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Abstract. Observations from a wind profiler and a meteoro-
logical tower are utilized to study the evolution of a gravity
current that passed over the Meteorological Research Insti-
tute’s (MRI) field site in Tsukuba, Japan. The gravity current
was created by katabatic flow originating on the mountain-
ous slopes west of the field site. The passage of the shal-
low current was marked by a pronounced pressure distur-
bance and was accompanied by vertical circulations seen in
the tower and profiler data. Direct vertical-beam measure-
ments are difficult, especially at low heights during high-
gradient events like density currents. In this study vertical
velocities from the profiler are derived from the four oblique
beams by use of the Minimizing the Variance of the Differ-
ences (MVD) method. The vertical velocities derived from
the MVD method agree well with in situ vertical velocities
measured by a sonic anemometer on the tower.

The gravity current is analyzed with surface observations,
the wind profiler/RASS and tower-mounted instruments. Ob-
servations from the profiler/RASS and the tower-mounted
instruments illustrate the structure of the gravity current in
both wind and temperature fields. The profiler data reveal
that there were three regions of waves in the vertical velocity
field: lee-type waves, a solitary wave and Kelvin-Helmholtz
waves. The lee-type waves in the head region of the gravity
current seem to have been generated by the gravity current
acting as an obstacle to prefrontal flow. The solitary wave
was formed from the elevated head of the gravity current that
separated from the feeder flow. Profiler vertical-motion ob-
servations resolve this wave and enable us to classify it as a
Benjamin-Davis-Ono (BDO) type solitary wave. The duct-
ing mechanism that enabled the solitary wave to propagate
is also revealed from the wind profiler/RASS measurements.
The combination of high-resolution instruments at the MRI
site allow us to develop a uniquely detailed picture of a shal-
low gravity current structure.
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1 Introduction

Gravity currents, in which flow (usually horizontal) is cre-
ated due to differences in the density of two adjacent flu-
ids, are important mesoscale phenomena that influence lo-
cal weather. On relatively flat plains adjacent to mountain
slopes, gravity currents may be initiated by katabatic flow,
“local downslope gravity flows caused by nocturnal radiative
cooling near the surface under calm, clear-sky conditions”
(Barry, 1992), coming off the mountains at night. Simp-
son (1997) and Rottman and Linden (2001) give reviews of
theoretical and observational research on gravity currents.
In recent years, much progress has been made in the ob-
servation and understanding of atmospheric internal solitary
waves generated from the gravity currents. Internal atmo-
spheric solitary waves fall into two categories (Rottman and
Einaudi, 1993; Rottman and Grimshaw, 2001). The first
category is confined to the lower troposphere and is gener-
ated locally, while the second category fills the troposphere
and is generated by large-scale processes such as geostrophic
adjustment. Theoretical aspects of solitary waves in strati-
fied fluids have been reviewed recently by Grimshaw (2001).
Application of the theory of solitary waves to the atmo-
sphere is reviewed by Rottman and Grimshaw (2001). In
the lower atmosphere for the first class of internal solitary
waves, models that use rigid upper boundaries are consistent
with the KdV (Kortweg-de Vries) theory, whereas models
that use infinite neutrally stratified fluid as an upper bound-
ary are consistent with the BDO (Benjamin-Davis-Ono) the-
ory. On 30 December 1997 a shallow gravity current system
passed through the Automated Meteorological Data Acqui-
sition System (AMeDAS) mesoscale network on the Kanto
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Fig. 1. Picture of the Meteorological Research Institute (MRI)
and Aerological Observatory, looking north-northwest towards Mt.
Tsukuba. The 213-m meteorological tower has instrument plat-
forms at 10, 25, 50, 100, 150, and 200 m, with additional instru-
ments at the top. A portion of a nearby highway can be seen on the
left edge of the photo.

plain in Japan. The gravity current surface front arrived over
the Meteorological Research Institute (MRI) instrument ar-
ray (located on the site of the Japan Meteorological Agency
on the outskirts of Tsukuba, Japan) at about 01:00 JST (Japan
Standard Time: JST=UTC+9 h). The vertical structure of
this shallow and rather weak system was captured by the 213-
m meteorological tower and the nearby collocated 1.3-GHz
wind profiler radar/RASS system. In this paper we analyze
this shallow gravity current system and related solitary wave.
We determine that the wave most closely fits the BDO theory
based on the vertical structure of the wave disturbance and
its environment revealed by the MRI instrument array. The
analysis of this event clearly demonstrates that only by com-
bining all these instrumental systems is it possible to gain a
complete picture of the event.

As the gravity current front passed over the MRI at
01:00 JST on 30 December 1997 (Adachi and Kobayashi
2000), large vertical velocities associated with the gravity
current were observed with the sonic anemometers mounted
on the MRI tower. A special focus of this paper is the
validation of the vertical motion and temperature fields ob-

tained above the tower using the profiler/RASS observations.
This vertical motion field was especially important for dis-
tinguishing the BDO type solitary wave from the KdV type.
Observation of vertical motions using the vertical beam of
the profiler is known to be difficult in practice (e.g. Angevine,
1997). Indeed, in the analysis of the much stronger and
deeper gravity current analyzed by Koch and Clark (1999)
the vertical beam velocity data were found to be of little use,
so that the vertical motion field presented in that paper re-
lied on the integration of the horizontal divergence field ob-
tained from the two oblique beam observations and knowl-
edge of the propagation speed of the current. Similarly, in the
present study the vertical beam vertical motion observations
often appear spurious. As an alternative, we have calculated
the vertical air motions using the Minimizing the Variance of
the Differences (MVD) method from Gossard et al. (1998).
Comparison of the vertical motion fields at 200 m altitude ob-
served by both the tower sonic anemometers and the profiler
indicate this method works well.

