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Characteristics of Gravity Waves in the Mesosphere Observed

With the Middle and Upper Atmosphere Radar
1. Momentum Flux

T. NAKAMURA, T. Tsubpa, M. YAMAMOTO, S. FUuKao. AND S. KATO
Radio Atmospheric Science Center, Kyoto University, Jupan

We observed wind motions from 60- 10 90-km altitudes with the MU radar (35°N, 136°E) in the four
observation periods: October 1986, June 1987, July 1990, and January/February 1991. Mean wind
profiles were fairly consistent with results of Kyoto meteor radar observations (35°N, 136°E) collected
in 1983-1985 at 80- to 110-km altitudes. and zonal mean winds generally agreed well with CIRA 1986
excepl for the profiles below 70 km in January/February 1991, although discrepancy of amplitudes
sometimes ranged up to 10 to 20 m/s. Characteristics of frequency spectra of radial wind velocities
were basically similar among results determined in four observation periods. That is, oblique spectra
had a logarithmic slope of about —5/3 in the frequency range lower than 45 X 107% s~ Gravity
waves with periods longer than 20-50 min to 5 hours (the lowest limit of the spectral analysis) were
found to carry a large part of the zonal momentum flux, while « dominant frequency component was
not detected for the meridional flux. Zonal and meridional drag of mean winds induced by the gravity
wave with periods from 5 min to 8-10 hours were +51 m/s/d and —4 m/s/d in June at 75 km and —4.0
m/sfd and +7.4 m/s/d in October at 70 km, respectively. The major part of the drag force was also
found in the wave component with periods larger than 30 min. The day-to-day variation in the zonal
momentum flux showed a good correlation with the vertical shear of the zonal mean wind, which
suggests effects of the gravity wave activities on mean wind fields, or the effect of shear variation on

the gravity wave activity.

1. INTRODUCTION

Theoretical studies have proposed an important role of
upward propagating gravity waves in the middle atmosphere
dynamics in transporting the wave energy and momentum
from the lower utmosphere to the mesosphere and lower
thermosphere. [Houghton, 1978; Lindzen. 1981; Matsuno,
1982; Holion, 1982, 1983; Friuts and Rastogi, 1985]. The
basic mechanisms of these processes have been clarified by
observations involving various remote sensing and in situ
measurement techniques [e.g., Fritrs, 1984).

Among the various observations, Doppler radar measure-
ment has become a very useful technique for determining the
upward flux of the horizontal momentum [Vincent and Reid,
1983], which enabled us to measure the momentum deposi-
tion from gravity waves to the background mean flow. Fritis
and Vincent [1987] found that about 70% of the momentum
flux is due to gravity waves with periods of less than 1 hour.
Reid and Vincent [1987] found that the amplitudes of mo-
mentum flux showed a semiannual variation with maxima
occurring at the solstices and that zonal mean flow ncceler-
ations have typical values of 50-80 m/s/d ncar 85 km. Tsudu
er al. [1990a] studied gravity waves with periods of 5 to 120
min and found that zonal momentum flux showed eastward
and westward maxima in July/August and in December and
February, respectively, and further determined the zonal
acceleration for some cases to be 7-13 m/s/d and -8 to — 11
m/s/d at heights of 66-79 km in summer and winter, respec-
tively.

Climatological studies of gravity wave characteristics in
the mesosphere are, however, not yet fully conducted be-
cause of a lack of' a comprehensive data base. This study is
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devoted to clarify characteristics of gravity waves at the 60-
to 90-km altitudes by the observational data collected by
means of the middle and upper atmosphere (MU) radar
(35°N, 136°E) during four observation campaigns of the
mesospheric observations in October 1986, June 1987, July
1990, and January/February 1991. The data obtained in
October 1986 were already reported by Tsuda er al.
[19905h], and hence in the present paper we extend the data
bases by adding the three other observation periods and
discuss with the results in October 1986.

The basic experimental setup of the MU radar is described
in section 2. Profiles of mean winds during the observation
periods ar¢ presented in section 3. Frequency spectra of
radial wind velocity and momentum fux are discussed in
section 4. Vertical structure of momentum flux is described
in section 5. Day-to-day variations of the gravity wave
activity are shown in section 6.

2. MipDLE AND UrPER ATMOSPHERE (MU) RADAR
(OBSERVATIONS

The basic observation technique and analysis procedures
for the mesospheric observations with the MU radar were
described by Tsuda er al. [1990b], which are briefly sum-
marized here. The antenna beam was steered for each
transmission pulse sequentially in the vertical and four
oblique directions declined from the zenith by 10° in the
north, east, south, and westward. Binary phase modulation
with the 8-bit complementary code with a 4-ps subpulse
width was used. The received signal was oversampled every
2 us. although the range resolution was determined by the
subpulse length to be 600 m. From each Doppler spectrum
obtained on 1-min observation, radial wind velocity and
spectral width were determined by using a nonlinear Gaus-
sian fitting.
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TABLE 1. Observation Periods of the MU Radar in the Present Study
Month Oct. 1986 June 1987 July 1990 Jan./Feb. 1991

Days 19 24 21 13
LT 0800-1600 0700-1700 0600-1800 0700-1700
Time resolution, s 60 (14)/145 (5) 60 (10)/145 (14) 18RS 130 (5)/185 (10)

(no. of days)
Good data, no. of 16 15 11 13

days

MU, middle and upper atmosphere.

It is noteworthy that part of the Doppler spectra were
contaminated by radio interference due to other communi-
cations or broadcasting. For such a spectrum the ordinal
Gaussian fitting was sometimes unable to be successfully
applied. In June 1987 and July 1999, significant interference
was often observed, and part of the data in January/February
1991 were also contaminated by weak interference. By using
a more complicated algorithm, parameters of the Doppler
spectra could be appropriately estimated. However, in this
study we exclusively used data not influenced by interfer-
ence.

