in the
western part of the Sea of Japan. Another type
of cloud lines, with an alignment from SW to
NE, extended from the active cumulonimbus
line along the JPCZ. The alignment of SW to
NE was almost perpendicular to the north-
westerly wind in the lower troposphere in the
sounding profile at Wajima. The cloud lines
that are almost perpendicular to the wind are



336 Journal of the Meteorological Society of Japan
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Fig. 5. CAPPI display of the reflectivity
at 1808 JST, 15 January 2001 at a
height of 0.75 km. The contours are
drawn at 10, 23, 25, and 30 dBZ. W in-
dicates the location of the Oshimizu
radar. The solid lines with an arrow
show the X and Y axes. The rectangle
with broken lines corresponds to the
averaged area in Figs. 6, 8, and 16b.

referred to as “transverse-mode cloud bands.”
The snowbands investigated in detail in this
study stayed along the coastal region (around
136.5°E and 36.5°N), where the transverse-
mode cloud bands landed. In the lower level of
the region of transverse-mode cloud bands, the
wind speed was weaker than in other regions
where there were outbreaks of cold air. Fur-
thermore, the pressure gradient in the lower
level was small in the region of transverse-
mode cloud bands, especially near the coastal
region of Hokuriku (Fig. 2a). This is a favorable
situation for a land breeze to develop.

4. Structure of snowbands

4.1 Echo structure

Figure 5 shows a representative display of
double snowbands. The double snowbands were
present along the coastal region of the Kana-
zawa Plain in Hokuriku, which are referred to
as “Snowband 1” and “Snowband 2.” The snow-
bands stayed at almost the same position with
almost the same alignment. These snowbands
along the coastal region are investigated in de-
tail. The X and Y axes are defined normal and
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parallel to the alignment of the snowbands,
respectively, as shown in Fig. 5.

A time-distance cross section at a height of
0.75 km shows the time evolution of the double
snowbands (Fig. 6). The reflectivity was aver-
aged from Y = —24 km to —8 km (in the rect-
angle area of Fig. 5) in the Y-direction. The
averaged range was selected to exclude shadow
regions due to topography. The double snow-
bands were present between X = —10 km and
20 km during the period from 0730 JST, 15 to
0400 JST, 16 January 2001. Snowbands 1 and
2 were located around X=-3km to 2km
and X=9km to 13 km, respectively. The
snowbands had different features before and
after 1500 JST, 15 January 2001. After 1500
JST, Snowband 2 possessed relatively weak
reflectivity, and the separation of the double
bands was clear. The present study focuses on
the double snowbands from 1500 JST, 15 to
0400 JST, 16 January 2001. This period is
referred to as the “period of double bands.”
Almost no echo merged into the double
bands in the period of double bands, while
the transverse-mode cloud bands were pres-
ent in the upwind side of the double bands
(shown in Fig. 4). Therefore, the updraft in
the transverse-mode cloud bands was weak.
This indicates that the circulation that formed
around the coastal region, in which the double
bands stayed, was essential for the formation of
the double bands.

A horizontal display of time-averaged re-
flectivity at a height of 0.75 km (Fig. 7) shows
that Snowband 1 extended from the sea to the
land, and that its reflectivity was relatively
strong (more than 26 dBZ). Snowband 2 was
located over the land, and its reflectivity was
relatively weak (less than 26 dBZ). The widths
of both snowbands defined by the contour of
23 dBZ ranged from 5 to 8 km.

The vertical cross section of reflectivity
(Fig. 8), which was averaged from Y = —24 km
to —8 km (in the rectangle area in Fig. 5) in the
Y-direction, also shows Snowband 1 with strong
reflectivity and Snowband 2 with weak re-
flectivity. Snowband 1 has a higher echo top
reaching a height of 2.5 km when the echo top
was defined by a contour of 10 dBZ. The echo
top of Snowband 1 significantly decreased to-
ward the landward side. The axis of Snowband
1 leaned to the seaward side with height.