In Sect. 2 of this paper we describe the instruments that are
used in this study. In Sect. 3 we present an overview of the
synoptic environment in which the solitary wave was gen-
erated. The accuracy of vertical velocity determined from
the wind profiler using the MVD is examined in Sect. 4 dur-
ing the passage of the gravity current on 30 December 1997
by comparing vertical velocities derived using MVD with in
situ measurements made with a sonic anemometer mounted
on the MRI meteorological tower. In Sects. 5 and 6, we ana-
lyze the gravity current and associated solitary wave utilizing
the observations from the tower and the wind profiler/RASS,
and compare with theory. The ability to classify the solitary
wave as KdV or, in this case, BDO is demonstrated.

2 Instrumentation and data analysis techniques

Wind profilers equipped with RASS are one of the best tools
for studying a gravity current, because they can observe not
only the wind but also the temperature profile. A UHF wind
profiler of the type originally developed at the NOAA Aeron-
omy Laboratory (Ecklund et al., 1988; Carter et al., 1995)
is used to provide continuous, high-vertical resolution wind
measurements in the first few kilometers of the atmosphere.
We then use the wind profiler data to study the evolution
of the gravity current passage over the MRI site. In partic-
ular, the vertical motions observed with the MVD method
described below enhance analysis of the dynamics of the
gravity current, especially at its head region. The wind pro-
filer observations, including Radio Acoustic Sounding Sys-
tem (RASS) temperatures, are complemented at the Meteo-
rological Research Institute (MRI) field site by a network of
surface instruments and observations from a 213-m meteoro-
logical tower.

The meteorological tower at the MRI (Fig. 1) is equipped
with sonic anemometers that measure three-dimensional
wind velocity at six levels (10, 25, 50, 100, 150 and 200 m
AGL) at the sampling rate of 10 Hz. Each level has three
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Table 1. Parameters of the wind profiler.

Frequency 1.3575 GHz
Peak Power 500 W
Beam Width 10◦

Beam elevation 90◦ and 74.5◦

Pulse width 400 ns
First Range Gate 150 m
Gate Spacing 60 m
Inter-Pulse Period 20µs

arms on which instruments are mounted. The instruments
mounted on the windward arms are selected automatically
to avoid the effect of the tower itself. Propeller-driven
anemometers, thermometers and hygrometers are mounted
at the top of the tower in addition to at the six levels where
the sonic anemometers are mounted. A more detailed de-
scription of the tower and its instruments can be found in
Hanafusa et al. (1979). These tower data are used to analyze
the gravity current event throughout the first 200 m. Above
200 m the wind profiler/RASS data are used.

The MRI wind profiler (a four-panel Vaisala LAP-3000) is
located about 300 m north of the tower, as shown in Fig. 2.
The configuration and operating parameters are summarized
in Table 1. The profiler was operated in RASS mode for the
first 5 min of each half hour. For winds, the profiler was op-
erated in low mode as a 5-beam system and in high mode as a
3-beam system. We use only the low-mode data in this study.
The beam sequence was Vy , SW, SE, NE, NW, Vx , Vyh,
SWh and SEh, where h indicates the high mode and x and y
denote antenna polarization. The dwell time for each beam
was about 27 s. For the low mode, the first range gate was
150 m and the second was 210 m. We selected the second
range gate data for the comparison with the sonic anemome-
ter mounted at 200 m, and used higher data for other portions
of the study. Since the MVD method estimates the vertical
velocity from oblique beams, the height of the second gate
was 202 m [=210(sin (74.5◦))] for the MVD method. The
separation between opposing beams increases with height; at
200 m it is 111 m (Fig. 2) and at 1 km it is 555 m.

Unfortunately, the sonic anemometer windward of the
tower at 50 m in height was damaged. Thus, we interpo-
lated the sonic anemometer data from 25 m and 100 m to esti-
mate the vertical component at 50 m and used the propeller-
driven anemometer data at 50 m for the horizontal compo-
nents. In the wind profiler measurement at the fourth gate
(318 m AGL), strong clutter sometimes contaminated the
Doppler spectrum and masked the atmospheric echo even in
the oblique beams. This clutter was likely caused by auto-
mobiles on a highway at the west of the MRI site (Fig. 1);
the distance from the profiler to the road is almost equal to
the height of the fourth range gate, and this clutter is well
correlated to the traffic light on the road. To overcome this
problem, we linearly interpolated data from the oblique range
gates above and below the 4th gate.

P
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256 m

1
1
1
 m

N
R

280 m

Fig. 2. Schematic layout of the relative locations of the instru-
mented tower (T), the 1.3-GHz profiler (P), and the radiosonde shed
(R) in relation to the gravity current. The footprint of the 10◦ verti-
cal profiler beam at 200 m is shown to scale as a circle around the P;
circular approximations of the footprint and location of the oblique
beams at 200 m are indicated by circles to the NE, SE, SW, and NW
of the vertical beam and are overlaid on a grey square outline for
ease of viewing. Thick grey arrows show the approximate direc-
tion (320◦) from which the gravity current arrived on 30 December
1997.

One of the unique capabilities of the wind profiler is to be
able to rapidly sample the vertical velocity, in addition to the
horizontal wind (Gage, 1990; Van Zandt, 2000). This obser-
vational capability of wind profilers facilitates understanding
the dynamics of mesoscale meteorological phenomena such
as cold fronts (e.g. May et al., 1991), mountain waves (e.g.
Ralph et al., 1997), gravity waves (e.g. Ralph et al., 1993,
Gage and Gossard, 2003), bores (Koch and Clark, 1999) and
mesoscale convective systems (Adachi et al., 2004). The ac-
curacy of wind profilers in measuring horizontal components
of wind has been estimated by the comparison with radioson-
des (e.g. May, 1993), towers (e.g. Angevine et al., 1998), li-
dar (Cohn and Goodrich, 2002), and in situ measurements
(e.g. Angevine and MacPherson, 1995). However, there are
few studies on estimating the accuracy of profilers in mea-
suring the vertical velocity, although it has a significant in-
fluence on the estimation of horizontal wind, especially dur-
ing convection (Strauch et al., 1987; Weber et al., 1992). A
fundamental problem arises, since in accounting for vertical
motion affects on horizontal velocity estimates it is necessary
to assume that the vertical velocity is homogeneous over the
spatial scale of the separation of the profiler oblique beams.
However, the vertical airflow has spatial variability during
convection (Gage et al., 1991), which makes it difficult to
obtain a representative sample of the vertical motion. The
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Fig. 3. Surface isobars superimposed over GMS-5 visible imagery
from 15:00 JST on 29 December 1997. A square indicates the ana-
lytical area in Fig. 5. A white circle surrounds the Kanto Plain, and
an oval in the circle indicates the location of the MRI.