Although the observation parameters were the same dur-
ing the four observation periods, the time intervals between
successive spectra were different, as summarized in Table 1,
because other observations in the lower height ranges were
interleaved between the successive mesospheric observa-
tions. As a result, the time resolution was better in the two
observation periods of October 1986 and June 1987,

Turbulent scattering in the mesosphere is normally de-
tected during only daylight hours, so that the durations of the
observations were 10 and 12 hours in June 1987 and July
1990, respectively. Although the observation interval was
also extended to 10 hours in January/February 1991, the
echo power was not strong enough in the early morning and
late afternoon, causing shorter coverage of the observation
interval than in summer.

Figure 1 shows the hourly rate of the successful wind
determinations by Doppler wind spectra as a time height
cross section in the four campaign periods. Note that the
data with significant interference were removed before the
calculation of the data rate, so that in June 1987 and July
1990 the probability of determinations was smaller than that
shown in Figure | due to the interference. The wind veloc-
ities were determined most frequently in October 1986 and
less frequently in January/February 1991. The height range
of the data rates of larger than 40% were 6380, 65-78.
67-80, and 66-74 km in October 1986, June 1987. July 1990,
and January/February 1991, respectively. In July 1990, wind
data at 80-85 km were also taken at the rate of 40% in the
afternoon. probably because of the high electron density due
to high solar activity which reached maximum in 1989 to
1990. On the contrary. in January/February 1991 the dura-
tion of the wind data determination of 40% was limited
between 1000 and 1500 LT, in the small height range around
70 km. Therefore we mainly utilized the data obtained
between 68 and 80 km tor the analysis of time series, such as
frequency spectra of the wind velocities and momentum
flux.

Because of the difference in the wind determination rate,
the time resolution of the observation and the occurrence of
the radio interference, the data quality is better for the

former two periods: Oclober 1986 and June 1987. So, in
sections S and 6, data are more closely analyzed for these
observation durations.

3. MEeAN WinNDS

We present in this section profiles of mean winds deter-
mined during the four observation periods, which are impor-
tant to define the background condition of the gravity wave
characteristics. Figures 2 and 3 show mean profiles of
eastward and northward wind velocity, respectively. In
Figures 2 and 3, mean wind profiles observed by the Kyoto
meteor radar in the corresponding months in 1983-1986 are
also illustrated for comparison. Furthermore, zonally aver-
aged mean winds provided by the COSPAR International
Reference Atmosphere (CIRA) 1986 model are plotted in
Figure 2.

The MU radar results sometimes showed a wavelike
structure in the mean wind profiles plotted in Figures 2 and
3, which were evident in the meridional component in June
1987 and in the both components in October 1986. Tsudu et
al. [1990b] discussed that these features seemed to be
spurious affected by long-period gravity waves that were not
fully averaged out due to a relatively short duration of the
MU radar observations on each day. So that it is rather
difficult to argue fine structures of the mean wind profiles,
but we need to focus on the overall structure of the profiles.

It is noteworthy that the mean winds by the MU radar
were deduced by averaging profiles collected only during
daylight hours; therefore the effects of diurnal tides might
not be fully removed. According to the Kyoto meteor radar
observation in 1983-1985, amplitude and phase of the east-
ward component of diurnal tides at 82 km altitude were 8 m/s
and 1200 LT in summer and 2 m/s and 2000 LT in winter,
respectively [Vincent et al., 1988]. Consequently. the mean
eastward winds in summer at around 80 km could be biased
by several m/s from the values shown in Figure 2, if the
averagings were limited to the daylight hours. which can
account for a part of the discrepancy between the two
profiles. If we assume the amplitudes of tidal winds in the
altitude lower than 80 km is smaller than that at 82 km, no
significant tidal influence is expected in winter and the
discrepancies smaller than several meters per second are
expected at the altitude below 80 km in summer. The dis-
crepancy of the eastward wind around 80 km in January/
February 1991 data is probably due to the effect of the
variability of the meun wind in this scason of the year. The
large year-to-year variation shown in the meteor radar data
at 82 km also suggests this point. General characteristics of
the seasonal variation of the reversal height, that is low
altitude in summer and high altitude in winter, agreed well
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Fig. 1. Time-height cross section of the hourly rate of the wind determinations for the vertical beam of the middle

and upper atmosphere (MU) radar in October 1986, June 1987, July 1990, and January/February 1991. After data
screening of the wind velocity, percentage of successful wind determinations by one spectrum (almost 60 s) among the

spectra collected in | hour is plotted.

with many other radar observations [e.g., Manson et al.,
1990].

The mean winds observed by Kyoto meteor radar and the
MU radar at the 80- to 110 and the 60- to 85-km altitudes
were fairly continuous. For the zonal mean wind the agree-
ment is better in October 1986, while discrepancy about 10
m/s is found at around 80 km in June 1987 and July 1990.
Discrepancies were also up to 20-35 m/s in January/
February 1991, although the error bars of the mean wind
with the MU radar above 75 km were large.

The MU radar observations showed the westward winds
in summer in the mesosphere, which had maximum values of
about 35 m/s at the altitudes of 74 km in June 1987 and 69 km
in July 1990, respectively. The westward winds rapidly
decreased with height above 75 km, then they were reversed
to the eastward at 84 km and 83 km in June 1987 and July
1990, respectively.

In winter the eastward winds were observed with the peak
of about 40 m/s at the altitudes of 74 km in January/February
1991. The amplitudes of the eastward wind rapidly decreased
below this peak. The profile of zonal wind in October 1986

was similar to those detected in winter such that it showed
an eastward peak of 40 m/s at 69 km altitude. It can be
suggested that the background condition during the obser-
vation period in October 1986 was rather winterlike than
summerlike.