June 2005 T. OHIGASHI and K. TSUBOKI 337
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Fig. 6. Time-distance cross section of the reflectivity at a height of 0.75 km. The reflectivity is aver-
aged from Y = —24 km to —8 km in the Y-direction (the rectangle area with broken lines in Fig. 5).
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1502 JST, 156 — 0356 JST, 16 January 2001
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Fig. 7. CAPPI display of the time-
averaged reflectivity from 1502 JST,
15 to 0356 JST, 16 January 2001 at a
height of 0.75 km. The contours are
drawn at 10, 20, 23, and 26 dBZ.
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Fig. 8. Vertical cross section of the time-
averaged reflectivity from 1502 JST, 15
to 0356 JST, 16 January 2001. The
reflectivity is also averaged from Y =
—24 km to —8 km in the Y-direction
(the rectangle area with broken lines in
Fig. 5). The contours are drawn at 10,
19, 22, and 25 dBZ.

Snowband 2 had a lower echo top than Snow-
band 1, with a height of 1.75 km, and a contour
of 10 dBZ protruded inland. The reflectivity
between Snowband 1 and Snowband 2 showed
a minimum.
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In order to examine the maintenance process
of both bands, the development and movement
of the cells are investigated. Figure 9 shows a
time-series of radar echoes every 6 minutes
from 2056 JST to 2202 JST, 15 January 2001
during the period of double bands. Each snap-
shot was averaged from Y = —13 km to —8 km
in the Y-direction to clarify the characteristics
of cellular echoes. A new cell of Snowband 1
with 26 dBZ was generated at X = —9 km, and
a height of 1.75 km at 2102 JST, and is named
SB1-1. SB1-1 rapidly developed between 2102
JST and 2114 JST to have stronger reflectivity
than 28 dBZ while moving inland. Then, SB1-1
descended without intensifying after 2120 JST.
New cells of Snowband 1 developed at 2126
JST (SB1-2) and at 2150 JST (SB1-3). These
cells (SB1-2 and SB1-3) behaved in the same
manner as SB1-1.

A cell (SB2-1) of Snowband 2 with 24 dBZ
was generated at X =4 km and at a height of
1 km at 2126 JST. At the same time, the echo
top with 10 dBZ over SB2-1 slightly ascended,
while the echo top between SB1-2 of Snowband
1 and SB2-1 of Snowband 2 descended
(X = —5 km). After 2132 JST, SB2-1 slowly in-
tensified and descended. The echo top between
SB1-2 of Snowband 1 and SB2-1 of Snowband 2
further descended. The axis of SB2-1 inclined
inland with time. Another cell (SB2-2) of Snow-
band 2 appeared at 2156 JST. Cell SB2-2 fol-
lowed a similar evolution to SB2-1.

The cells of Snowband 1 intensified more
rapidly and had stronger reflectivity than those
of Snowband 2. The echo top (10 dBZ) of Snow-
band 1 was higher than that of Snowband 2.
The inclinations of the cells of both bands were
different from each other. It should be noted
that the cells of Snowband 2 were generated at
the positions where the weak echo regions of
Snowband 1 extended inland. This suggests
that the formation of cells of Snowband 2 is
related to Snowband 1.

4.2 Kinematical structure

The structure of the airflow around the
snowbands is described to show the kinemati-
cal aspects of maintenance processes of the
snowbands. Figure 10 shows the time-height
cross section of the horizontal wind above the
Oshimizu radar obtained by the VAD method.
The contours indicate the X-component of the
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15 JAN. 2001 Averaged from Y = —13 km to -8 km

2056 JST

Height (km)

10 0 10 20 -10 0 10 20
X (km)

Fig. 9. Time-series of vertical cross sections of the reflectivity every 6 minutes from 2056 JST to
2202 JST, 15 January 2001. The reflectivity is averaged from —13 km to —8 km in the Y-direction.