magnitude of the vertical airflow in the absence of convec-
tion is usually much smaller than that of horizontal airflow
and is easily masked by ground clutter (May and Strauch,
1998). The MVD method determines the vertical air mo-
tion that minimizes the variance between the four horizontal
velocity components calculated from four oblique radial ve-
locities. The radial velocity (positive away from the radar)
measured on the north and east antenna beam with the eleva-
tion angleθ at given height is given by

VRN = v cosθ + w sinθ

VRE = u cosθ + w sinθ,
(1)

where the subscripts N and E denote the north and east an-
tenna beams (Strauch et al., 1987). We ignored the radar
measurement errors in the equations. The east-component
u, the north-componentv, and the vertical velocityw are
assumed uniform horizontally across all antenna beams.
Horizontal speed componentsCNE may be computed from
Eq. (1) as,

CNE(w) = (u2
+ v2)

1
2 =

1

cosθ

{
V 2

RN + V 2
RE − 2(VRN + VRE)w sinθ + 2w2 sin2 θ

} 1
2

, (2)

whereCNE is a function ofw becauseVRN and VRE are
known from oblique beam measurements. It is clear that
three other horizontal speed components (CES , CSW , CWN )

can be derived from other combinations of oblique beams as
functions ofw. The variance of the four speed components,
which in theory should be indentical, is given by

V AR(w) =

{
(Cave− CNE)2

+ (Cave− CES)2
+

(Cave− CSW )2
+ (Cave− CWN )2

} 1
2
, (3)

whereCave is the average of four speed determinations and is
a function ofw. We used an optimization algorithm (Press et
al., 1992) to determine the vertical velocityw that minimizes
the variance. Since the MVD method requires the radial ve-
locities of the clear air, this method is not available in rain
because in a 1.3 GHz wind profiler the echo from rain masks
that from the clear air.

3 Overview of the gravity current event

GMS-5 visible imagery (from the Geostationary Meteo-
rological Satellite operated by the Japan Meteorological
Agency) at 15:00 JST on 29 December 1997, with super-
imposed surface isobars (Fig. 3), shows the observation area
as well as the larger scale synoptic situation before the onset
of the gravity current. A white circle surrounds the Kanto
Plain, the region of study, as well as some of the surround-
ing mountains and ocean. An oval in the white circle indi-
cates the location of MRI. The Kanto Plain, especially west
of 140◦E, is relatively cloud-free. Subsequent hourly satel-
lite images (not shown) indicate that this region remained
fairly clear until about 19:00 JST, when some cirrus began to
overrun the area. There was precipitation associated with the
low pressure area to the southwest that reached MRI about
03:00 JST on 30 December, 2 h after the passage of the grav-
ity current front.

The propagation of the gravity current front was captured
clearly with a surface observation network, AMeDAS (Au-
tomated Meteorological Data Acquisition System). The evo-
lution of the surface wind vectors and temperature recorded
with the AMeDAS are indicated in Figs. 4a–d. The gray scale
indicates terrain height with the darkest gray representing
more than 2000 m MSL. The low area located at the south-
east part of this figure is the Kanto Plain, which is surrounded
by mountains. The ovals represent the locations of AMeDAS
stations including MRI.

At sunset (16:00 JST) on 29 December, the predominant
flow was easterly at the surface (Fig. 4a). This weak flow un-
der a clear sky was attributable to the high pressure centered
just north of MRI (Fig. 3). As the high pressure moved east-
ward, the easterly flow became weaker with time and some
thin cirrus developed. By five hours later (21:00 JST), a cold
downslope flow was observed in the mountains west of the
Kanto Plain and in the western portion of the Plain itself
(Fig. 4b). Note that this flow was not recorded at the stations
northwest of the surrounding mountains. This means this
flow is not synoptic scale but is a mesoscale phenomenon.
Such cold air accelerating downslope at night is often called
katabatic flow (Stull, 1988; Barry, 1992).

A front formed between the cold katabatic flow from the
mountains and the warmer easterly flow from the ocean. The
flow was westerly behind the front, and weak and variable



A. Adachi et al.: An observational study of a shallow gravity current 3941

but predominantly easterly ahead of the front (Fig. 4c). The
front, which marks the leading edge of the gravity current un-
der study, passed MRI about 01:00 JST. The front propagated
past MRI at 1.5 m s−1, moving toward 140◦. These parame-
ters are used in the comparison in Sects. 4–6 to compensate
for the distance between the tower and profiler. Along the
southern part, the gravity current moved with more northerly
flow as it approached the shore because of the local terrain
slope. Note that the wind direction recorded on the top of
Mt. Tsukuba (877 m MSL, see Figs. 1 and 4a for the loca-
tion) was southerly during this whole event. This means the
depth of the gravity current was shallower than the elevation
of this mountain.

The time series of the surface wind vectors and tempera-
ture recorded with AMeDAS stations depict the character-
istics of the onset and propagation of the gravity current
(Figs. 5a–d). The stations are selected so that they are al-
most on a line parallel to the propagation of the front on
the Kanto Plain (Fig. 4a). The wind barbs in Figs. 5a–d are
hourly means, and are plotted at the middle of the hourly in-
terval. The temperature values are 10-min means, plotted at
the end of the time interval.