The mean meridional winds in Figure 3 show more excel-
lent continuity of wind fields between the MU radar data
below 85 km and meteor radar data above 82 km than those
of zonal components. Basic characteristics of the mean
meridional winds shown in Figure 3 can be classified into
summer and winter patterns between 70 and 90 km, with
summer southward and winter northward wind. Meridionai
winds in summer collected in June 1987 and July 1990 were
southward above 70 km, while they became northward
below 70 km. Amplitudes of the southward winds were 10
m/s at 75-85 km and 15 m/s at around 80 km in June 1987 and
July 1990, respectively.

Profiles in October 1986 and January/February 1991,
which represent the winter condition, showed northward
winds between 65 and 80 km, where the peak values were
larger than 20 m/s at around 77 km in October 1986 and 10
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Fig. 2. Mean zonal wind observed with the MU radar on June 1987, July 1990, October 1986, and January/FFebruary

1991 (solid curves). Bars show reliable runge of the mean wind. Dashed curves are zonally averaged zonal mean wind
from COSPAR [nternational Reference Atmosphere (CIRA) 1986 at 35°N. Curves with squares (1983), circles (1984),
triangles (1985), and crosses (1986) are the mean winds observed by Kyoto meteor radar in 1983-1986, which are
calculated by the corresponding 30-day data of the year determined by the harmonic analysis of diurnal and semidiurnal
tides und mean wind [Tsuda et al.. 1987). Bars indicate the reliability of the mean wind estimation.

m/s at 75 km in January/February 1991. However, above
about 85 km the mean meridional winds were mainly south-
ward for all four observation periods, except for in June
above 100 km, and simple summer and winter change does
not seem 1o happen at this altitude range. These charucter-
istics are consistent with other radar observations [e.g..
Manson et al., 1990].

Here we discuss comparison of the observed results by
both the MU radar and the Kyoto meteor radar with the
CIRA 1986 model. Although the CIRA model gives that the
maximum amplilude of the westwaurd winds is about 55 m/s
at about 71 km altitude in June and July, the MU radar
observations showed 30 to 40 m/s at the corresponding
altitudes, which were smaller than the model values by 15-25
m/s. A similar discrepancy can also be recognized in the
region above the reversal, that is, the mean eastward wind
ranged 20-35 m/s from the Kyoto meteor radar observations,
again smaller than the model by about 30 m/s. When a

smoothed profile of the zonal wind is constructed by con-
necting the profiles of the MU radar and Kyoto meteor radar
observations, the reversal height of the wind direction from
westward to eastward can be inferred at slightly lower than
82 km in both June 1987 and July 1990, while the CIRA 1986
model indicates it at 85 km.

In October 1986 we observed eastward winds at about 70
km altitude to be 40 m/s, showing a good agreement with the
CIRA 1986 model. However, above about 75 km the ob-
served zonal winds were as small as 10-20 m/s, which was
significantly smaller than the model.

In January/February 1991 the observed eastward winds at
around 80 km altitude were similar to the model. But
discrepancy is remarkable below 74 km altitude such that the
observed winds decreased rapidly to almost 10 m/s at 62 km,
while the CIRA model shows a broad maximum with over 60
m/s centered at 65 km altitude. It is reported that from the
end of January to the middle of February in 1991 a strato-
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Fig. 4. Frequency spectra of radial wind velocities observed on June 6-29, 1987: July 2-21, 1990; October 13-31,
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spheric sudden warming occurred [Nawjokar et al., 1991).
Tsuda et al. [1987] pointed out that even at the latitude of
35°N the mean zonal wind at 90 km can sometimes be
reversed from eastward to westward direction during a
stratospheric warming. Muwrayama et al. [1992] also showed
that the correlation between the stratospheric sudden warm-
ing and the weak castward mean wind in the upper strato-
sphere by the rocketsonde observation in the DYANA
campaign. Therefore the discrepancy in winter reported
above could be caused by the effects of the stratospheric
warming.

4, FREQUENCY SPECTRA

We first analyze in this section frequency spectra of
vertical and radial wind velocity and then further derive
frequency spectra of momentum flux.

4.1.

We analyzed a frequency spectrum by adopting the pro-
cedure described by Tsuda et al. [19906]). except that the
maximum lag of an autocorrelation function (ACF) was sct
equal to 150 min for the results in June 1987, July 1990, and
October 1986, while it was 80 min in January/February 1991
because of the lack of data in the early morning and late
afternoon. We restricted the height range for the spectral
analysis to 6880 km, since the time series were most
continuously obtained at these altitudes.

Figure 4 shows frequency spectra of vertical wind velocity
as well as those for radial wind velocity obtained in the four
oblique directions during the four observation periods. Note
that the spectral density at the lowest frequency point shown
in Figure 4 tends 1o be smaller than the real value because of
the removal of the linear trend in the time series and the
Hanning window muitiplied to the ACF of the time series
[Tsuda er al., 1989]. The spectra of high frequency compo-
nents are smoothed with a spectral window of a raised cosine
of the logarithmic frequency, where the resulting spectral

