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ABSTRACT

An analysis is made of vertical wind disturbances (VWDs) observed by the MU radar (Shigaraki, Shiga,
Japan) in terms of the wave structures, sources, and vertical momentum flux. First, it is shown through spectral
and lag-correlation analyses that there are several common features in three observation periods when the VWDs
appeared: large power in the vertical wind fluctuations exists below a height of ~20 km and is distributed largely
at lower frequencies. The decrease in power near 20 km is sharp and the correlation between vertical winds
above and below the level is very small, suggesting that the height of 20 km is a special level for the VWDs such
as a critical level. The disturbances below 20 km consist of several modes in a height-frequency space, some of
which oscillate almost in phase in a wide height range spanning ~8 km at the maximum.

Second, using eight sets of the MU radar data, the relationship between vertical wind activity and horizontal
wind near the surface is examined in order to identify the source of the VWDs. The activity of the vertical wind
is closely related to both direction and strength of the horizontal wind near the surface at Yonago (about 250
km west of Shigaraki). This indicates that the VWDs are due mainly to gravity waves generated by the effect
of topography with heights of ~ 1000 m located between Yonago and Shigaraki. The features obtained through
the wave structure analysis can be interpreted well as characteristics of topographically forced waves.

Finally, vertical momentum flux associated with the VWDs is examined. Although it is generally difficult to
examine the vertical momentum flux associated with quasi-stationary mountain waves from observations at
one location, the estimation is possible to some extent when the spatial phase fluctuates largely according to
temporal changes of the background wind. As a result, some of the VWDs’ characteristics on the momentum
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flux consistent with the view of mountain waves are obtained.

1. Introduction

The VHF Doppler clear-air radar is a powerful tool
to examine small-scale disturbances like gravity waves
with accuracy of about 0.1 m s™!, since the wind mea-
surement has fine vertical and time resolution. One of
the advantages of the VHF radar observation is the
ability to measure vertical wind directly. Using the
VHEF radars, large disturbances of vertical wind recur-
ring at a several-day period in the troposphere and
lower stratosphere were detected at various locations:
Poker Flat, Alaska; the lee of the Colorado Rockies;
and the Rhone Delta, Southern France (Ecklund et al.
1981, 1982, 1985). In these studies, large differences
in the shape of the frequency power spectra of vertical
wind fluctuation were indicated between the periods
with and without the VWDs. From observation of the
large correlation between the zonal wind at 500 mb
and the vertical wind activity, and of the stronger power
at a site nearer mountains relative to one in flat terrain,
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Ecklund et al. (1982) suggested that the VWDs were
generated by the topographic effect.

VWDs are also occasionally observed by the MU
radar at Shigaraki, Japan, mainly in late autumn and
winter (Ohno 1988). Ohno made a preliminary anal-
ysis of the VWDs using the wind data obtained by the
MU radar in January 1986. He showed that a strong
turbulent layer with a vertical width of 1-2 km was
located near 18 km during the period with the VWDs,
which is similar to the lee wave observation with aircraft
at the Colorado Rockies by Lilly and Kennedy (1973).
The turbulent layer tilted a little zonally but not me-
ridionally, suggesting that the VWDs have small zonal
scales. Ohno compared the vertical winds obtained di-
rectly from a vertical beam (w,) with those estimated
from two pairs of two symmetrical beams around the
zenith tilted zonally (w,) and meridionally (wy,), as-
suming homogeneity of the wind field between the
beams. As a result, it was found that w, and w,, are
almost the same while w, is largely different from w,.
This is consistent with the zonal tilt of the turbulent
layer. He found that in some periods with the VWDs,
the vertical profiles of horizontal wind at heights of 5-
22 km obtained by the MU radar observations resemble
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each other. Thus, he suggested a possibility that the
VWDs observed by the MU radar are caused by a to-
pographic effect because the vertical and horizontal
propagation of the waves must be closely connected
with the horizontal wind profile.

However, the detailed vertical structure of VWDs
has not yet been examined. Thus we make an analysis
using several datasets obtained with the MU radar
(when VWDs were present) in order to investigate
common features of the VWDs. Moreover, there is no
convincing evidence that the VWDs observed with the
MU radar are due to topographically forced waves. No
such high mountains as the Rocky Mountains exist
around the MU radar. Thus, we make an examination
of the relationship between the activity of vertical wind
and horizontal wind near the surface. ’

This study also describes some of the characteristics
on vertical momentum flux associated with the VWDs.
Vertical momentum flux can be estimated directly
from the wind data with high resolution using the VHF
radars (Vincent and Reid 1983). VanZandt et al.
(1990) made a velocity azimuth display (VAD) mea-
surement in March 1986 using the MU radar and
pointed out anisotropy of the velocity fluctuation field
in the lower stratosphere. Using the same data, Fritts
et al. (1990) showed that the anisotropy is consistent
with the bias of the wavenumber vector deduced from
the vertical momentum flux. However, Vincent and
Reid’s method cannot be applied to the stationary
mountain waves because it is difficult to discriminate
the waves from the background wind in observation
data at a single location. Therefore, in this study the
examination on vertical momentum flux associated
with the VWDs is made assuming that the observed
wind fluctuations are due to phase fluctuations of the
quasi-stationary waves.