The general cooling between 15:00 and 18:00 JST at
KSM, KMG and URW is due to radiational cooling after sun-
set. The cooling could not be due to advection from the east,
since the sea surface temperature around the Kanto plain was
more than 19◦C at this time (JMA, 1997). The smaller de-
crease in temperature at TKO than at other stations during
this period may be due to an urban heat island effect (Oke,
1987) and/or proximity to the bay.

The downward pointing triangles in Figs. 5b–d indicate the
arrival of the front, which is indicated by a steep decrease in
surface temperature associated with a shift in wind direction.
In contrast, the shift in wind direction observed at 18:00 JST
on 29 December at KSM (Kamisatomi), which is located at
the base of the mountains, is not associated with a temper-
ature decrease; rather, the gradient in the temperature trace
becomes shallower at this time denoted by the upward point-
ing triangle. This means a cold air pool created by radia-
tional cooling after sunset (16:00 JST) at KSM is released
after the airflow from the ocean became weak. These same
features show that the wind shift along with shallower gradi-
ent in temperature can be seen at other stations located at the
base of the mountains surrounding the Kanto Plain.

The lack of cloud cover over and around the Kanto plain
(Fig. 3) is consistent with radiational cooling. This cold air
pool is, therefore, the likely source of the gravity current.
The reason for the temperature depression at URW (Urawa)
near 17:20 JST is unknown. The downward pointing arrows
denote the starting time of precipitation from the NE mov-
ing low pressure system, which also produces a tempera-
ture decrease. Those arrows show that the gravity current
front arrived at all the stations well before the precipitation.
The Haneda Doppler radar is located just south of Tokyo at
Tokyo International Airport (Fig. 4a). Once the precipitation
started, the standard weather radar was able to observe the
gravity current. Figure 6 shows the radial velocity imagery at
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Fig. 4. Surface wind and temperature (◦C) observed at(a)

16:00 JST on 29 December,(b) 21:00 JST on 29 December,(c)
00:00 JST on 30 December and(d) 02:00 JST on 30 December.
A full wind barb is 5 m s−1, and black oval indicates wind speed
less than 0.5 m s−1. The gray scale represents geographic height.
Station names are abbreviated as follows: Kamisatomi, KSM; Ku-
magaya, KMG; Urawa, URW; Tokyo, TKO; Haneda, HND; and Mt.
Tsukuba, Mt.T. Lines in (b) through (d) indicate the location of the
gravity current front.

0.7 degrees elevation angle derived from the Haneda Doppler
radar at 02:49 JST on 30 December, just after the beginning
of rain in the Kanto Plain. An open circle in the center of this
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figure denotes the location of the Haneda radar site. The oval
near a lake to the north denotes the location of MRI. The col-
ored area represents the echo from the precipitation. At this
time, the precipitation had not reached MRI. The color scale
at the side of this figure shows the radial velocity observed
with the radar. The positive values represent flow away from
the radar. The elevation angle of 0.7 degrees is the lowest
possible for this radar because of surrounding buildings. The
airflow is southwesterly aloft (denoted with large arrows at
southwest and northeast), due to the synoptic situation, and
northerly near the surface (denoted with a small arrow over
the radar site) in the gravity current. The depth of the gravity
current estimated from the height of the 0.0 m s−1 contour is
about 280 m. This observation was made well into the body
of the gravity current event, as precipitation is necessary for
the weather radar to observe air motion. The Haneda radar
could not observe the gravity current front because there was
no precipitation at the time. The wind profiler at MRI could,
however, capture the detail of the front.

4 Comparison of wind profiler/RASS measurements
with in situ measurements of tower mounted instru-
ments

As pointed out in the Introduction, there are few, if any, direct
comparisons of vertical velocity measurements using profil-
ers with in situ vertical velocity measurements. The only
way to accomplish a comparison of this type is to have ver-
tical velocity sensors mounted on a tower. Even with this in-
strumentation direct comparison is often difficult because the
profiler is invariably located some distance from the tower
and the vertical motions are usually highly variable in space
and time. The 30 December 1997 gravity current provides an
opportunity to observe a mesoscale feature with in situ and
remote sensors simultaneously. It has a very clear signature
in both temperature and winds, and it occurred under synop-
tic conditions (near midnight in winter while the region was
under the influence of a high pressure system) that favor hor-
izontally homogeneous vertical motion. Of course, there are
always some issues that arise in direct comparisons of point
measurements to measurements which are more representa-
tive of a larger volume. This issue should be kept in mind in
examining the intercomparisons presented in this section.

Fukuda et al. (1998) and Adachi and Kobayashi (2000)
showed that the horizontal components derived from the four
oblique beams agree well with the tower measurements. The
comparison results presented here go beyond the previous
work and show that the wind profiler measurement of the
vertical velocity using the MVD method agrees well with the
200-m tower measurement. We begin with the comparison
of vertical motions measured by the profiler using the MVD
method with the sonic anemometer measurements made on
the tower. Then we compare the RASS virtual tempera-
ture with the virtual temperature obtained with the tower-
mounted instruments. These results enable a composite anal-
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Fig. 5. Time series of the surface wind vectors and temperature
recorded at(a) Kamisatomi,(b) Kumagaya,(c) Urawa and(d)

Tokyo from 12:00 JST on 29 December to 12:00 JST on 30 De-
cember 1997. The upward pointing triangle in (a) indicates the time
of the start of the cold air release. The downward pointing triangles
in (b)–(d) indicate the arrival time of the front, while the downward
pointing arrows show the starting time of precipitation. The wind
barbs are hourly means and are plotted at the middle of the hourly
interval. The temperature values are 10-minute means, plotted at
the end of the time interval.

ysis of three-dimensional airflow from the two instruments,
presented in Sect. 5.