The contours are drawn at 10, 20, 24, 26, and 28 dBZ. Thick solid lines and thick broken lines fol-
low the movements of cells.
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Fig. 10. Time-height cross section of the
horizontal wind above the Oshimizu
radar obtained by the VAD method.
The contours indicate the X-component
of wind speed every 2m s on the X
and Y coordinate system defined in
Fig. 5.

horizontal wind on the X and Y axes defined in
Fig. 5, where the positive values represent
wind from the sea to the land. At a height of
1 km, the northwesterly monsoon wind pre-
vailed. Its direction was almost constant with
time, while the X-component of the horizontal
wind gradually decreased until 1630 JST, 15
January 2001. On the other hand, the wind
from the land developed at the lowest level
from 0730 JST, 15 January 2001. The wind
from the land at the lowest level developed in
association with the decrease of the normal
component to the coastline of the monsoon
wind. After 1630 JST, 15 January 2001, the
wind from the land kept its thickness of about
400 m. The wind direction at the lowest level
was different from that of the sounding ob-
served at Wajima. This indicates that a local
wind, which was different from the monsoon
wind, developed in the lowest layer in the area.
The wind from the inland is referred to as the
“land breeze,” although the land breeze in the
present case continued, not only in the night-
time, but also in the daytime. During the period
of double bands, the land breeze steadily con-
tinued with almost constant thickness.

The horizontal extent of the land breeze over
the land is shown using the AMeDAS wind
data. Figure 11 shows the wind pattern at 2100
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Surface Wind 2100 JST, 15 January 2001

S O ¢
©® Calm /1 ms~1 /\2 ms~!

Surface wind at AMeDAS points
at 2100 JST, 15 January 2001. Double
open circles represent calm. A half
barb and a full barb show 1 m s! and

Fig. 11.

2m s !, respectively. The altitude of

the topography is shown with contours
and gray levels. The contours are drawn
at 0, 100, 200, 500, 1000, and 2000 m.

JST, 15 January 2001 during the period of
double bands. In the northern part of the Noto
Peninsula, the northwesterly monsoon wind
was predominant. On the other hand, the land
breeze locally extended in the coastal region of
the Kanazawa Plain, the Tonami Plain, and the
Toyama Plain. The easterly to southeasterly
land breeze blew in the coastal region of the
Kanazawa Plain.

The northwesterly monsoon wind, and the
easterly to southeasterly land breeze, caused a
convergence along the coast of the Kanazawa
Plain. The location of the convergence zone is
shown by time-averaged Doppler velocity at a
height of 0.25 km, and reflectivity at a height
of 0.5 km, obtained by the Oshimizu radar
(Fig. 12). Positive Doppler velocity, which in-
dicates the wind approaching the radar, was
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A Shadow
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Fig. 12. CAPPI display of the time-
averaged Doppler velocity (contour
lines, m s 1) at a height of 0.25 km and
time-averaged reflectivity (gray levels,
dBZ) at a height of 0.5 km from 1502
JST, 15 to 0356 JST, 16 January 2001.
The contours are drawn every 1 m s~ 1.
The positive Doppler velocity repre-
sents the wind approaching the Oshi-
mizu radar marked with H.

widely present over the sea. This corresponds
to the northwesterly monsoon wind. On the
other hand, negative Doppler velocity, which
indicates the wind away from the radar, was
present on the landward side of the positive
Doppler velocity. The maximum wind speed
was 3m s !. The negative Doppler velocity
represents the land breeze. The crowded con-
tours between the monsoon wind and the land
breeze indicate the convergence zone. The con-
vergence zone was parallel to the snowbands,
and was located on the seaward side of Snow-
band 1 in the lower level.

Horizontal divergence along the land-breeze
front is quantitatively estimated from the RHI
data of an azimuth of 120°-300° during the
period of double bands, where the X' axis is
defined as the distance toward an azimuth of
120° from the Oshimizu radar (Fig. 13). The
orientation of the X' axis is almost perpendicu-
lar to the snowbands. The right-hand side in
the figure (toward the positive X’) is the land-
ward side. Convergence of an order of 1072 s~!
was present at almost the same position
(X' = =10 km to —5 km) throughout the period

T. OHIGASHI and K. TSUBOKI 341

Horizontal Divergence
Azimuth (120°- 300°)
(b) upper levels

January 2001
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Fig. 13. Time-distance cross sections of
the horizontal divergence in 10~* s~!
derived from RHI scans of an orienta-
tion of 120° and 300°. (a) Lower levels
(averaged for the height between
0.25 km and 0.75 km). (b) Upper levels
(averaged for the height between
1.5 km and 2.0 km). The right-hand
side of the figure is the landward side.
The contours are drawn at —20, —10,
—5,0,5,10, and 20 x 10~ % s~ 1.