Section 2 presents a detailed description of the data.
The characteristics of mean wind for observations with
and without VWDs are shown in section 3. The vertical
structure of the VWDs is examined in section 4. The
correlation of the activity of vertical wind with the hor-
izontal wind near the surface is analyzed in section 5.
In section 6, the vertical momentum flux associated
with the VWDs is examined. Coicluding remarks are
made in section 7.

2. Data description and method of analysis

Eight sets of wind data for the troposphere and lower
stratosphere obtained in late autumn and winter using
the MU radar are analyzed (Table 1). The observed
height range is around 5-25 km with a spatial resolu-
tion of 150 or 300 m along the beam direction. The
time resolution is 1-9 minutes. Although beam con-
figurations for the observations are different from each
other, we use the data of radial velocities measured by
five beams, directed vertically, and tilted to the east,
west, north, and south with the same zenith angles of
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TABLE 1. Parameters of observations.

Observation Time Height
period resolution  resolution

Date (h) (min) (m)
A  6-8 Nov 1985 314 8.2 300
B 13-14 Nov 1985 23.0 1.2 150
C 16-17 Dec 1985 20.9 1.1 150
D  6-10Jan 1986 98.2 2.5 150
E 22-24 Jan 1986 474 7.5 300
F  28-29 Jan 1986 21.1 1.1 150
G 26-28 Jan 1987 47.6 1.1 150
H  15-17 Dec 1987 48.8 9.1 300

Total 338.4

10°. The resolution of radial wind velocity is less than
0.1 m s~! when signal-to-noise ratio of the echo is suf-
ficiently high. Details of the system of the MU radar
are described by Fukao et al. (1985a,b).

An example of time series of the vertical wind com-
ponent in an observation period D is shown as a func-
tion of height in Fig. 1. The increase in vertical wind
fluctuations after approximately 48 hours suggests that
the period D be divided into two halves (hereafter re-
ferred to as D, and D,). While there is small variation
in D, large disturbances occasionally exceeding 3 m
s~! are found in D,. Following Ecklund et al. (1981,
1982, 1985, 1986), hereafter we refer to such periods
with small vertical wind variation similar to D; as
“quiet” periods and those with large disturbances of
vertical wind similar to D; as “active” periods.

In order to investigate the vertical structures and
vertical momentum flux associated with the VWDs in
detail, several cases are analyzed in sections 4 and 6
for active and quiet periods out of the observations of
A-H shown in Table 1.. We choose B, C, and D, as
active periods, and A, D,, and G as quiet periods, dur-
ing which the activity of vertical wind is almost uniform
and the number of missing data is small. On the other
hand, all observation data presented in Table 1 are
used in section 5 to investigate the relationship between
the activity of vertical wind and the horizontal wind
near the surface.

For analysis of gravity waves whose intrinsic high-
frequency cutoff is the Brunt-Viisild frequency of (5-
10 min)~! in the troposphere and lower stratosphere,
such a high time resolution as 1 min is not needed.
Since the number of data is very large for B, C, and
G, components having a period less than 5 min were
removed by passing the original data through a lowpass
filter, and the filtered data were sampled every 2.5 min
corresponding to the new Nyquist frequency. Similarly
for D, time series including components with periods
larger than 10 min sampled every 5 min were used.
However, the time resolution is not critical for the
analyses made in this study because the VWDs pri-
marily have large power at lower frequencies as is
shown in section 4.
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3. Vertical structure of the mean wind

Figure 2 presents vertical profiles of the time-mean
wind in the active and quiet periods. While various
structures of the horizontal wind exist in the quiet pe-
riods, the structures in the active periods have some
similar features; i.e., a westerly jet located at a height
of 11-14 km and positive meridional wind of about
one-half the magnitude of the zonal component. How-
ever, we cannot attribute the cause of the VWDs di-
rectly to the horizontal wind structure, since a similar
structure is observed for a quiet period D;.

It is also worth noting that the mean vertical wind
is large in the active periods, indicating the presence
of components with large power having long periods
comparable to the observation periods of 20-50 hours.
The mean vertical wind is large below about 20 km
with a vertical scale compression from about ten to a
few kilometers where a large vertical shear of the hor-
izontal mean wind exists above the subtropical westerly
jet. The horizontal mean wind is near zero at the height
of about 20 km. This suggests that the quasi-stationary
component is due to topographically excited gravity
wave motions. However, the mean vertical wind in the
quiet periods is small and does not have such charac-
teristics seen in the active periods.