Vertical and Radial Wind Velociry

resolution becomes approximately *35% at any specified
frequency, as indicated in the figures. Thus the reliability of
the spectral density at the high frequency component was
significantly improved but the frequency resolution became
worse than the original spectrum. The 95% confidence
intervals of the spectral stability at each frequency are
generally 14% and 4% for the frequencies of 1 X 1074 57!
and 1.7 x 107 s~!_ respectively. However, the confidence
intervals are about twice larger for the data in January/
February 1991 because of the low data acquisition rate.
The general structure of the oblique spectra was similar
among determinations in the four observation periods. The
logarithmic slopes of the oblique spectra were approximately
—5/3 in the frequency range of 1074 s t03 x 107 s,
suggesting that the oblique spectra were mainly contributed
by the projection of horizontal wind components. On the
other hand. the specira for frequency components larger
than 4-5 x 107% s7! werce enhanced, which seems to be
caused by the effects of vertical winds. However, in the
frequency range of 7-8 X 107* s~ the spectra in June 1987,
July 1990, and October 1986 again showed a slope of about
—5/3, which could be explained by the Doppler shift effects
on the spectrum of vertical winds [Fritts and VanZandt.
1987; Tsuda et al., 19905b], i.c.. the frequency spectra of
radial wind with no background mean wind would show a
peak at Brunt-Viisilda frequency and no energy would be
found in the higher frequency region, but the Doppler shift
by a background mean wind cuan cause a shift of peak to the
lower frequency and the spectral slope with —5/3 for higher
frequency. In January/February 1991 the spectral slope was
fairly gradual in the entire frequency range larger than 4-5 X
107% s~', and it did not show the bend at 7-8 x 1074 s ™!
detected in other three periods. The determination rate of
the Doppler velocity in January/February 1991 was lower
than those in the other observation periods because of the
low signal to noise ratio (SNR) in winter and the large
interval between successive Doppler spectra due to the
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Frequency spectra of zonal (thick) and meridional (thin) momentum flux observed on June 6-29, 1987; July

2-21, 1990; October 13-31, 1986; and January 21 to February 8, 1991, Note that curves are plotted in an area preserving
form. The error bars indicate the confidence intervals of 95%.

interleaving of other observations. Such a condition might
cause the noisy spectra in January/February in 1991, espe-
cially at the high frequency components.

A discrepancy in the spectral amplitudes among the four
oblique directions was recognized in the results, which was
most conspicuously scen for frequency components smaller
than about 5 X 107 s7!, where the horizontal component
had a more dominant contribution to the oblique spectra. It
is noteworthy that in January/February the spectral ampli-
tudes for zonal components were larger than the meridional
ones, which can be recognized in the frequency range above
Sx 1074 sl

It is appreciable that in October 1986 the spectral ampli-
tudes for the eastward component were smaller than those in
the other three directions for frequencies lower than 3 X
107" s~' In June 1987 the spectrum for the eastward
component showed largest values in the frequency runge of
lower than 8 x 107% s 7!, Spectra in July 1990 also showed
larger values for the eastward winds in the low frequency
range. The azimuthal anisotropy of the oblique spectra can
be interpreted in terms of the anisotropy in the distribution
of gravity wave propagation [VanZandt et al., 1990]. which
can further be related to the dominant direction of the
wave-induced momentum flux.

For the vertical wind component the spectral slope was
nearly zero but showed some variation with months for the
frequency range of 1 X 1074 s71 10 4-5 x 107% ¢! where
the slope can be estimated to be —0.05. 0.05, 0.15, and —0.4
in June 1987, July 1990, October 1986, and January/February
1991, respectively.

The spectral amplitudes for both vertical and oblique
components were generally larger in summer months. That
is, the density of oblique spectra in June 1987 and July 1990
were 3 and 3.5 times larger than in October 1986, respec-
tively, in the frequency range between | X 1074 and 2 x
1073 s =1, The spectral amplitudes in January/February 1991
were smaller than the summer results but were larger than
those in October by 1.5 to 2.5 times in the frequency range of
2x 1070l x 107 s,

These comparisons suggest that the gravity wave energy

in the mesosphere exhibits a semiannual variation with the
smallest values at the equinoxes, which is identical to the
seasonal variation of the activity of mesospheric gravity
waves with periods of 2 hours to S min at 60-90 km in
1985-1988 reported by Tsuda et al. [1990a] and is consistent
with other radar observations [Vincent and Frius, 1987;
Meek er al., 1985].

4.2, Momentum Flux Spectru

We discuss here the frequency spectra of momentum flux
at 68-80 km altitude. We subtracted spectral densities be-
tween a pair of oblique frequency spectra collected by using
antenna beams pointed at the opposite azimuth angles.
Then, we derived a frequency spectrum of momentum flux
by dividing the resultant spectral density by 2 sin 26 (6:
zenith angle of the oblique beam). That is,

Fyo(w) = Fye(w)

2 sin 26

Fu’w’(w) = (l)

. Fya(w) = Fygeyw)
Fi"\\"(w = .
2 sin 26

(2)

where I"v(oo'( w), ngoo)(a)). ’:V(IB‘)")( lu)‘ and szﬂw,(u)) are
spectra of the radial wind velocity at 0°, 90°, 180° and 270°
azimuth angle, and 8 represents the zenith angle of the
oblique antenna beam direction, i.e., 10° in this study.

Figure 5 shows the observed momentum flux spectra,
F, (w) and F, .(w), for the northward and castward
components, respectively. Note that momentum flux spectra
are plotted in an area preserving form, so that the area
surrounded by the curve and horizontal axis is proportional
to the integrated momentum flux in the corresponding fre-
quency range. The error bars indicate the confidence inter-
vals of 959 of the spectral stability.

There is a clear seasonal variation in that the zonal
momentum flux was eastward in summer and westward in
winter, which has already been reported by Tsuda et al.
[1990a]. We here discuss the frequency distribution of the



momentum flux. In June 1987 the zonal momentum flux was
largely enhanced in the eastward direction in the frequency
range lower than 8 X 107 s, corresponding 1o the wave
period of about 20 min. On the other hand, the meridional
momentum flux was generally northward and southward in
the lower and higher frequency ranges than 4 x 1074 s~ (40
min in period), respectively, but it did not show clear
enhancement in the observed frequency region. The zonal
momentum flux was fairly small in the frequency range
above 8 x 107* 57},

In July 1990 the large eastward momentum flux was
detected in the frequency range lower than 4.0 x 107% 57!,
that is, about 40 min in wave period. For the frequency range
higher than 4.0 x 107* s~' the momentum flux was wesi-
ward, being opposite to that for the lower frequency com-
ponents. The meridional flux fluctuated near zero, and it did
not show a clear tendency of dominant directions.