Figure 7 shows the time series of the vertical velocity
derived from the tower and the wind profiler. The top
panel contains the vertical velocity recorded by the sonic
anemometer, smoothed with a 2-minute running mean to
roughly match the observation duration for the MVD method
(about 108 s). The lower panel compares the vertical veloc-
ity measured by the sonic anemometer (wSA) with the time
series of profiler-measured vertical velocities obtained using
the MVD method (wMVD ). The vertical beam was not used,
because clutter raised the noise level around 0.0 m s−1 in the
Doppler velocity spectrum. The times of the profiler mea-
surements have been adjusted by 124 s, which is the time it
would take a planar gravity current front moving at 1.5 m s−1

from 320◦ to travel from the profiler to the tower. The strong
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MRI

Fig. 6. Radial velocity imagery of the Haneda Doppler radar at 0.7◦

elevation angle over the Kanto Plain from 02:49 JST on 30 Decem-
ber 1997. An open circle in the center denotes the location of the
radar. An oval near the lake to the north indicates the location of the
MRI. The color scale represents radial velocity (positive away from
the radar). Large arrows show the wind direction at high altitude,
whereas a small arrow indicates the wind direction at low altitude.

upward airflow seen at 01:00 JST in the tower measurement
is caused by the passage of the gravity current front. The
MVD method captures this upward motion.

One of the essential measurements needed to analyze the
dynamics of the gravity current is temperature. The MRI
wind profiler is equipped with RASS to provide the profile
of virtual temperature (Tv). Figure 8 shows the time series
of virtual temperature derived from the tower and the pro-
filer/RASS. The solid line in the middle of the figure repre-
sents the virtual temperature derived from thermometers and
hygrometers of the tower. The raw data are averaged over
five minutes to match the RASS observation. The open cir-
cles represent the virtual temperature derived from RASS. In
the derivation of the virtual temperature from RASS, we do
not correct sound speed with vertical airflow (Angevine et
al., 1994), since the signal from the clear air was noisy and
was masked by precipitation after 03:00 JST. Nevertheless,
the difference between RASS and the tower measurement is
smaller than the result of Angevine et al. (1994). This could
be due to smaller vertical motions, either because the alti-
tude of our comparison is lower than theirs or because less
convection is present due to the synoptic situation. These
observations enable a composite analysis of the temperature
structure of the gravity current. In the next section, we ana-
lyze the horizontal structure of the gravity current to find its
characteristics, including the propagation speed of the grav-
ity current front, which is used for the composite analysis in
Sect. 6.
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Fig. 7. Time series of vertical air motion derived from the tower
and the profiler at 200 m from 00:00 to 03:00 JST on 30 December
1997. The top panel contains the vertical velocity recorded with
the tower-mounted sonic anemometer, smoothed with a 2-minute
running mean. The bottom panel contains the vertical velocities
obtained from the profiler using the MVD method (closed circles)
and from the sonic anemometer (open circles) averaged over the
duration for the MVD method. The profiler data have been shifted
in time to account for the fact that the gravity current arrived there
earlier than at the tower.

5 Observations of the gravity current

A time-height cross section of horizontal wind vectors and
temperature at MRI appears in Fig. 9. Time increases from
right to left, so that the density current appears to move from
left to right as it would on a map. In Fig. 9 we are restrict-
ing the height of the cross section to 600 m, since the grav-
ity current is confined below about 300 m and there is no
sign of the gravity current in the observations at the top of
Mt. Tsukuba. The observations through 200 m are from the
tower. Higher observations are from the wind profiler with
RASS. There is no smoothing between the two measure-
ments because they agree well at 200 m, as we mentioned
before. The contours with gray scale represent temperature
T . The humidity profile aloft necessary to convert fromTv to
T was estimated from a radiosonde launched at 20:30 JST on
29 December from the AO (Aerological Observatory), which
is about 380 m northeast of the wind profiler (Figs. 1 and 2).
The humidity profile was linearly interpolated to 100% at
03:00 JST on 30 December, when precipitation began. The
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temperature (◦C) from 00:00 to 15:30 JST on 30 December 1997.
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the contours with gray scale represent temperature with a contour
interval of 0.5◦C. The data through 200 m altitude are from the
tower, whereas higher observations are derived from the wind pro-
filer/RASS. The profiler data have been shifted in time so that the
gravity current is coincident in the two data sets.

humidity after 03:00 JST is assumed 100% at all heights. All
wind profiler times in this and succeeding figures have been
adjusted to account for the fact that the gravity current arrived
at the profiler before the tower, as discussed in Sect. 3.

The gravity current is clearly visible along the surface
at the bottom of the figure, with its nose indicated by the
closely-spaced, vertically-oriented temperature contours at
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Fig. 10. Time-height cross section of gradient Richardson number
(Ri) derived from the tower measurements at 00:00 to 02:05 JST
on 30 December 1997. Time runs right to left, and contours with
shaded areas representRi< 0.25.

the right. Prior to its passage, there were easterly winds and
a ∼150 m deep temperature inversion at the site. After the
passage of the gravity current front, the low-level wind di-
rection shifted from northeasterly to northwesterly and the
temperature decreased sharply below 100 m. The leveling
out of the isotherms atop the current (01:30–03:00 JST) has
been noted in other cases of katabatic flow moving into a pre-
existing temperature inversion (Blumen, 1984; Papadopou-
los and Helmis, 1999). The surface temperature at AO de-
creased 1.7◦C between 01:00 and 01:30 JST after the passage
of the front. The increase of the surface pressure is estimated
to be about 0.7 hPa after subtracting the effect of the moving
synoptic-scale low pressure system. These facts suggest that
the gravity current was cold and heavy, consistent with the
generation of a downslope pressure-gradient force and kata-
batic flow on the mountain slopes. This figure also shows
that the depth of the gravity current, estimated from the 5◦

isotherm, is about 100 m at the head. The gravity current, as
indicated by the 5◦ isotherm, ended at about 12:00 JST. Note
that there appears to be no elevated head (Simpson, 1997) on
this gravity current. Note also that the inversion layer depth
ahead of the gravity current front is about the same as the
depth of the gravity current. These facts will be referred to
later.