Further analysis for the mean vertical wind com-
ponent in the active periods cannot be made directly.
Since it is difficult to extract the horizontal wind com-
ponent of the quasi-stationary waves from the back-
ground wind with a similar large vertical scale using
any time and/or spatial filtering, we cannot examine
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characteristics such as the polarization relation, which
is important for determination of physical processes
causing the large mean vertical wind. However, it is
possible to examine this issue indirectly. The spatial
phase of topographically forced waves varies temporally
following small temporal changes in the background
wind—because horizontal wavelengths of the waves
should be small. The temporal variations of the spatial
phase are observed with other temporally oscillating
waves as fluctuations at one location. Thus, the analysis
of the fluctuating components could provide useful in-
formation for the examination of quasi-stationary
waves, although it is generally difficult for observations
at one location to separate these different types of
waves.

4. Vertical structure of the disturbances

In this section we use w, (vertical winds obtained
using a vertical beam) for the analysis, because w,
are estimated without any assumption. Hereafter w, is
referred to as w. First, we examine the VWDs in terms
of the difference in the power of vertical wind fluctu-
ations between active and quiet periods as a function
of height. Figure 3 shows the vertical profiles of variance
of w and those weighted by air density adopted from
the U.S. Standard Atmosphere 1976. The variances in
the active periods are very large compared with the
quiet periods. It is noted that the vertical wind fluc-
tuations are larger than the amplitudes observed in
vertical profiles of the mean vertical wind in the active
periods (see Fig. 2). The variances of w weighted by
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FIG. 1. The vertical wind profile as a function of height measured with the vertical beam during
6-10 January 1986. The spacing of horizontal lines shows velocity of 3 m s=*. Errors in wind are

less than 0.1 m s™'.
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FiG. 2. Vertical profiles of each component of the time mean wind in active (top) and quiet
(bottom) periods as a function of height. Thick, thin, and very thin lines for active periods show
the profiles of D5, C, and B, respectively. Thick, thin, and very thin lines for quiet periods show

the profiles of G, Dy, and A, respectively.

air density for the active periods have a characteristic
vertical structure: a gradual decrease in a height range
of 5-11 km, an increase above 11 km to a peak at 17—
18 km, and a sharp decrease above the peak. The figure
on the right shows the percentage of available data at
each height. Since more than 50% of the data are usable
for a height region below 22-23 km, characteristics
observed in the vertical profile up to this height are
certainly reliable.

There are two possible reasons of the vertical vari-
ation of the power of VWDs observed in the active
periods: one is the change in structure such as the aspect
ratio of a vertically propagating wave due to the vertical
variation of the background horizontal wind, and the
other is superposition of several localized waves. These
possibilities can occur coincidentally. In order to in-

vestigate this issue, we examine the vertical structure
of the VWDs in more detail through spectral and cor-
relation analyses in the following sections.

a. Height distribution of power spectra

The energy content power spectra of w for the active
periods are shown as a function of height in Fig. 4.
The FFT (Fast Fourier Transform ) method was used
for calculation of power spectra. Missing data were in-
terpolated with a linear method. However, the spectra
should be correctly estimated at least for the height
range of 5-22 km, which has a high percentage of usable
data as described before (see Fig. 3). The spectra were
smoothed by lowpass filters with cutoff lengths of 15
data points (2.25 km) for height and 10 (for B, C) or
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20 (for D,) spectral points for frequency. For the data
with finite observational periods, the frequency range
that can be examined statistically by spectral and cor-
relation analyses is restricted. Thus, the investigation
is made for the components having periods less than
one-fifth of the observation period.

It is found that the three maps of spectra have several
common features: large power is observed at periods
of longer than 0.5 h, and the power decreases sharply
around a height of 19-20 km at almost all periods. The
decrease of power is clearly shown by line plots of the
power spectra (Fig. 5). The scales for B, C, and D, are
shifted a factor of 10 to distinguish one from the other.
This figure indicates that the decrease at 20 km is es-
pecially large at periods longer than 1 h (where the
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FIG. 3. Vertical profiles of the variance of vertical wind velocity
(middle) and those weighted (left) by air density for active (top) and
quiet (bottom) periods. Right figures show the percentage of available
data at each height. The curve types are as in Fig. 2.
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power is large). Fritts and VanZandt (1987) showed
that the shape of frequency spectra for gravity waves
is modified by the Doppler effect of the background
wind. However, the large power decrease observed in
Figs. 4 and 5 cannot be explained since the Doppler
effect does not change the total power. Thus, the change
in power and shape of the spectra at 20 km must have
another meaning,

Ecklund et al. (1985) pointed out from the mea-
surements with clear-air Doppler radars in Rhone
Delta, France, during ALPEX that the frequency spec-
tra of w are in the shape of w >/ for active periods,
while those for quiet periods are proportional to w°.
Moreover, Ecklund et al. (1986 ) showed that the gen-
eral shape of spectra for quiet periods is also observed
at other stations, such as, Poker Flat, Alaska; Platteville,
Colorado; and Ponape, Micronesia. From the fact that
spectra of horizontal wind component were often ob-
served in the shape of w™>/3 (e.g., Balsley and Carter
1982), they attributed the shape of w spectra for active
periods to ‘“horizontal” motions along sloping isen-
tropic surfaces that were constructed by severe topo-
graphic waves. However, they did not give the mech-
anism for the “horizontal” motions.