On the other hand, the zonal momentum flux in January/
February 199! showed large values in the westward direc-
tion in the frequency range lower than about 4 x 10~ 7!
or 40 min in wave period. For the higher frequency compo-
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nent the zonal momentum flux was weakly westward. The
meridional flux was generally northward in the entire fre-
quency region, although the amplitudes were fairly small.
These results support the theoretical prediction that the
zonal momentum flux should be reversed between summer
and winter months [e.g., Lindzen, 1981].

In October 1986 the amplitudes of both the zonal and the
meridional momentum were fairly small in the entire ob-
served frequency range. However, the zonal momentum flux
was generally westward in the frequency range lower than
3.5 x 1074 571 (about 50 min in wave period), which is
consistent with the results in winter months, again suggest-
ing that the condition in October 1986 was more winterlike
than summerlike.

Meck et al. [1985] reported, using Saskatoon medium-
frequency (MF) radar observations, that gravity waves with
periods shorter than { hour mainly contribute to the accel-
eration of the mean wind. Fritts and Vincent [1987) and Reid
and Vincent [1987] pointed out, using Adelaide MF Doppler
radar observations, that about 709 of the momentum flux
was due to the components with periods of less than | hour.
Fritts [1984] theoretically discussed the contribution of high
and low frequency components of gravity waves to the
momentum flux by a dispersion relation and concluded that
more than two thirds of the total flux is due to the waves with
periods less than 2 hours if the frequency spectral slope of
horizontal wind velocity fluctuation is —5/3. Our results,
however, show that the amplitudes of the zonal momentum
flux were considerably large for gravity waves with periods
between I and 2.7-5 hours. It can be suggested that the
gravity waves with periods longer than 2.7-5 hours can also
be important in carrying momentum flux, which, however,
was not clarified in this study due to the limited minimum
frequency of the spectral analysis.

5. PROFILES OF MoMENTUM FrLux

In this section we present vertical profiles of momentum
flux. Observations in June 1987, July 1990, and October 1986
were analyzed because enough wind velocity data in these 3
months were collected 1o analyze the vertical profile. The
data were analyzed in the same way as by Tsuda et al.

components of momentum flux in June 1987. The top and the bottom
pancls correspond to the components with periods of more than 30
min and 30-5 min, respectively. The solid line shows the 4.5-km
average of the momentum flux. The dashed lines are best fit lines
between 71 and 80 km. In the top right-hand panel, the momentum
flux observed in August 1986 and 1988 and July 1988 for the waves
with periods of 2 hours to 30 min is also plotted as thin lines as a
reference [Tsuda et al., 1990a].

[1990b] except for the band-pass characteristics of the filter.
For each range bin and cach day, a linear trend was
subtracted from the 10-hour (or 8-hour) time series of radial
wind velocities. Then, the fluctuating radial wind compo-
nents were separated into two frequency ranges by using
low-pass and band-pass filters with a cutoft period of 30 min
and a band-pass of 30-5 min, respectively. We hereafter
refer to the two bands as the 8- to 0.5-hour and 30- to 5-min
components, respectively. By subtracting the variances of
radial wind velocity observed in each range gate by using a
pair of oblique beams, we obtained profiles of both zonal and
meridional momentum flux.

The values of the momentum flux in each range bin were
averaged over a height range of 4.5 km, and then the profiles
of pu™w’ and pv'w’ were determined, as shown in Figures
6-8, where p was taken from the CIRA 1986 model. Note
that for the data in July 1990, the 30- to 5-min component
was not deduced because the Nyquist period determined by
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Fig. 7. The same as Figure 6 cxcept for the data in July 1990. Only
the component with periods larger than 30 min is deduced.
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1986. The dashed lines are the best fit lines between 65 and 75 km.
The momentum flux observed in February 1986 and December 1985
for the waves with periods of 2 hours 10 30 min is also plotied as thin
lines as a reference {Tsuda et al., 1990a].

the interval of the Doppler spectra was larger than 5 min and
the band-pass filter could not be composed.

All the profiles showed that the momentum flux decreased
with height, except for those of the 30- to 5-min component
of zonal flux in June 1987 and the 8- to 0.5-hour component
of meridional Aux in July 1990, It is remarkable that the
eastward momentum flux of the 8- to 0.5-hour component in
June 1987 and July 1990 was conspicuously larger in com-
parison with other profiles at the altitudes of 71-77 km. At 71
km the eastward flux for the 8-0.5-hour component was 2 X
107 kgm's 2and 3 x 107  kgm ™' s in June 1987 and
July 1990, respectively, while other components were about
0.5x 107 kgm™' s72

The eastward flux of the 8- 1o 0.3-hour component in June
1987 and July 1990 decreased rapidly with height indicating
strong eastward drag force, while the 30- to 5-min compo-
nent in June 1987 was small in all the height ranges. Other
determinations based on the MU radar observations by
Tsuda et al. [1990a] are plotted in Figure 6, which were
deduced for the wave periods of 2 hours to 30 min. They
showed smaller momentum flux in comparison with the
results in June 1987 and July 1990 by a factor of 2/3 o 1/2,
although the general behavior was quite similar. The discrep-
ancy seems 1o be due to the additional momentum flux of the
wave component with periods of 2 to 8 hours. The meridi-
onal component in June 1987 shows northward and south-
ward flux in the 8- to 0.5-hour and 30- to 5-min ranges.
respectively, which is also recognized in the frequency
spectrum of momentum flux in Figure 5. The meridional
component in July 1990 shows northward and southward
momentum flux below and above 75 km, resulting in a total
northward drag at around 75 km.