of double bands in the lower levels (averaged
for the height between 0.25 km and 0.75 km)
(Fig. 13a). In the upper levels (averaged for the
height between 1.5 km and 2.0 km), a con-
tinuous divergence of about 5 x 10~% s~! was
present above the lower convergence zone (Fig.
13b). The convergence in the lower levels, and
the divergence in the upper levels along the
land-breeze front, indicate a steady updraft.
The relationship between the location of the
cell and the land breeze is shown in Fig. 14.
The contours with positive values indicate the
monsoon wind, and those with negative values
indicate the land breeze. The land-breeze front
was located at X' = —9 km. Above the land-
breeze front, a new cell developed. On the
landward side (the right-hand side in the
figure) of the new cell, an old cell of Snowband
1 was present. On the farther inland side of the
land-breeze front (around X' = 5 km), the hori-
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2105 J3T, 15 January 2001

Fig. 14. Vertical cross section of the re-
flectivity (gray levels, dBZ) and hori-
zontal wind (contour lines, m s !) in the
cross section derived from the RHI scan
with an orientation of 120° and 300° at
2105 JST, 15 January 2001. The right-
hand side of the figure is the landward
side. The positive velocity indicates the
wind blowing from the sea to the land.

zontal wind formed a weak convergence. A cell
of Snowband 2 was located in this weak con-
vergence zone. The echo pattern in Fig. 14
corresponds to the stage at 2102 JST, 2126
JST, and 2150 JST in Fig. 9.

Furthermore, the time-averaged features
between the locations of the double snowbands
and the airflow pattern are examined. Figures
15a and 15b show the time-averaged horizontal
wind speed and the horizontal divergence in
the cross section of the RHI scans, respectively.
The horizontal wind speed was almost constant
with height over the sea (around X' = —30 km)
in the upwind side of the monsoon wind far
from the snowbands. This horizontal wind sig-
nificantly decreased in the lower level near the
land-breeze front (between X' = —14 km and
X' = —4 km below a height of 1.25 km). The
zone in which the wind decreased corresponds
to a convergence. The maximum convergence
was —1073 s71 at X' = —9 km. The strong con-
vergence in the lower level formed the strong
updraft near the land-breeze front, which re-
sulted in an upper-level divergence. The upper-
level divergence was 4 x 107% s71 (X’ = —8 km)
at a height of 2 km. The upper-level divergence
zone corresponds to the region in which the
horizontal wind increased in the X’'-direction.
On the other hand, the horizontal wind de-
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Fig. 15. Vertical cross sections of (a) the
horizontal wind (contour lines, m s 1),
(b) the horizontal divergence (contour
lines, 10~ s71) in the cross section, and
the reflectivity (gray levels, dBZ) aver-
aged from 1505 JST, 15 to 0205 JST, 16
January 2001 derived from the RHI
scans with an orientation of 120° and
300°. The right-hand side in the figure
is the landward side. The positive ve-
locity indicates the wind blowing from
the sea to the land.

creased in the X'-direction in the upwind side
of the upper-level divergence zone. In the up-
draft region near the land-breeze front, re-
flectivity above 10 dBZ protruded toward the
sea. This indicates that the updraft produced
precipitation particles in the region. A new cell
of Snowband 1, shown in Fig. 14, developed
in this updraft region. In the inland side of
the land-breeze front, the horizontal wind
gradually decreased inside the contour of
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the echo with 10 dBZ. This corresponds to a
convergence. The maximum convergence was
—4x107* s ! at X’ =5 km. The convergence
indicates an updraft, because the convergence
existed from the lowest level. The magnitude of
the updraft in the inland side of the land-
breeze front was smaller than that at the land-
breeze front. Snowband 2 was located in the
relatively weak updraft zone.