For comparison three straight lines showing incli-
nation of » /3 in the power-content plots were drawn
in Fig. 5. For the w spectra below 20 km where large
fluctuations were seen, the inclination of each power
spectrum is large but not necessarily /3, and not
constant over the whole frequency range. In particular
smaller power is observed in D, at frequencies less than
(3 h)~'. This suggests that the explanation of the “hor-
izontal” motions is not appropriate for the spectra
shown in Fig. 5.

b. Correlation among different heights

In this section we investigate the vertical correlation
of the VWDs, which have vertical variations like those
shown in Fig. 3. We make an analysis of cross corre-
lation for time series including all components with
periods less than one-fifth of the observational period.
Such an analysis is important because the VWDs are
not dominant at a single frequency but are distributed
over a broad frequency range. Since the VWDs seem
to be in phase at least for a few kilometers at lower
heights (Fig. 1), the time series were averaged in alti-
tude over 1.2 km for a height range below 15 km, 0.6
km for 15-18 km, and 0.3 km for above 18 km.

Contour maps of the cross correlation coeflicient for
the active periods are shown as a function of height in
Fig. 6. Different types of lines indicate the coefficient
for different reference heights where the peaks of power
were observed (Fig. 3). Positive time lag shows the
progression relative to w at the reference height. From
the figure it is found that the height region with large
correlation coefficients spans about 8-9 km at the
maximum, that the VWDs keep high correlation for
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FIG. 4. Vertical profiles of power frequency spectra of vertical wind weighted by air density for each active period in the energy-content
form. The interval of the solid contour line is 1 X 1072 (kg m~' s72) and the dotted contour line shows 0.5 X 1073 (kg m™' s™2). Tick
marks on the upper frequency axis show the locations of spectral points.

as long as 0.5-1.5 h, which is also expected from the
spectral analysis, and that correlation at each height is
greatest at small lag. These facts indicate that the phase
of VWDs is almost vertical over a large vertical expanse.

It is also important that the high correlation is not
observed in the whole height region below 20 km where
the power of vertical wind is large, and that the cor-
relation time depends on the reference heights. We infer
from the features that the VWDs do not consist of one
mode.

In order to make this point clear, the distribution of
the maximum cross correlation coefficient for w’s at
each pair of heights ( H,s, H;) is examined. The cor-
relation map for case B is shown in Fig. 7. There are
some narrow parts around the dotted line of H; = Hir,
namely at 10, 16, and 19 km. This suggests that several
mutually independent modes exist in different height
regions with boundaries indicated by the narrow parts.
Similar features were observed for the other active pe-
riods of C and D,. We, therefore, deduce that the
VWDs are composed of several modes dominating at
different heights and frequencies.

It is also significant that little correlation is observed
above 20 km for any lower reference heights. These
features are also seen for C and D,. This indicates that
variations in w above 20 km are not only small, but
also have little correlation with large variation in w at
the lower heights in the active periods.

c¢. Interpretation of a level of 20 km

Results obtained by the spectral and correlation
analyses show that the height of 20 km is a special level
for the VWDs, such as a critical level. As shown in Fig,
2, the horizontal wind has a similar profile in the active
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F1G. 5. Power spectra of vertical wind weighted by air density in
the energy content form for each active period. Solid and dotted lines
show the average for height ranges of 5-20 km and 20-22 km, re-
spectively. Lines showing w /3 are included for comparison. Error
bars show confidence intervals of 95%.
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FI1G. 6. Cross-correlation coefficient of time-series of the vertical wind for each active period. Different contour lines show the profiles
with different reference heights, which are presented by ‘X’. Contour lines are drawn at an interval of 0.2 with the minimum value of 0.4.

periods: a peak at ~11 km and decrease above the
height to a small value of several meters per second at
20 km. Thus, if a critical level of the VWD:s is located
at 20 km, the VWDs have small horizontal phase ve-
locities corresponding to the horizontal wind there.
This is consistent with a view that the VWDs observed
with the MU radar are also due to gravity waves gen-
erated by topographic effects as suggested by Ecklund
et al. (1982). It is noteworthy that the decrease of the
power at ~20 km was seen in a wide range of fre-
quency. This suggests that the components of the
VWDs with high frequencies are also due to topo-
graphically-forced waves. We deduce, therefore, that
the frequencies that appear in the spectra do not in-
dicate “frequencies” of respective “waves,” but show
a feature of “spatial phase modulation” of the topo-
graphic waves by temporal variation of the background
wind.

Some other features on the structure of the VWDs
described above can also be interpreted well as char-
acteristics of topographically forced waves. The distri-
bution of large power at small frequencies is consistent
with the view of mountain waves. Large vertical scales
of the VWDs shown by the cross correlation analysis
would correspond to the large vertical wavelength of
mountain waves.