In October 1986, as shown in Figure 8, the zonal compo-
nent was westward and eastward in the 8- to 0.5-hour and 30-
to 5-min ranges, respectively. The amplitude of the zonal
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flux due to the 8- to 0.5-hour component was about 5 X 10 -3
kg m~! s 7% at 70 km. which was larger than that for the 30-
to S-min components by a factor of about 2. Therefore the
resultant total flux seemed to be wesiward. The carlier
results in December 1985 and February 1986 reported by
Tsuda et al. [1990a]| shown in Figure 8 showed a similar
amplitude of westward momentum flux at 68-78 km altitude.
However, Tsuda et al. [1990a] picked up the wave compo-
nent with periods of 2 hours to 30 min, so that if they are
compared as the momentum flux of 8-hour to 30-min com-
ponents, the amplitude in October would be significantly
smaller than those in December and February. The meridi-
onal component in October 1986 also shows different direc-
tions between the 8- to 0.5-hour and the 30- to 5-min
components, northward and southward flux for the 8- to
0.5-hour and 30- to 5-min frequency components, respec-
tively, although the amplitude of the latter was small.

According to the theoretical study by Frints [1984] the
ratio of momentum flux with periods of inertia period to 30
min and 30 min to Brunt-Viiisdld period is estimated to be
1:1.1, by using a linear dispersion relation of gravity waves
and the assumption of spectral slope of @™, Our momen-
tum flux observation of 8-hour to 30-min and 30- 10 5-min
component showed that Frins [1984] overestimated of the
contribution of high-frequency gravity wave, which is also
shown in the frequency spectral analysis for the component
with periods less than 5 hours in the previous section.

The most reliable profiles of momentum flux were esti-
mated at 71-80 km in June 1987 and July 1990 and at 65-75
km in October 1986, respectively. Therefore that part of the
momentum flux profiles was fitted by a linear curve, as
indicated in Figures 6-8. Then, we estimated the mean flow
accelerations, or drag force, Fg and F ., for the zonal and
meridional components, respectively, from the vertical de-
rivative of the momentum flux profiles as

; | a ( P
Y= == —(pu'w’)
L 3z p 3)
- L9 (oo’
L = - —— ,"’
N 2 pr'w’)

The values of Fy and F s can be regarded to be taken at 75
km in June 1987 and July 1990 and at 70 km in October 1986,
respectively. The resultant values of Fg and Fy are sum-
marized in Table 2.

The zonal mean winds plotted in Figure 2 showed a
decrease with height above 74, 75, and 69 km in June 1987,
July 1990, and October 1986, respectively: thus the results of
Fg and Fy shown in Table 2 were determined at 71-80 km
for June 1987 and July 1990 and 65-75 km for October 1986.

In June 1987 the easiward mean flow drag due to 8- to
0.5-hour waves was as large as 61 m/s/d, while the 30- to
S-min component showed westward drag of only 10 m/s/d, so
that in total an eastward drag of 51 m/s/d resulted. The
meridional acceleration in June 1987 was northward and
southward for the 8- to 0.5-hour and 30- to S-min ranges,
respectively. The amplitudes were about 15 m/s/d in both
cases. As a result, the drag forces due to the 8- to 0.5-hour
and 30- to 5-min components canceled each other out. Thus
the total acceleration became as small as —4 m/s/d. The
zonal drag in July 1990 of the 8- to 0.5-hour component also
showed castward drag as high as 33 m/s/d. The northward
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TABLE 2. Mean Flow Drag Due to the Gravity Waves
Drag
Month Direction 8 hours-30 min 30-5 min Total Remarks
June 1987 zonal +6] m/s/d -10 +351 at 71-80 km
meridional +13 -17 —
July 1990 zonal +36 at 71-80 km
meridional +33
Oct. 1986 zonal -8.7 +4.3 -4.4 at 65-75 km
meridional +8.4 -1.0 +7.4
Aug. 1986 zonal +7.2 (2 hours to 30 min) at 7077 km
July 1988 zonal +12.8 (2 hours to 30 min) at 73-79 km*
Aug. 1988 zonal +9.4 (2 hours to 30 min) at 66~75 km*
Feb. 1986 zonal ~7.6 (2 hours to 30 min) at 70-78 km*
Dec. 1985 zonal =11.0 (2 hours 10 30 min) at 73-77 km*

*Tsudua et al. [1990a].

drag also reached up to 36 m/s/d, although the 30- to 5-min
component, which was not determined in the present study.
may cancel the strong meridional flux, as is the case of June
1987. In October 1986 the westward and northward acceler-
ation for 8- to 0.5-hour component was 8.7 and 8.4 m/s/d,
respectively, which was partly canceled out by the 30- to
S-min component, causing a small acceleration.

To summarize, the contribution of the low frequency
components (8-0.5 hours) was large to not only the momen-
wm flux itself but also to their vertical gradient, i.e., mean
flow drag. And the high frequency component (30-5 min) had
relatively smaller eflccts except for the meridional compo-
nent in June 1987. The zonal drag by the gravity waves with
periods from 2 hours to 30 min was also reported by Tsudua
er al. [1990a}, which is also shown in Table 2. They
observed that the zonal momentum flux in summer was 7-13
m/s/d at about 70-75 km altitude. Our result here shows that
the eastward drag was larger than their result by a factor of
3-7 times, which is probably because our results were
calculated for waves with periods extending to 8-10 hours,
and also the height range was higher, from 71 to 80 km. For
the winter months, Tsuda et al. observed two cases in
February 1986 and December 1985 which showed the west-
ward drag of 7.6 and 11.0 m/s/d at 70-78 km for the wave
periods of 2 hours to 30 min. These values are comparable
with the westward flux observed for the periods of 8
hours—30 min in October 1986. However, if the direction of
the drag does not change between the wave components
with periods larger and smaller than 2 hours, as suggested
from Figure §, the drag by the wave periods of 8 hours to 30
min, i.e., the major component of the zonal drag, can be
estimated to be larger in winter than in October.