An unstable region is expected along the top of the gravity
current due to the strong vertical shear created by the oppos-
ing horizontal motions of the current and the adjacent flow
aloft. In this situation, Kelvin-Helmholtz (KH) waves are of-
ten observed in the shear region if the gradient Richardson
number (Ri) is less than 0.25 (Miles, 1961). Figure 10 shows
the time-height cross section ofRi derived from the tower.
There are three regions in whichRi is less than 0.25: above
170 m before 01:00 JST, above 150 m after 01:00 JST, and
below 45 m after 00:30 JST. The first elevated region does
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not have very smallRi and is ahead of the gravity current.
KH waves are, therefore, not expected in this region. The
region under 40 m is too close to the surface to develop KH
waves (Davis and Peltier, 1976). The second elevated region
is the most promising to produce KH waves, becauseRi in
this region is small enough and is well above the surface.

The vertical plane wind arrows in Fig. 11 show the two-
dimensional vector field (u, w), whereu is the front-normal
horizontal wind andw is the vertical airflow. The vector scale
for the vertical motions is amplified by a factor of 10 over
the scale of the horizontal motion. The observations through
200 m altitude are from the tower; higher observations are
from the wind profiler, using the MVD method. There is
no smoothing between the two observations. The vertical
velocity is also indicated by shaded contours, with upward
airflow represented by the shading. The gaps seen in between
wind profiler observations are caused by the profiler being
switched into high mode and RASS configuration. The data
derived from the wind profiler are interpolated in time with
a cubic spline interpolation to match the time resolution of
the tower observations. The temperature measured with the
tower is also contoured in the figure to help show the gravity
current.

This figure shows that three different phenomena occur.
The oscillation seen behind the gravity current head, from
100 m to 250 m after 01:20 JST, is a Kelvin-Helmholtz wave,
consistent with the layer of lowRi shown in Fig. 10. This
oscillation produces KH billows within the shear. The extent
of this oscillation in height is limited within the shear be-
cause KH waves are caused by the shear. The period of this
oscillation is 8.4 min, on average. This oscillation becomes
obscure after 02:00 JST when the layer of lowRi disappears
(Fig. 10).

Ahead of the KH wave, the nose of the gravity current
(01:00 JST) contains two cycles of a deep vertical circulation
system. The period of this oscillation is 10.6 min, on average,
which shows this wave is different from the KH waves men-
tioned above. This overturning circulation within the grav-
ity current head can be attributed to a forced wave created
by mechanical lifting of air at the front. In this mechanism,
the front acts as an obstacle and creates a vertical velocity
perturbation with much the same form as the displacement
perturbation caused by a topographic ridge (Gossard, 1990).

At 00:48 JST, out ahead of the gravity current, there is also
a strong upward airflow observed simultaneously by both the
sonic anemometer and the wind profiler. It coincides with
a peak in the surface pressure (Fig. 12). These observa-
tions suggest that this updraft is associated with a solitary
wave. One of the characteristics of this updraft is that the
maximumw is observed near the top of the layer, imply-
ing that this wave was not a KdV (Kortweg-de Vries) but
a BDO (Benjamin-Davis-Ono) type of solitary wave. It is
necessary that some mechanism that determines the solitary
wave height exists. We analyze this mechanism using the
profiler/RASS observations in the next section.
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Fig. 11. Two-dimensional flow field derived from the wind pro-
filer and the tower at 00:30 to 02:05 JST on 30 December 1997.
Time runs right to left. Horizontal components are the front-normal
horizontal wind. Vertical components are magnified by 10 times
relative to the horizontal component. The gray scale with contours
shows vertical components; upward (downward) airflow is repre-
sented with dark shadow (white) regions, respectively. The gaps
seen in between wind profiler observations are due to high mode
and RASS periods. The temperature measured with the tower is
also plotted to represent the gravity current. The profiler data has
been shifted in time so that the arrival of the gravity current is coin-
cident in the two data sets.
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6 The solitary wave and its ducting mechanism

If a gravity current enters a surface-based, low-level stable
layer, an internal bore or a closely related solitary wave may
form. Such phenomena have often been observed in associ-
ation with thunderstorm outflow and sea-breeze fronts (e.g.
Fulton et al., 1990 and references therein). The conditions
for the formation of these nonlinear waves has been studied
by Haase and Smith (1989) with a numerical model. They
showed theoretically that the gravity current head separates
from the feeder flow to form a solitary wave if the depth of
the inversion layer ahead is almost equal to, or more than,
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Fig. 14. Profile of virtual temperature (Tv) from 20:30 JST on 29
December and from 00:30 JST on 30 December 1997 derived from
the surface measurement, a radiosonde, the tower and RASS. The
error bars represent 2σ in RASS observation.

that of the gravity current. Although they said this is not the
usual situation in the atmosphere for sea breezes or thunder-
storms, this situation is possible for the katabatic flow in this
study; the depth of inversion layer is about 150 m, whereas
the depth of the gravity current is about 100 m.

The solitary waves are classified into two types, the KdV
and the BDO. The passage of the solitary wave is associated
with a pressure peak or a pressure depression. This type of
pressure change cannot determine the type of solitary wave
because it does not depend on the type of solitary wave but
rather on the depth of the wave duct in which the wave prop-
agates, although the BDO type usually exhibits a pressure
peak. The difference between the two types of the solitary
waves appears in the profile of vertical velocity (Rottman
and Einaudi, 1993). For the BDO type, the largest vertical
displacement (an up-down motion) occurs at the top of the
waveguide, whereas for the KdV type it occurs in the mid-
dle of the waveguide. Our result agrees well with the BDO
type because the maximum upward motion is observed at the
top of the solitary wave; downward motion after the updraft
could not be confirmed due to both RASS and high-mode
observation gaps.