It should be noted here that Ohno (1988) showed a
strong turbulent layer around a height of 18-19 km
from profiles of echo power and spectral width of the

echo in an active period of D, (Fig. 8), which is similar
to a severe turbulent layer associated with mountain
waves detected by aircraft (Lilly and Kennedy 1973).

CORR(H;, H,ef)
B

H; (km)

5 10 15 20

Href (km)

FIG. 7. The maximum vertical cross-correlation coefficient at a
height of H; for the reference height H, in the case of B.
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FIG. 8. Vertical time section of spectral width of echo obtained in the observational period D. The spectral broadening due to the effect
of finite beam width of the radar was removed from the original spectral width (Hocking 1983) (after Ohno 1988).

Such strong turbulent layers are also observed in other
active periods B and C (not shown). This implies that
the mountain waves propagate upward toward the
critical layer increasing their amplitudes, but break due
to occurrences such as convective instability before
reaching the critical layer.

5. Correlation between vertical wind activity and hor-
izontal wind near the surface

Ecklund et al. (1982) deduced that VWDs observed
in the lee of the Colorado Rockies are generated due
to the topographic effect, from the high correlation be-
tween the power of VWDs and the horizontal wind at
500 mb, and from the fact that larger power of the
VWDs was observed nearer mountains. We have dis-
cussed through the previous analyses that several fea-
tures of the VWDs observed with the MU radar are
consistent with the view of mountain waves. However,
there is no decisive evidence showing that the VWDs
observed with the MU radar are due to topographically-
forced waves. Around the MU radar site (Shigaraki),

westerly wind is dominant in late autumn and winter
when the VWDs appear, whereas there are no high
mountains within a distance of 100 km west of Shi-
garaki, as shown in a map of topography (Fig. 9).
Mountains higher than 1000 m are located at a long
distance of 150-200 km. If VWDs observed at Shigar-
aki are caused by the topographic effect, the correlation
with horizontal wind near the surface should be high
at locations west of the mountains.

Thus, we examine horizontal wind at Yonago de-
noted by ‘[T in Fig. 9, where routine balloon obser-
vations are made every 00Z and 12Z by the Japan Me-
teorological Agency. As an index of vertical wind ac-
tivity, we employ the time and vertical mean square
of vertical wind fluctuations for eight hours around
00Z and 12Z and for a height range of 5-20 km at
Shigaraki. Using a threshold index value of 0.16 m?
s72, 13 active and 14 quiet periods are obtained for
eight observations shown in Table 1. Figure 10(a) rep-
resents horizontal wind vectors at 900 mb (~1 km)
observed at Yonago, which are categorized as active
and quiet periods by symbols of ‘*’ and ‘O,” respec-
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tively. It is obvious that the wind vectors for active
periods are distributed in a confined region of Fig.
10(a), which shows large dependence on direction as
well as strength. The dependence does not change when
different threshold values for activity index are used.
The correlation between horizontal wind at Yonago
and vertical wind activity at Shigaraki becomes lower
at higher altitude. For example, wind vectors at 600
mb ( ~4 km ) are shown in Fig. 10(b). It is noteworthy
that the wind vectors at 900 mb for active periods are
directed toward Shigaraki (see Fig. 9) and that there
is a mountainous area confined along the line between
Yonago and Shigaraki.

Similar analyses were made for Wajima and Shion-
omisaki, which are located at a distance of ~300 km
northeast and ~150 km south of Shigaraki, respec-
tively. Figure 11 shows the horizontal wind vectors at
900 mb for each station. High correlation as seen at
Yonago is not observed. This suggests that the ap-
pearance of the VWDs is controlled by a local wind
field between Yonago and Shigaraki,

Figure 12 presents a synoptic chart at 850 mb for
an active period where high correlation of vertical wind
activity with horizontal wind at Yonago is also ob-
served. Yonago and Shigaraki are on the same contour

Topography around Shigaraki
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FI1G. 9. Map of topography around the MU radar site, Shigaraki
(O). Yonago, Wajima, and Shionomisaki are represented by 0, €,
and A, respectively.
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of geopotential height, indicating that Yonago is wind-
ward of Shigaraki. A similar feature is also observed
in synoptic charts at the other active periods.

These relationships between lower tropospheric
winds and VWDs imply that the VWDs observed in
late autumn and winter by the MU radar are forced
by mountains located between Yonago and Shigaraki.

6. Vertical momentum flux in the active periods

The divergence of vertical momentum flux is im-
portant when studying interaction between small-scale
disturbances like gravity waves and atmospheric mo-
tions with synoptic and/or planetary scales (e.g., Fritts
1984). Moreover, if the disturbances are due to gravity
waves, the vertical momentum flux is also valuable for
investigation into their characteristics.

