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CHARACTERISTICS OF MESOSPHERIC INTERNAL GRAVITY WAVES OBSERVED BY MU RADAR

Y. Huraokal, K. Kawahira2

Abstract. We present mesospheric wind data from
MU radar at Shigaraki (34.9°N, 136.1'E), Japan,
that exhibit a wave motion with a vertical wave-
length of & km. An analysis of the horizontal and
vertical components of the observed wind velocity
shows that the wave motion is due to an internal
inertia-gravity wave. It behaves like a station-
ary wave, similar to lee waves. With the esti-
mated wave parameters, we can derive the mean
mesospheric temperature from the dispersion rela-
tion for the inextial modes. The temperature is
shown to be guite consistent with the mean state
of the atmosphere. It is further shown that a
sctattering echo layer observed simultaneously was
closely connected with the vextical propagation of
the gravity waves.

Introductiocon

In recent years, it has been demonstrated that

gravity waves play a significant role in the dy-
namics of the middle atmosphere [cf. Fritts,
1984]. The vertically propagating modes can trans-

port momentum and energy upwards,
tudes grow exponentially,
eZ/ZH 55 the middle
Theoretical

and their ampli-
but less rapidly than
atmosphere [Hines, 1960].
studies have further shown that the
observed circulation and mean temperature struc-
ture in the middle atmosphere are maintained
through the dissipation and wave drag process of
these waves in the mesosphere {Lindzen, 198%1;
Matsunc, 1982; Holton, 1982, 1983]. The dissipa-
ticn of gravity waves and the resultant generation

of turbulence are considered to be due to dynami-
cal and convective instabilities {[Hodges, 1967;
Hines, 1970; Lindzen, 1981; Fritts and Punkerton,
1984; Fritts and Rastogi, 1985].

However, we are only just beginning to fully
understand various aspects of gravity wave propa-
gation through a number of observational studies

[cf. Fritts et al., 1984a]. Several studies have
shown that gravity waves have a wide variety of
periods, phase speeds, and horizontal and vertical
wavelengths [Vincent and Reid, 1983; Heek et al.,
1985]. Little is known about the behavior of
mescspheric inertjial modes affected by the earth's
rotation although some workers have examined this
question observationally in the stratosphere by
using rocket sounding data [Hirota, 1984; Hirota
and Niki, 1985] and in the mesosphere by using VHF

echo data [Balsley et al., 1983; Fritts et al.,
1984b].
In numerous observational techniques, MU

{middle and upper atmosphere) radar is potentially
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very helpful for studying large- and small-scale

motions inm the middle atmosphere {Kato et al.,
1984; Fukao et al., 1985a, bl. The radar can pro-
vide reasonably high spatial and temporal resol-
ution data on atmospheric motions and turbulent
intensities [e.g., Sato et al., 1985; fTsuda et
al., 1985]. One of the advantages of MU radar
measurements is that the vertical 'wind velocity

can be estimated, as well as the horizontal veloc-
ity. This permits further detailed discussion of
the propagation of gravity waves.

The purpose of this paper is to discuss the
characteristics of internal inertia-gravity waves
in the mesosphere, by comparing changes in three
components of the mesospheric wind field measured
by MU radar with the result derived from a simpli-
fied linear theory. In addition, we discuss the
assoclation between the vertical propagation of
the inertial modes and the occurrence of a scat-
tering echo layexr in the mesosphere.

MU Radar Observations
The MU radar at Shigaraki (34.9°N, 136.1"E),
Japan, is now in full operation with all 475 yagis
and 1 MW peak power. Petails of the system and
experimental results may be found in Kato et al.
£1984], Fukao et al. [1985a, b] and Sato et al.
[1985]. To measure three components of the wind
velocity in the mesosphere, the main beam of the
MU radar was pointed vertically and in two off-
vertical directions (10" from the =zenith), in
turns. The main parameters of the MU radar on our
observation on September 20, 1985, are listed in
Table 1. Echo signals were sampled at intervals
of 600 m in the height range of 60-97.8 km and
were coherently integrated over 20 pulses of
transmission. The signals were transformed into
power spectra by using the 128-point FFT. After
we removed the effect of meteor echoes ohserved
intermittently above 85 km (see Tsuda et al.
{1985] for the behavior of metecr echoes), we
determined the radial wind velocities, using a
nonlinear least square fitting method for the Dop-
pler shifted spectrum data that were incoherently
accumulated for about 30 min. The meridional and
zonal components of the mesospheric wind velocity
were derived from the radial velocities consider-
ing +the vertical component. The average of the
four successive wind profiles was estimated as a
mean profile for about twe hours and was smoothed
by applying a three-point running mean to remove

small-scale noise. Furthermore, the contribution
of large-scale components with vertical =scales
larger +than about 20 km, which are due +to the
background mean flow, tides and so on, was esti-
mated by applying a low-pass filter with respect
to height.
Results