4.3 Cloud microphysical structure

The echo and airflow structures showed that
the magnitude of reflectivity, the development
speed of cells, and the magnitude of the updraft
in Snowbands 1 and 2 were different. These
differences suggest that the precipitation par-
ticle types, and their formation processes were
different in the double snowbands. In this sub-
section, the cloud microphysical aspects of the
double snowbands will be described using dual-
polarization radar data and pictures of snow
particles. In the present case, the precipitation
particles were only solid particles, because the
surface temperatures of the AMeDAS points in
the Kanazawa Plain were below the freezing
point in the period of double bands. The re-
flectivity in both bands (Figs. 5, 6, and 9) was
not as strong as that in the case in which hail
was present. Three solid precipitation particle
types, namely, snow crystals, snow aggregates,
and graupels are considered hereafter.

The distributions of Z and Zpg derived from
the Goishigamine radar are examined along
the region where the echo cells were growing in
each snowband. Transitions of the Z-Zpg dis-
tributions along the trajectories reflect the
growth of precipitation particles. The regions in
which the transitions of Z-Zpgr are examined
are selected in consideration of the time-
averaged echo pattern and the movement of the
echo cells. Figure 16b shows the time-averaged
reflectivity pattern derived from the Goishig-
amine radar during the period of double bands.
The echo region in the seaward side from
X = -8 km below a height of 0.75 km is sea
clutter. The particles in Snowband 1 are in-
ferred to move from Box 1 to 4 shown in Fig.
16b. On the other hand, the particles in Snow-
band 2 are inferred to pass from Box 5 to 7.

The distributions between Z and Zpg in each
box in the period of double bands are presented
in Fig. 16a. The rate in percentage shown in
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the figure is calculated in the following manner.
First, the number of grids included in a Z-Zpg
section is counted during the period of double
bands, using the CAPPI data. The number of
grids in the Z-Zpg section is then divided by the
number of all grids included in the box during
the same period. For all Z-Zpg sections, rates
are calculated in the same manner.

In Box 1, which is concerned with Snowband
1, Zpr data was scattered in a relatively wide
range, which indicates particles with various
shapes. The Zpg data in Boxes 2, 3, and 4 was
concentrated within the range of —0.25 dB to
0.5 dB, which indicates that spherical particles,
including slightly vertically oriented particles,
were present. Most of the Z data was con-
centrated within the range of 19 dBZ to 25 dBZ
in Box 4. This strong reflectivity and spherical
feature including a slightly vertically oriented
shape suggest that the dominant particles are
graupels. Therefore, the transitions of Z and
Zpr from Box 2 to 4 indicate the development of
spherical graupels, including conical ones, with
almost no change of shape distribution.

In Box 5, which is concerned with Snowband
2, data of small Z and large Zpg around 1 dB
had a significant portion. Those data are
thought to correspond to flat snow crystals. The
portion of small Z and large Zpg data decreased
when moved from Box 5 to 7. Finally, in Box 7,
Z and Zpg data were concentrated on 16 dBZ to
22 dBZ, and 0 dB to 0.75 dB, respectively. The
Zpr between 0 dB and 0.75 dB indicates hori-
zontally oriented particles. From their moder-
ate reflectivity and horizontally oriented shape,
the dominant particles in Snowband 2 are
inferred to be snow aggregates. Consequently,
the transitions of Z and Zpr from Box 5 to 7
indicate the process through which the flat
snow crystals were converted into snow
aggregates.

Pictures of accumulated snow on the surface
were taken at 1632 JST, 1724 JST, and 2231
JST, 15 January 2001 in the period of double
bands at the Oshimizu radar site, which was
located below Snowband 1. In those pictures,
numerous graupels were found (not shown).

Below Snowband 2, 68 and 81 sheets of pic-
tures of particles were taken at Hirakamachi
and Yamada, respectively, between 2332 JST,
15 and 0343 JST, 16 January 2001 during the
period of double bands. Only snow aggregates
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Fig. 16. Z-Zpg distributions. (a) Z-Zpg distributions in each box. The locations of the boxes are in-
dicated by numbers in (b). The method used for the calculation of the rate is presented in the text.
(b) Vertical cross section of the time-averaged reflectivity derived from the dual-polarization radar
data averaged between Y = —24 km and —8 km (the rectangle area with broken lines in Fig. 5)
from 1506 JST, 15 to 0356 JST, 16 January 2001. The contours are drawn at 10, 14, 17, and
20 dBZ.
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5 mm
0309 JST, 16 January 2001

Fig. 17. Picture of snow particles taken
at 0309 JST, 16 January 2001 at
Yamada.

were seen in the pictures. Figure 17 shows an
example taken at 0309 JST, 16 January 2001
at Yamada. The snow aggregates were made up
of heavily rimed crystals, and lightly rimed and
unrimed crystals, such as dendrites.