For two-dimensional gravity waves assuming u', w’
oc exp/k¥+mz=«!) the continuity equation under the
Boussinesq approximation becomes

ku' + mw' =0,

(1)

where w is observed frequency and the other notations
are as usual. Equation ( 1) holds for three-dimensional
waves if x is chosen parallel to the horizontal wave-
number vector. Using (1) the vertical momentum flux
is expressed as

— 2
uw' = —ku'*/m,

(2)

where the overbars denote the spatial and temporal
mean. When the intrinsic frequency & is restricted to
the positive without losing any generality, the wave
propagating energy upward will have negative m (e.g.,
Hirota and Niki 1985). Thus the direction of the hor-
izontal wavenumber vector of gravity waves propagat-
ing upward is deduced from the sign of vertical mo-
mentum flux using (2) as

uw >0 for k>0}
k<o)’

In the case of stationary mountain waves excited in
the westerly wind u (>0), the intrinsic phase speed ¢
= w/k is related to # as

(3)

uw <0 for

&= —il.

4)

This means that the zonal wavenumber k is negative,
and hence (3) suggests that the zonal component of
the vertical momentum flux should be negative.

a. Method of estimation of vertical momentum flux by
the VHF radar observations and its application to
the VWD events

Vincent and Reid (1983) showed a method of es-
timation of the vertical momentum flux using wind
data obtained with the VHF radar observations. The
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FIG. 10. Scatter diagram between vertical wind activity index at Shigaraki and horizontal wind at Yonago at (a)
900 mb and (b) 600 mb. The activity index is defined as the time and vertical mean square of vertical wind fluctuations
for 8 hours around 00Z and 12Z and for a height range of 5-20 km. The horizontal wind vectors when the activity

index is more than and less than 0.16 m? 52

vertical momentum flux is obtained from the difference
between mean squares of the line-of-sight (radial) ve-
locities measured by two beams tilted with equal and
opposite angles +0 around the zenith, under an as-
sumption of a homogeneous field of disturbances.
However, this method cannot be used for estimation
of vertical momentum flux associated with quasi-sta-
tionary waves. It is difficult to extract the wave com-
ponents from the wind data using any filter for time

a WA J | MA 900 mb
—
10—//- o .
(o]
P ]
[72]
N o
€ 0 ¥
e
> **
S
-10 R -
1 1

are shown by * and O, respectively.

and/or height, because the waves have similar time
and vertical scales to the background wind.

It should be noted, however, that the VWDs have
large temporal fluctuations with high frequencies. As
discussed in section 4 the observed frequencies show
phase modulation of mountain waves by variation of
the background wind. If the temporal fluctuation of
phase is sufficiently large, we can estimate vertical mo-
mentum flux associated with the mountain waves by

U
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FIG. 11. The same as Fig. 12 but for 900 mb at Wajima and Shionomisaki.
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9,86

JAN,

Latitude
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Longitude

F1G. 12. A synoptic chart at 850 mb at an active period of D, (21
LST 9 Jan 1986). Contours of geopotential height are continuous.
Temperature contours are dashed. Vectors show horizontal winds.
Unit vectors indicate zonal and meridional winds of 10 m s, re-
spectively. Shigaraki, Yonago, Wajima, and Shionomisaki are denoted
by O, 0, O, and A, respectively.

replacing spatial average with time average; i.e., the
Vincent and Reid’s method can be applied to the VWD
events under an assumption that the phase passing oc-
curs equally at the two symmetrical beam positions
instead of assuming homogeneous field of disturbances.
It is found from Figs. 2 and 3 that vertical wind fluc-
tuations are very large compared with the mean vertical
wind. This suggests significance of the analysis using a
time filter for vertical momentum flux associated with
the VWDs,

In this study, the vertical momentum flux is ex-
amined as a function of frequency. The method of cal-
culation for the frequency spectra of vertical momen-
tum flux is an expansion of the method shown by Vin-
cent and Reid. We use power spectra of radial velocities
obtained by two symmetrical beams around the zenith
instead of the mean squares. Detailed description about
the method is given in the Appendix. This method is
useful for cases when a lot of gravity waves with dif-
ferent frequencies are observed simultaneously. The
observed frequency of a wave is invariant during prop-
agation when the background wind has no temporal
variation (Lighthill 1978). Thus, we can investigate
separately the vertical propagation of respective gravity
waves with different frequencies through examination
of vertical profiles of the frequency spectra of vertical
momentum flux, if the wave periods are much smaller
than the time-scale of change in the background wind.
In the case of the VWDs, such examination is impos-
sible because frequencies observed in the wind data are
not corresponding to those of gravity waves. However,
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comparison in characteristics between the spectra of
vertical momentum flux and the power spectra ex-
amined in section 4 is meaningful. We can examine
through such comparison whether the obtained vertical
momentum flux is related to the VWDs,

b. Profiles of vertical momentum flux

For the calculation of power spectra of radial veloc-
ities, the Blackman-Tukey method is used because of
the existence of missing values. Auto correlation func-
tion is obtained with the maximum lag of one-fourth
of the observational period. Power spectra are estimated
for heights where the number of data usable for cal-
culation of the auto correlation at every time lag is
more than 30% of the total number of data. In order
to avoid the mixing of components other than the
VWDs, we use the data smoothed in height with a low-
pass filter with a cutoff length of 2.25 km, since the
VWDs have large vertical scales as shown by the cor-
relation analysis (Fig. 6).