Figure 1 shows a time-height contour of the

echo intensity scattered at mescspheric heights

in the vertical direction of the beam during 1145-
ip45 LT on September 20, 1985. Between 65 and 85
km in altitude, +three intense echo layers were
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TABLE i. Parameters of the mesospheric
measurements by MU radar.

Height range
Beam frequency
Beam directions

60 - 97.8 km

46.5 MH=z

vertical

northward deflected 10" from
the zenith

eastward deflected 10" from
the zenith

Sample intervals 600 m
Time resolution 208 sec
Inter-pulse period 1300 usec

obsgerved continually around the heights of 70, 76
and 82 km. During the observation, the heights of
these layers changed very little, while the inten-
sity decreased. The change in echo intensity may
be divided into two periods, since the intensity
became weak once around i400 LT. Thus, we esti-
mated two mean wind profiles from these scattering
echo data, Figure 1 also shows that meteor echoes
were observed intermittently above 85 Km.

Figure 2 shows the height profiles of the mean
wind velocity for the zonal, meridional and verti-
cal components between 60 and %0 km in the latter
half of the period during which intense echo
layers were observed (1431-1635 LT). This figure
indicates that a wave motion with a vertical wave-
length of 6 km existed in the background mean
flow. The amplitude of the velocity perturbation
increased with height up to 8¢ km, as typically
occurs in the meridional component. The magni-
tudes attained 11 m/s, 17 m/s and 25 cm/s in the
zonal, meridional and vertical components, re-
spectively, near 80 km height. At the same time,
the background mean flow had eastward and north-
ward components on the order of 20 m/s with down-
ward motlon of approximately 20 cm/s, although
they varied gradually with height. Rote that the
northward and downward components of thae wind
valocity perturbation due to the wava motion were
well correlated with each other. They were appar-

antly connected with the appearance of the acho
layers shown in Figure 1, with a constant phase
phase difference (~ x/3). It is noted that the
S/N RATIO {Az,Zle)=( 0, 0)
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Fig. 1. Time-height contour of signal-to-neise
{S/N) ratio observed in the vertical beam direc~

tion of the MU radar on September 26, 1985. The
S/H ratio is defined in an arbitary unit.
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acho layers also corresponded to the strong verti-
cal shear of the zonal wind. PFigure 3 is another
example of the mean wind profiles, which were
estimated from the earlier half (1202-1407 LT) of
the echo data shown in Figure 1. This figure also
shows the existence of a wave motion with a verti-

cal wavelength of 6 km although it was disturbed
by small-scale noise, The perturbation winds due
to the wave correspond to the simultaneously

observed echo lavexs, as in Figure 2.

Discussion

We proceed mnow to estimate various parameters
of the observed wave motion, with a simplified
theoxy for inertial gravity waves [e.g., Gossard
and Hooke, 1975]. We assume that the perturba-
tions in the linearized equations have solutions
proportional to exp{i{kx+mz-wt)}. Here k and m
are the horizontal and vertical wave numbers, and
w is the observed (Doppler-shifted) fregquency.
Considering a background mean flow, @ in the x
direction, the intrinsic frequency with respect to
the mean flow is defined as

& = w- ki. (1)

To a good approximation, a dispersion relation for
inertial gravity waves (N2>» & 2f),

. kN
L Y (2)
of - f
is obtained. Here f is the inertial frequency and
B is +the Brunt-vdisdla frequency. Then, the
polarization relations between perturbation veloc~
ity components are given by

v' = ~{if/@)u’ (3)
and
w' = —{k/m)u’. (4)