The Z-Zpg distributions in Snowbands 1 and
2, and the pictures of particles taken on the
surface indicate that the main types of precipi-
tation particles were graupels in Snowband 1,
and snow aggregates in Snowband 2.

5. Maintenance process of snowbands

The kinematical and microphysical processes
of Snowbands 1 and 2 are discussed in this sec-
tion. A schematic representation of the struc-
tures and maintenance processes of the double
snowbands is given in Fig. 18. In the lower
level of the mixing layer over the sea near Ho-
kuriku, the northwesterly wind was predomi-
nant (Fig. 2). The wind speed (12m s ! at a
height of 500 m at Wajima at 2100 JST, 15
January 2001) was moderate (Fig. 3). Further-
more, the pressure gradient from the sea to the
land was weak at the surface level in the
northeastern side of the JPCZ near the coastal
region of Hokuriku (Fig. 2). The sea surface
temperature around Hokuriku in January 2001
was between 12°C and 15°C, and the ground
temperature was below 0°C, because snow
covered the surface of the Kanazawa Plain. The
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Fig. 18. Schematic representation of the
structures and maintenance processes
of the double snowbands in the vertical
cross section perpendicular to the
alignment of the snowbands. The thick
broken lines indicate the outline of land
breeze. (a) The thick solid line repre-
sents the outline of the echo region. The
strong reflectivity regions are shaded.
The thick arrows show the wind rela-
tive to the ambient wind, and the thin
arrows indicate the trajectories of par-
ticles. The precipitation particle types
(graupel, snow crystal, and snow aggre-
gate) are shown. (b) Vertical profiles of
horizontal wind in the cross section.

large temperature contrast between the land
and sea produced a pressure gradient force
from the land to the sea in the lower level. The
pressure gradient force from the land to the sea
caused the land breeze in the relatively weak
ambient wind and pressure gradient from the
sea to the land (Fig. 11). The above-mentioned
conditions of the land and sea surfaces, and the
ambient wind speed and pressure pattern in
the lower level, did not vary significantly in
the period of double bands. Therefore, the
land breeze was maintained during the day and
night in the period of double bands (Fig. 10).
The southeasterly land breeze caused a con-
vergence with the northwesterly monsoon wind
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along the coast (Fig. 12). Assuming that
Snowband 1 had a 2-dimensionality, and that a
convergence of 2 x 1072 s~ (Fig. 13) with a
thickness of 1.25 km was present, an updraft of
2.5 m s~! at a height of 1.25 km will be derived
from the continuity equation under the Boussi-
nesq approximation. The strong updraft caused
a higher echo top of Snowband 1 (Figs. 8 and 9).
It is expected that plenty of supercooled cloud
water was produced in the strong updraft re-
gion. The particles with various shapes were
present in the early stage of its formation in the
strong updraft (Box 1 in Fig. 16a). When the
particles became large, the riming process be-
came effective in abundant supercooled cloud
water. This resulted in the formation of
graupels. The range of Zpgr with the maximum
frequency (—0.25 dB to 0.5 dB) did not change
significantly along the trajectory of the par-
ticles from Box 2 to 4. Therefore, spherical
graupels, including conical ones, almost re-
tained their shape through the riming process
when the particles were falling relative to the
ground. These processes provide an explana-
tion for the stronger reflectivity that was ob-
served in Snowband 1 (Figs. 6, 7, and 8).