First, we examine the difference in vertical momen-
tum flux between the active and quiet periods for period
D. Figure 13 shows the vertical profiles of frequency
spectra of the vertical momentum flux weighted by air
density in a flux-content form for the active and quiet
periods. Only components having shorter periods than
one-fifth of the observation period are plotted as in the
power spectral analysis (section 4). Compared with
the quiet period, large momentum flux is observed in
both zonal and meridional components in the active
period.

The momentum flux in the active period is not uni-
form from bottom to top, but is divided into several
parts by height. This is in accord with the result in
section 4 that the VWDs consist of several modes
dominating in different height regions. An important
feature observed in Fig. 13 is that large westward mo-
mentum flux above the westerly jet vanishes at almost
all frequencies around 19 km corresponding to the
height where the w power sharply decreases. This in-
dicates that momentum deposition from the VWDs to
the background wind may occur there, which is con-
sistent with characteristics of a critical level. It is worth
noting that the vertical momentum flux has a direc-
tional tendency. In a height range above 15 km, where
a large power of vertical wind fluctuation exists (Fig.
3), the zonal components are biased toward negative
at almost all frequencies (except for around a period
of 3 h), whereas the meridional components are dis-
tributed evenly between positive and negative values.

- This suggests that the VWDs have totally negative zonal

component of the vertical momentum flux, which ac-
cords with the view of mountain waves excited in the
westerly wind. These characteristics on the momentum
flux are also found for the other active periods of B
and C except the sign of the zonal components below
~20 km, which is positive for B and negative for C
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(not shown). The positive value for B is hard to be physical explanation is necessary such as reflection
explained by the mountain waves generated in the from the critical level. However, this is beyond the
westerly wind and propagating upward. Thus, the other  scope of this study since we cannot get sufficient in-

PRe[U(w)W*(w) Jw
D1 | D2

T T 7T T Ty rTIrrrsTee

(km)

Height

(km)

Height

Period (hr)

FIG. 13. Vertical profiles of zonal (top) and meridional (bottom) components of vertical momentum flux as a
function of frequency in the flux-content form, for active (right) and quiet (left) periods for case D. Solid and dotted
lines show positive and negative values, respectively. Contour interval is 1.5 X 1072 (kg m~! s72). The zero contour
is omitted. The straight horizontal lines indicate the heights above which the estimation could not be made owing to
missing data. Tick marks on the upper axis show the locations of spectral points.
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FIG. 14. Vertical profiles of zonal components of vertical momentum flux for the period ranges
of 0.1-0.3, 0.3-1.0, 1-3, and 3-10 hrs for the active periods of B (very thin line), C (thin line),
and D, (thick line). “Total” profiles are obtained by adding components with periods less than

(the observation period)/5.

formation from the present data that is necessary for
the investigation.

Next, the detailed frequency dependence versus
height is examined for the active periods. The frequency
range is divided into quarters, namely, 3-10, 1-3, 0.3—
1.0, and 0.1-0.3 hours (same length on log scale), and
the spectra of vertical momentum flux are summed
for each of the divided frequency ranges. Figure 14
shows the profiles of zonal components for the fre-
quency ranges and a total. Note that the “total” profiles
were obtained by adding up the components not for
the divided frequency ranges, but for the frequencies
more than (observation period)™ X 5;i.e., 0.1-4.0 h
for B and C, and 0.2-10.0 h for D,, for which statis-
tically meaningful analysis is possible. The different
types of lines show different observation periods. In
any case of the active periods, larger momentum flux
is observed in the lower frequency ranges, which re-
sembles the frequency distribution of w-power. Similar
distribution in frequency ranges are observed also for
meridional components ( not shown). The “total” ver-
tical momentum flux found in Fig. 14 amounts to
about 0.3-0.5 m? s 72 (~0.03-0.05 kg m ! s™2) at up-
per levels. The momentum flux shown here is not
weighted by air density, because the accuracy is inde-
pendent of height. The accuracy of vertical momentum
flux (u'w") corresponding to the radial wind velocity
resolution of 0.1 m s™'is 0.015 m?s™2[0.12/2 sin(2
X 10°)]. Thus the estimated value is significant.

Some observational studies of stationary mountain
waves using aircraft detected large vertical momentum

flux with a decrease in the lower stratosphere (e.g., Lilly
and Kennedy 1973; Lilley et al. 1982; Brown 1983;
Hoinka 1984, 1985), and they are summarized con-
cisely in Palmer et al. (1986). According to these stud-
ies, the magnitude of vertical momentum flux is 0.05-
1.2 kg m ! s72, depending on the intensity of mountain
waves. The vertical momentum flux of about 0.03-
0.05 kg m~! s~2 obtained for active periods in this study
is comparable to or less than those of the earlier studies.
However, it must be noted that the estimation made
in this study is restricted to components having periods
less than the observational period. Thus, more quan-
titative discussion cannot be made. Wavelike structure
appearing in the vertical profile of the momentum flux
may show limitation of validity of the assumption that
phase modulation is large enough to replace the spatial
average for u'w’ with the time average. The wavelike
structure is probably due to the vertical wavelength of
mountain waves (“wavelength” of vertical variation of
the vertical momentum flux is half the vertical wave-
length of mountain waves because the vertical mo-
mentum flux is a quadratic value). The limitation of
assumption can be compensated to some extent by the
vertical average. Thus the vertically smoothed mo-
mentum flux is still meaningful.