The momentum flux and mean flow drag in October 1986
have also been alrcady reported by Tsuda et al. [1990b],
who showed momentum flux due to the wind fluctuation with
periods longer than 10 min. They calculated the westward
and northward drag to be 5.1 and 4.0 m/s/d, respectively,
indicating a difference with the present results of 0.7 and 3.4
m/s/d, respectively. This difference is considered to be
caused by small westward and comparatively large north-
ward momentum flux with periods of the 10- to 5-min
components, which can be seen in Figure 5.

The consistency of the current observations with the
previous studies with the MU radar [Tsuda et al., 1990a, b)

suggests that the momentum fluxes obtained in the present
study are typical values in the seasonal variation.

Reid and Vincent [1987] reported that gravity waves with
periods ranging from 8 min to 8 hours induced zonal mean
wind acceleration at 80-98 km between 50 and 80 m/s/d as a
typical value and sometimes almost 200 m/s/d. They further
showed a good agreement of the observed acceleration with
Coriolis torque due to mean meridional wind, while they
showed disagreement when planetary waves were enhanced.
Meek and Manson [1989] also investigated w w’ at 60-110
km and found that zonal acceleration by gravity waves with
periods of 10-100 min was 10-50 m/s/d in summer and
winter, which was also consistent with Coriolis torque.
Although our results are limited 1o only three campaigns and
at a low altitude (75 km in June 1986 and July 1990 and 70 km
in October 1986), they do not contradict other observations.
Moreover, the corresponding Coriolis torque from the me-
ridional wind shown in Figure 3 was —50 m/s/d at 75 km in
June 1987, —55 m/s/d at 75 km in July 1990, and +12 m/s/d at
70 km in October 1986, which agree well with the zonal drag
presented in this section except for the larger value than the
observed drag in July 1990, where the drag due to the waves
with periods of 30-5 min was not determined, as described
above.

6. Day-10-DAY VARIATION OF GRAVITY WAVE ACTIVITY

In this section we describe day-to-day variations of gravity
wave activity during the two observation campaigns: June
1987 and October 1986. As we report in section 4, frequency
spectra suggested that gravity waves with periods longer
than 20-50 min produced a major part of the zonal momen-
tum flux. Furthermore, in section § the momentum flux due
to gravity waves with periods longer than 30 min was found
to be dominant in accelerating mean wind. Therefore we
study the variance and momentum flux induced by gravity
waves with periods of 30 min to 4 hours.

The top panels in Figure 9 show the daily mean variance of
radial wind fluctuations in the vertical and four oblique
directions with periods of 4 hours to 30 min. Data with
significant gaps in daytime were excluded from the figure.
Note that the vertical axis of the figures are adjusted to the
magnitude of variance in each month, so that the scale is
larger for June 1987 than for October 1986. The bottom
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(Top) Day-to-day variations of the daily mean variance of the radial wind Ructuations and (bottom)

momentum flux, respectively. (Top) Pluses, solid circles, open circles, solid triangles, and open triangles show variance
of vertical, northward, southward, eastward, and wesiward beams, respectively. Left and right panels are for
observations in June 1987 and October 1986, respectively. Wind fluctuations with periods between 30 min and 4 hours
are extracted. (Bottom) Day-to-day variations of zonal (triangles) and meridional (circles) momentum flux with periods

between 30 min to 4 hours.

panels in Figure 9 show day-to-day variation of the momen-
tum flux. In June 1987 the eastward momentum flux showed
large day-to-day variation, that is, it quite often became as
large as about § m*/s2, while it became close to zero on other
days. There were no cases that showed westward flux larger
than 2 m*/s°.

Northward momentum flux also showed similar character-
istics, although the magnitudes of northward momentum flux
were smaller than the eastward components. It is notewor-
thy that there seems to be some correlation between the
enhancement of zonal and meridional components, but it did
not always coincide.

In October 1986 the zonal momentum flux was generally
westward, but it sometimes reversed to become eastward
with small amplitudes. On the other hand, the meridional
flux was distributed in both northward and southward direc-
tions.

Reid and Vincent [1987]) determined momentum flux and
mean flow drag every 3-4 days and found that the direction
and magnitude of the flux and mean flow acceleration
showed considerable variations between successive obser-
vation periods. Our results of the daily determination of
momentum fluxes also showed a similar variability in ampli-
tude and direction. These variations suggest that the propa-
gation directions of gravity waves change frequently.

Next, we examine the relation between the day-to-day
variation of the momentum flux and the variability of the
mean wind field. The left panel in Figure 10 shows the daily
mean zonal wind velocity averaged over the height range
between 70 and 85 km as well as the mean zonal wind shear
in the same height region, which is calculated by using a
linear fitting of daily mean wind velocity profile. Although
the mean wind and shear determined by daytime mean of a
single day may be affected by a large internal gravity wave
activity, the effect of the inertia gravity waves with vertical
wavelength smaller than 10-15 km, which are often observed

as a dominant component, would be small, because each
mean wind and shear here are deduced by the data of 15-km
altitude range.

The amplitudes of both mean wind and wind shear showed
large day-to-day variations. There seems to be a fairly good
correlation between the variations of momentum flux and
wind shear, except for the results on June 26-28, 1987, while
the variation of the mean wind amplitudes was somewhat
different from these variations. The cross correlation be-
tween the zonal momentum flux and the zonal wind shear
and between the zonal momentum flux and the mean zonal
wind are plotted as scatter diagrams in Figure 10. The
correlation coefficient was 0.69 between the zonal wind
shear and the zonal momentum flux, while it was —0.37
between the zonal wind amplitude and the momentum flux.
Therefore the former correlation, i.e., the correlation be-
tween the zonal wind shear and the zonal momentum flux, is
relatively significant. The meridional momentum flux did not
show a good correlation with either the mean meridional
wind amplitude or the meridional wind shear.