The strong updraft along the land-breeze
front resulted in the upper-level divergence
(around —8 km in the X'-direction in Fig. 15b).
In the upwind side of the upper-level diver-
gence, the horizontal wind decreased (—27 km
to —15km in the X'-direction in Fig. 15a),
while it increased in the downwind side
(X’ > —10 km). The increase and decrease of
the horizontal wind are related to a high pres-
sure. The location of the high pressure is ex-
plained below, using the 2-dimensional hori-
zontal momentum equation. In this discussion,
we consider a steady state in which a vertically
constant mean wind blows, and ignore the
Coriolis and the diffusion terms. Then, the lin-
earized momentum equation is

! !/
g L (3)

0x po 0Ox
where u, p,, and p are the horizontal velocity,
constant density, and pressure, respectively.
The overbar denotes a mean component,
and the primes represent deviation compo-
nents. According to (3), a pressure maximum
(dp'/ox = 0) is located along a zero divergence
line (du'/dx =0), namely, a minimum wind
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speed line. This is a significant feature of the
steady wind field. The pressure maximum
balances with the decrease of the horizontal
velocity in the upwind side, and the increase in
the downwind side.

The horizontal velocity decreased in the fur-
ther inland region, and formed a weak conver-
gence (X' > 0 km in Figs. 15a and 15b), which
is concerned with Snowband 2. The weak con-
vergence corresponds to a relatively weak up-
draft. Three possible mechanisms responsible
for the decrease in the horizontal wind speed,
and the weak updraft will be discussed here.
One possible mechanism is a vertical mixing of
the horizontal momentum. Turbulent eddies in
the atmosphere are likely to exchange the hori-
zontal momentum in the strong vertical shear
layer, between the land-breeze layer and its
upper layer. This results in the deceleration of
the monsoon wind over the land, and produces
a weak updraft behind the land-breeze front.
In the confined zone just behind the strong
updraft of Snowband 1, a compensating down-
draft is expected to be formed in the weak
static stability. The reflectivity minimum
between Snowband 1 and Snowband 2 was
located at the expected compensating down-
draft zone.

The second possibility causing the weak up-
draft is a gravity wave induced by steady heat-
ing. Lin and Li (1988) studied the response of a
shear flow to a steady local heating using a
linear theory. They explained the alternating
upward and downward motions in the down-
stream of the heating region as the gravity
wave response to steady heating. In Snowband
1 of our study, latent heat was released in the
formation of cloud water and precipitation
particles. The stationary Snowband 1 would
produce steady heating. Thus, the vertical wind
pattern shown in Lin and Li (1988, Fig. 2) is
likely to be formed in the downstream. While
no reflectivity maximums corresponding to the
updrafts repeating in the downwind side shown
in Lin and Li (1988) were observed, except for
Snowbands 1 and 2, this process can explain
the local reflectivity maximum of Snowband 2,
as well as the reflectivity minimum between
Snowbands 1 and 2.

The third proposed mechanism for the weak
updraft is an updraft forced along the slope of
topography. The slope of topography is present
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in the inland side between 10 km and 15 km
from the coastline in the Kanazawa Plain. The
location of the slope almost corresponds to that
of Snowband 2. Snowband 2 showed relatively
strong reflectivity near Mt. Hodatsu (637 m),
which is relatively high altitude (Figs. 1 and 7).
This suggests that the topography was respon-
sible for the intensification of the reflectivity of
Snowband 2.

All three mechanisms mentioned above can
contribute to the formation of the weak updraft
associated with Snowband 2. To estimate each
contribution quantitatively, however, further
research using a numerical model will be
required.

The main type of precipitation particles in
Snowband 2 was snow aggregates, which
included both rimed and unrimed crystals (Fig.
17). Some of the rimed and unrimed crystals
were produced in Snowband 1, and were trans-
ferred to Snowband 2, because cellular echoes
of Snowband 2 intensified in the weak echoes,
which protruded from Snowband 1 toward
Snowband 2. Unrimed crystals should also be
produced and developed through the deposition
process in the weak updraft in Snowband 2.
However, the riming process is inferred to be
ineffective in Snowband 2, because most cloud
water was consumed in Snowband 1 in the
upwind side of the monsoon wind, and the
weak updraft in Snowband 2 did not produce so
much cloud water. Figure 16 shows a decrease
in the portion of the large Zpgr data, with weak
reflectivity and the concentration of the Zpgr
data around 0.5 dB, with strong reflectivity
from Box 5 to 7. This indicates the conversion
from flat snow crystals to snow aggregates
through the aggregation process. The intensifi-
cation of reflectivity in Snowband 2 was mainly
caused by the aggregation process, which effec-
tively produces large particles.