7. Conclusion

VWDs observed in late autumn and winter with the
MU radar were examined. Several interesting aspects
of three cases of VWDs were found in the vertical dis-
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tribution of power spectra and correlation in the height
direction. The characteristics are well explained if the
VWD:s are due to topographically forced gravity waves
whose phases are fluctuating due to temporal changes
of the background wind. High correlation between
lower-level horizontal winds obtained by routine bal-
loon observations at some locations and the vertical
wind activity observed with the MU radar supports the
interpretation. Vertical momentum flux u'w’ is ex-
amined under an assumption that the spatial average
for u'w’ associated with the mountain waves can be
replaced with the time average of u'w’ observed with
the MU radar. As a result, it is found that large mo-
mentum flux is associated with the VWDs, and that
the distribution in a height-frequency space is similar
to the power. The obtained vertical momentum flux
is consistent with the previous studies on the mountain
waves except the sign at one case out of three of the
VWDs. However, the dominance of positive zonal
components of the vertical momentum flux in the one
case is still an open question. Long term observations
of the VWDs are necessary to confirm this issue,

Examination of the frequency of appearance of the
VWDs will help us to understand the significance of
VWDs for wind systems with long time scales in the
lower stratosphere. It is also necessary to statistically
confirm the results obtained in this study through sim-
ilar analyses for several other active periods. The effort
to detect parameters of the VWDs, such as horizontal
wavelength, that have not yet been estimated is im-
portant because they provide some valuable informa-
tion for understanding the nature of the VWD:s in the
background wind. Sato and Hirota (1988) made a
multibeam observation using the MU radar to directly
estimate small horizontal wavelengths of some coherent
waves that dominate the vertical wind component.
Carter et al. (1989) also directly detected the horizontal
wavelength of some coherent waves through the mea-
surements of vertical wind using three closely spaced
wind profilers. Since the VWDs also have small hori-
zontal scales, further observations by multibeams are
promising in the future.
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APPENDIX

Calculation Method of Frequency Spectra of
Vertical Momentum Flux

The frequency spectra of vertical momentum flux
is obtained with an expanded method of that proposed
by Vincent and Reid (1983). Vincent and Reid showed
that the vertical momentum flux is obtained from the
difference between mean squares of the line-of-sight
(radial) velocities measured by two beams tilted with
equal and opposite angles +60 around the zenith in the
following way. Radial wind velocities V., obtained us-
ing the symmetrical beams are expressed as

V.g = xu sinf + w cosd, (5)
where # and w are the horizontal and vertical wind
components. Since the mean squares of the radial
components of disturbances V'3 are

VG =u?sin’ + w'? cos®0 + u'w sin20, (6)

where u’ and w’' are horizontal and vertical components
of the disturbances, respectively, and the vertical mo-
mentum flux is estimated as

2 12
N V{‘ - V_g

“ 2 sin26 (N

w =

This method assumes that the field of disturbances is
homogeneous over the spatial region between the two
beam positions. This assumption is thought to be gen-
erally satisfied when the beams are only tilted with a
sufficiently small zenith angle. Studies have shown that
Vincent and Reid’s method provides good estimates
of vertical momentum flux compared with the other
methods where homogeneity of wind between beams
is assumed (Reid 1987; Fukao et al. 1988).

The present method makes use of two frequency
power spectra of radial velocities obtained by the sym-
metrical beam pair instead of the mean squares. The
two power spectra of the radial velocities, Py, (w), are
expressed as,

Py (@) = U(w)U¥(w) sin?f + W (w)W*(w) cos?0
+ Re[U(w)W*(w)] sin28, (8)

where w is observed frequency, U(w) and W{(w) are
Fourier components of horizontal and vertical veloc-
ities, respectively, and U*(w) and W*(w) show the
complex conjugates. The term Re[ U(w)W*(w)]in (8)
shows the vertical momentum flux associated with
gravity waves having a frequency of w, which is cal-
culated immediately from (8):

Pn,(w) — PV‘J((‘))
2 sin26

Re[U(w)W*(w)] = €))
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The total vertical momentum flux is obtained from the
spectra:

u'w = Re[U(w)W* w)]. (10)

Similarly, we can obtain not only the spectra of zonal
and meridional components of the vertical momentum
flux but also the power spectra of three wind compo-
nents, from the power spectra of five radial velocities
measured using five beams tilted to east, west, north,
and south, and directed vertically.
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