The BDO theory is strictly valid only when the upper layer
is neutrally stratified. If the upper layer is weakly strati-
fied, then the waves in the lower layer are no longer truly
trapped. Figure 13 shows the profile of potential tempera-
ture derived from a radiosonde launched from AO (Fig. 1) at
20:30 JST on 29 December. This figure shows that the at-
mosphere is nearly neutrally stratified from 150 m to 2000 m
in altitude. Rottman and Einaudi (1993) indicated that the
solitary wave can propagate in a nearly neutrally stratified
atmosphere if there is a deep enough region of negativeK2

(or even small positive values ofK2, whereK is the Scorer
parameter) above the wave. They also proposed that a layer
of low N2, whereN is the Brunt-V̈ais̈alä frequency, can also
act as a reflector of the wave. We, therefore, derive the pro-
files ofK2 andN2 from profiler and RASS measurements to
find these conditions.

Figure 14 shows the profiles of virtual temperature (Tv)

at 20:30 JST on 29 December and at 00:30 JST on 30 De-
cember, derived from surface, radiosonde, tower and RASS
observations. The radiosonde was launched from the AO
at 20:30 JST on 29 December, about four hours before the
passage of the solitary wave. TheTv derived from the ra-
diosonde agrees well with RASS at 20:30 JST, lying within
the error bars of RASS measurement. The bias of the RASS
may be attributable to the increase ofTv with time in the
observation. Indeed, theTv at the surface increased 4 K
over four hours. On the other hand, theTv from RASS at
00:30 JST agrees well with the tower measurement at alti-
tudes of 150 m and 200 m. These results show that theTv

profile measured with RASS is reliable. However, this re-
sult also suggests that the radiosonde measurement cannot
be used for the analysis of the ducting mechanism, because
theTv profile changed greatly over the four hours.

The profiles of virtual potential temperature derived from
tower and RASS at 00:30 JST on 30 December are plotted
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in Fig. 15a. The surface data recorded at the AO were used
as a boundary condition for the derivation of the virtual po-
tential temperature. The actual measurements are plotted as
open circles, and the smoothed analytic function fit used in
the following calculation is plotted as a solid line. A com-
bination of cubic spline interpolation and linear least-square
interpolation is used for the analytic function. This profile
shows an inversion layer at about 600 m, which agrees well
with the altitude of the top of the solitary wave observed with
the wind profiler. Thus, this result is promising for the duct-
ing mechanism.

The Scorer parameter,K, is often used as a parameter for
a wave duct because waves can be trapped below the region
of negativeK2 (or even small positiveK2). K is given by

K2 (z) =
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where N is the Brunt-V̈ais̈alä frequency,u0 is the back-
ground velocity,c is the phase speed of the wave andρw is
the density. In the Boussinesq approximation, since the vari-
ation of the background density is negligible, only the first
two terms in the equation are kept (Rottman and Einaudi,
1993). For the solution of (4), the Brunt-V̈ais̈alä frequency
N can be derived from the profile of the virtual potential tem-
perature (Fig. 15a). Hence, the background velocityu0 and
the phase speed of the solitary wavec should be determined
to derive the profile of the Scorer parameter.

The background velocity is the wind component in the di-
rection of propagation of the solitary wave. Since the propa-
gation direction of the solitary wave is not provided from the
observation, we assume that the direction is parallel to that of
gravity current front, although Cheung and Little (1990) re-
port that the directions of solitary waves are not always par-
allel to those of the gravity currents behind. The sounding of
wind speed in the direction of the propagation of the grav-
ity current front is plotted in Fig. 15b. The actual measure-
ments are plotted as open circles and the smoothed analytic
function fit used in the calculation ofK is plotted as a solid
line. We use the binomial smoothing operation (Marchand
and Marmet, 1983), which is a kind of Gaussian filter, for an
analytic function because the commonly used smoothed cu-
bic spline method could not fit the observation data well, as
pointed out by Rottman and Einaudi (1993).

On the other hand, the phase speedc of a solitary wave
necessary to calculate the Scorer parameter is given by
c=2NH/π , whereN is the Brunt-V̈ais̈alä frequency andH
is the depth of the stable layer. As pointed out by Haase and
Smith (1989) and Rottman and Einaudi (1993), if the grav-
ity current front moves faster than the solitary waves on the
prefrontal stable layer, a condition referred to as supercriti-
cal, the resulting undulations will be contained in the post-
frontal region. In our case,c=2.5 m s−1 (based ondθv/dz=
0.019 K/m, averageθv= 279.7 K andH=150 m) andCfront=
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Fig. 15. Vertical structure of the lower troposphere at the MRI site.
(a) Profile of virtual potential temperature (θv) derived from tower
and RASS at 00:30 JST on 30 December 1997. Open circles indi-
cate actual measurements. A solid line indicates smoothed analytic
function fit to the measurements.(b) Profile of wind speeds normal
to the gravity current front (140◦ from north) averaged over 00:00–
00:30 JST on 30 December 1997. Open circles indicate actual mea-
surements. A solid line indicates smoothed analytic function fit to
the measurements.(c) Profiles of the squares of the Scorer param-
eter (K2) at 00:30 JST on 30 December 1997. The darker line rep-
resentsK2 for the solitary wave whose phase speed is 2.5 m s−1,
whereas the lighter line indicatesK2 for the solitary wave whose
phase speed is equal to the propagation speed of the gravity current
front. (d) Profile of the square of the Brunt-Väis̈alä frequency (N2)

at 00:30 JST on 30 December 1997.

1.5 m s−1. Thus, our case is subcritical, and any frontal un-
dulations could propagate ahead of the front, which agrees
well with our observation.