Although steady snowbands are the focus of
this study, transient cells were shown in Fig. 9.
Takeda et al. (1982) showed two intensification
stages of isolated convective cells of snow
clouds along a coast. If some cells, such as those
shown in Takeda et al. (1982), form double
bands, the double-band structure can be seen
in a time-averaged pattern. However, its struc-
ture will be hardly seen in a snapshot, because
cells have various stages. This is inconsistent
with the fact that the double snowbands were
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seen in the snapshot of Fig. 5, and indicates
that a steady structure maintaining the double
bands was present in our case. The generations
and dissipations of cells are a transient part
superposed on the steady structure and not es-
sential for the steady double-band structure.
While Tsuboki et al. (1989b) showed successive
intensifications of snowband echoes at a sta-
tionary land-breeze front, the double-band
structure did not appear. In their case, a con-
vective snowband came into the stationary
land-breeze front and was intensified. It is in-
ferred that substantial updrafts were present
in the snowband approaching the land-breeze
front, because the snowband showed significant
reflectivity. Circulation with the significant
updrafts within the snowband can be predomi-
nant, and interact with the circulation around
the land-breeze front, to bring a type of circula-
tion different from that in our case. Before the
period of double bands in the present case,
convective echoes that developed over the sea
frequently merged into the snowbands formed
along the land-breeze front, and the double-
band structure was unclear (Fig. 6). This is
similar to the case shown by Tsuboki et al.
(1989b). These facts indicate that the steady
structure formed around the land-breeze front
without interactions with merged precipitating
snow clouds, was essential for the maintenance
of the double snowbands.

6. Summary

When a cold air outbreak occurred in the
middle of January 2001, double snowbands
stayed along the coastal region, from 15 to 16
January in Hokuriku. The kinematical and
cloud microphysical structures of the stationary
double snowbands were studied, mainly using
Doppler and dual-polarization radars, to clarify
the intensification processes of snowfall in the
coastal region. Their maintenance processes
were discussed.

The double snowbands, which are referred to
as “Snowband 1” and “Snowband 2,” stayed
along the coast for about 20 hours. The separa-
tion of double snowbands gradually became
clear with time. We focused on the period in
which the separation of double snowbands was
clear. The period is referred to as the “period of
double bands.” Snowband 1 was present on the
seaward side, with relatively strong reflectivity,
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and a higher echo top. On the other hand,
Snowband 2 was located at the landward side,
and had relatively weak reflectivity. The echo
top of Snowband 2 was relatively lower. The
sequential echo pattern showed that a new
echo cell in Snowband 2 developed in the weak
echo region, which extended from Snowband 1
toward Snowband 2 after a strong echo cell in
Snowband 1 descended.

Airflow patterns around the snowbands
showed that an easterly, or a southeasterly
land breeze was present over the Kanazawa
Plain. The local wind, which flows from the
land to the sea, is referred to as a “land breeze”
in this study. The land breeze developed
from the morning of 15 January, and had a
thickness of about 400 m above the Oshimizu
radar in the period of double bands. It caused
a convergence with the northwesterly mon-
soon wind in the lower level on the seaward
side of Snowband 1. The convergence reached
—2x1073 571, In the upper level above the
convergence zone, between the monsoon wind
and the land breeze, a divergence of 1072 s~!
was present. The convergence in the lower level
and the divergence in the upper level corre-
spond to a strong updraft. This strong updraft
produced Snowband 1. On the other hand, a
weak convergence zone was also present in
Snowband 2. The weak convergence corre-
sponds to a weak updraft.

The difference in the cloud microphysical
process for the formation of Snowbands 1 and 2
was also examined. The strong updraft in
Snowband 1 formed graupels through the rim-
ing process. On the other hand, a weak updraft
in Snowband 2 promoted the deposition pro-
cess. The riming process was considered to be
ineffective in Snowband 2, because the amount
of cloud water was poor in the weak updraft.
The sequential echo patterns demonstrate that
some crystals formed in Snowband 1, flowed
toward Snowband 2. The snow crystals gen-
erated in both snowbands contributed to the
formation of the snow aggregates in Snowband
2 through the aggregation process.
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