Figure |1 shows similar comparison of observations in
October 1986, where the height range for the calculation of
the zonal wind and wind shear was 65-75 km. It again
showed a good correlation between zonal momentum flux
and zonal wind shear, while zonal mean wind amplitude did
not show a good correlation with zonal momentum flux. The
wind shear and the momentum flux showed large day-to-day
variations, having large negative values between October 18
and 28, while the mean wind showed longer-period varia-
tions with a minimum eastward wind at October 17 and then
almost monotonously increased up to 60 m/s until October
31

The correlation coefficients between the zonal wind shear
and the zonal momentum flux and between the zonal mean
wind and the zonal momentum flux were 0.52 and 0.09,
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respectively. The meridional lux again did not show a good
correlation with meridional mean wind or wind shear.

The correlation between the mean zonal wind shear and
the zonal momentum flux can be explained as due to the
strong castward momentum flux accelerating the mean zonal
wind eastward by losing a part of the momentum flux, i.e.,
these day-to-day variations in wind shear are caused by the
day-to-day variation of momentum flux caused by gravity
waves.

The day-to-day variations of the momentum flux could
also be gencrated by the variation of the mean wind intensity
in the mesosphere, which modulates the effect of the gravity
wave saturation due to convective instability. That is, the
gravity waves propagating in the same direction as the mean
wind are attenuated by the increase in mean wind amplitude.
This could also cause the fluctuation of momentum flux.
However, the mean wind variation in that situation has to
show a better correlation with the momentum flux variation
than the shear variation does, because the absolute ampli-
tude of mean wind is concerned with the interaction with
gravity waves. In the present results the variation of zonul
mean wind showed less correlation with momentum flux
than the variation of zonal shear. In this case it can be
considered that the shear and its variability are larger than
the variation of mean wind at 70-85 km, and when the shear
becomes large, gravity waves with the opposite propagation
of the net momentum flux are more effectively absorbed. But
this situation can be considered when the variations of shear
and wind fluctuation variance have positive correlation and
hence can be a reasonable interpretation for the case of
October 1986, but is not appropriate for June 1987, as shown
in Figures 9-11.

day-to-day variation of zonal momentum flux carried by
gravity waves or the shear variability caused the day-to-day
variation of zonal momentum flux.

7. CONCLUDING REMARKS

We studied the characteristics of gravity waves in the
mesosphere at 60-90 km observed by means of the MU radar
in four periods: June 1987, July 1990, October 1986, and
January/February 1991.

The mean winds are compared with the Kyoto meteor
radar observations at 80110 km in 1983-1985, showing
reasonable overall continuity at 80-90 km. Some discrepan-
cies from the CIRA 1986 model were pointed out such that
the observed winds were smaller by 10-35 m/s below 80 km
in summer and above 75 km in October 1986. The eastward
winds below 70 km observed in January/February 1991 were
smaller than the CIRA 1986 by 20-350 m/s, which could be
caused by the effects of a stratospheric sudden warming. The
reversal height in summer was observed as 83—84 km in 1987
and 1990, showing good agreement with CIRA 1986 model,
although the reversal height can be estimated as about 82 km
when the MU radar results and Kyoto meteor radar results
in 1983-1986 are averaged. The mean meridional wind in
June and July showed southward maxima at around 80 km
with 10-15 m/s, while the southward peak was found to be
10-20 m/s at 75-80 km in October and in January/February.

The frequency spectra of the radial wind velocity deter-
mined at 68-80 km during the four observation periods had a
slope of about —5/3 for frequencies smaller than about 4 X
107* s 7!, while vertical spectra showed a slope of +0.15 to
-0.4. The spectral densities at the frequency of 2 X 10™% 57!

Thus the day-to-day variation of the zonal shear of mean were the largest in June 1987 and July 199() i e 1.5-2 x 10*
wind in the present study is explained that it is caused by the  m? , became 6 x 10° - 1.5 x 10* m> s~! in January/
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The same as Figure 10 except for the data in Octobter 1986. Zonal mean wind and shear were calculated for
65-75 km.
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February 1991, and showed the smallest values of 4 X 103
m? 57! in October 1986,

Analysis of the frequency spectra of momentum flux was
performed for the wave period range of 5 hours to 5 min and
clarified that zonal momentum flux was predominantly con-
tributed to by gravity waves with periods longer than 20 min
in June 1987, 40 min in July 1990, S0 min in October 1986,
and 40 min in January/February 1991, respectively. The
meridional momentum flux did not show clear components
that were dominantly detected in the momentum flux spec-
tra, instead it rather fluctuated around zero.

The vertical profile of momentum flux, " w’ and 7w, in
June 1987, July 1990, and October 1986, when the data
acquisition rate was fairly good. showed that the mean flow
drag by low-frequency waves (wave periods, 8 hours to 30
min) was larger than that due to high frequency components
(5-30 min) for both zonal and meridional components, ex-
cept that the meridional component in June 1987 was com-
parable 1o the zonal one. The directions of the drag of the
high and low frequency components were opposite, causing
cancelation between different frequency components. The
total zonal and meridional acceleration observed in the
daytime duration was +51 and —4 m/s/d in June 1987 at 75
km and -4 and =7 m/s/d in October 1986 at 70 km,
respectively. Since the momentum deposition by waves with
different frequency components is often of different direc-
tions, it is important 1o observe the dominant frequency
component of the momentum flux, such as the waves with
periods longer than 30 min. The zonal mean flow drag
observed above showed good correspondence with Coriolis
torque of the mean meridional wind observation.

The day-to-day variation in the gravity wave aclivity was
larger in June 1987 than in October 1986. These variations in
zonal momentum flux seem to show good correlation with
the shear of zonal mean wind each day, suggesting these
mean wind fields were accelerated and changed with the
day-to-day variation of the gravity wave activity, while it is
also possible that day-to-day variation of the gravity waves
are caused by the variation of wind shear.
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