Plots ofK2 andN2 computed from the analytic functions
are shown in Figs. 15c and d. The profile ofK2 for the soli-
tary wave, whose propagation speed is equal to that of the
front, is also plotted as a reference in Fig. 15c, which shows
that a region of lowK2 exists just above the solitary wave.
On the other hand, Fig. 15d shows a region of lowN2 also
exists just above the solitary wave. These facts suggest that
there are some layers that trap the solitary wave if the theory
of weakly nonlinear waves can be applied to this wave.
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Rottman and Einaudi (1993) show that regions of lowK2

and N2 can act as wave ducts for the BDO solitary wave
based on the weakly nonlinear theory. This theory requires
the condition that both the ratios of the maximum vertical
displacement of the wave to the depth of the waveguide and
the ratio of the waveguide depth to the horizontal length scale
of the wave are significantly less than one. The displacement
derived from the updraft caused by the solitary wave is about
60 m on average (Fig. 11). The depth of the waveguide is
about 600 m (Figs. 15c and d). The wavelength of the soli-
tary wave estimated from the phase speedc and the period of
the pressure peak (about 11 min in Fig. 12) is about 1700 m.
The ratios derived from these variables are 0.1 and 0.35, re-
spectively. These results suggest that the weakly nonlinear
wave theory is applicable to the solitary wave presented.

The combination of the lowK2 and lowN2 regions could
act as a waveguide to propagate the solitary wave. However,
this combination may not be enough to trap all the wave en-
ergy because neither are very deep. In this case the solitary
wave should not be long-lived but evanescent, although some
solitary waves can propagate more than 10 hours (Lin and
Goff, 1988). It would appear this solitary wave was gener-
ated only 15 min before passing over the wind profiler (as-
suming both the propagation speeds of the gravity current
front and solitary wave are constant). Nevertheless, we con-
clude that there are some layers that determine the top of the
solitary wave, where the largest amplitude of the vertical mo-
tion was observed with the profiler data.

7 Concluding remarks

In this paper we have examined a gravity current and associ-
ated vertical circulation as it passed over the MRI field site.
Data collected by collocated surface instruments, a meteo-
rological tower, and a wind profiler/RASS enable us to gain
a better understanding of the structure and dynamics of this
wave event. Since we depend on a composite of the tower
and wind profiler/RASS measurements to gain a perspective
on the vertical structure of the event, we have compared the
wind profiler/RASS observations with the highest level of in
situ measurements available on the tower. The gravity cur-
rent passed over the two instruments near midnight on a win-
ter evening when the area was under the influence of a high
pressure system, so it was reasonable to assume horizontally
homogeneous conditions between the two platforms, which
were about 300 m apart, as well as across the oblique beams
of the profiler, which were about 555 m apart at 1 km alti-
tude. We derived the vertical velocity from the four oblique
profiler beams by use of the MVD method, which was pro-
posed by Gossard et al. (1998). We have demonstrated good
agreement between the vertical velocities and virtual temper-
ature from the two platforms.

The MVD results were more reliable than the vertical ve-
locity obtained directly from the vertical beam, which was
contaminated by ground clutter. However, the MVD method
can be used only in non-precipitating periods when used with

data from a 1.3 GHz wind profiler. It also requires horizontal
uniformity of the vertical velocity across all the oblique an-
tenna beams. This means that this method may not be valid
at very high altitudes above the profiler or under convective
conditions, where the region across the beams is larger than
the scale of a particular phenomenon. Therefore, the reliable
vertical beam observation is still necessary in such high alti-
tude observation and/or under convective conditions. On the
other hand, the MVD method is available for use with other
remote sensors based on the Doppler Beam Swinging (DBS)
method, to improve the accuracy of the vertical component at
short range. Sodars that transmit acoustic beams in more than
four directions could also use this method to improve mea-
surements. Moreover, this technique could also be available
for acoustic Doppler current profilers (Schott et al., 1993),
which observe the ocean current with the DBS method (King
et al., 2001).

We have analyzed the gravity current with the surface,
tower, and profiler observations. The surface observations
showed that this gravity current was a katabatic flow. The
profiler/RASS and the tower measurements revealed the
whole structure of the gravity current in both wind and tem-
perature fields. The profiler data revealed that there were
three regions of waves: Kelvin-Helmholtz waves, lee-type
waves and a solitary wave. KH waves occurred within the re-
gion of Ri<0.25 behind the head of the gravity current. The
lee-type wave in the head region seems to be generated by the
gravity current acting as an obstacle to prefrontal flow. The
solitary wave should be formed by the elevated head of the
gravity current that separated from the feeder flow due to a
stable layer ahead, whose depth was close to that of the grav-
ity current. Christie et al. (1978) suggested katabatic flow
draining onto a plain as the source of solitary waves they doc-
umented in surface pressure records from central Australia.
Our high-resolution vertical motion measurements from the
profiler enabled us to identify this solitary wave as the BDO
type, supported by the fact that the maximum vertical mo-
tion appears at the top of the wave structure. We also find
regions of lowK2 and lowN2 just above the solitary wave,
indicating that each region could act as a waveguide. Al-
though the thicknesses of the two regions are not so deep, we
conclude that these regions determine the top of the solitary
wave, where the largest amplitude of the vertical motion was
observed with the profiler.

In summary, we confirm the fact that the use of an array of
instruments is invaluable in the study of mesoscale phenom-
ena. Clearly, the detailed vertical structure in the first 200 m
that are so clearly documented using the tower data would
have gone unseen in this shallow event if only profiler data
were available. On the other hand, the clear identification of
the BDO solitary wave and its ducting mechanism would not
have been possible without the profiler/RASS data. It is very
encouraging that the MVD method of observing vertical mo-
tion appears to be reliable in this case study. Whether this
method will remain robust in more extreme events remains
to be tested.
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