We consider the wave motion shown in Figure 2
here because +the estimated wave parameters are
almost the same as those in Figure 3 except for a
slight difference in the direction of horizontal
propagation. In Figure 4, the change in wind
velocity with height is shown for the zonal-
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Fig. 2., Vertical profiles for zonal (left), mer-
idional (center) and vertical (right) components

of mean mesospheric wind velocity observed by the
MU radar between 1431 and 1635 LT on September 20,
1985. Each positive value indicates eastward,
northward and upward winds, Yespectively. Dashed
line in each panel represents the background mean
flow smoothed by a low-pass filter.
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Fig. 3. Same as Figure 2 except for observation

between 1202 and 1407 LT on the same day.

meridional and meridicnal-vertical components of
the wind profiles shown in Figqure 2. Figure 4(a}
clearly shows that the direction of the horizontal
perturbation wind rotates clockwise with increas-
ing height. Figure 4(b)} shows that the downward
perturbation wind has a good correlation with the
northward one. From the polarization relations
(3} and (4), the observed wave is shown to propa-
gate almost southward in the horizontal direction
and vertically downward (m<0). Taking the x axis
in the southward direction, we see further from
{4) that the horizontal wavelength (Ah=2n/k) turns
out to be 400 km with the vertical wavelength (a,=
Zx/m) of 6 km and with w'/u'~ 0.015 estimated from
Figure 4(b).

The heights of the intense echo layers shown in
Figure 1 scarcely changed during our observation
and correspond to a phase of the wave motion ob-
served simultaneously. Thus, we can interpret the
Wwave motion as due to a stationary wave similar to
lee waves {(w~0). Then, we estimate from (1) that
the intrinsic frequency of the wave motion,

&5 -kl = —2xi/ /2 ~ 3. 1x107™* s (5)
and the period,

T=2r/0= -2,/ ~5.6h (6)
with 0~ -20 m/s near 75 km from Figure 2. Thus,
we see that £/&~0.27 with £ = 8.3x107° s~ 1 a¢
34.9°N. This ratio is smaller than the 0.35 esti-

mated directly from the elliptic polarization of
the horizontal perturbation wind near 75 km in
Figure 4(a). This difference seems to be due to
the change in the polarization above 77 km.

Taking account of (f/&)° <1 in the dispersion
relation (2), we find that the Brunt-Viisidlid fre-
quency in the mesosphere was

N=mbsk = -2r0/0,~0.021 s 1 (7)

with the values of G and az near 75 km, which were
obtained immediately from Figure 2. Thus, the
observed wave motion is shown to be due to an
inertial gravity wave (N> & 2f). Furthermore, we
see that the scale height H of the mean atmosphere
is H=xg/N®~6.2 km with x=2/7 and 9=9.6 ms~2 near
75 km and that the mean mesospheric temperature is
210 K. These values agree reasonably well, for
example, with those at 75 km in the U.S. Standard
Atmosphere, 1976.
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With vrespect to the local Richardson number
affected by the gravity wave, it is wel)l Kkhown
that the maximum Richardson number is achieved at
that phase of the wave motion at which the total
static stability is maximum [cf. Fritts and
Rastogi, 1985]. At the height corresponding to
the phase, the downward perturbation wind velocity

attains its maximum. At the same time, we see
that the meridional component jis its northward
maximum and the vertical shear of zonal component

is its maximum for southward propagation. It is
shown from a comparison of Figure 1 with Figures
2 and 3 that the observed echo layers correspond
to the regions indicating the downward and north-
ward perturbation wind and the strong vertical
shear of the zonal perturbation wind, with a con-
stant phase difference (~=nx/3). At present, we
cannot suggest what dynamical effect produces the

phase difference. However, we believe that the
echo layers are primarily associated with the
statically stabilized regions which are pxoduced
by the gravity wave propagation.
Concluding Remarks
We have shown that the observed wave motions

satisfy the dispersion relation for inertial grav-
ity waves (N>d zf). At the same time, it has
peen shown that we can derive reasonable values
for the mean mesospheric scale height and tempera-
ture from the wave parameters. This indicates
that MU radar is useful not only for measuring the
mescspheric wind velocity with sufficient accuracy

but also for investigating the behavior of atmos-
pheric gravity waves in the mesosphere.
We have also shown that the observed inertial

gravity wave was as stationary as lee waves. This
may be an indication of the vertical propagation
of topographically forced waves with w = 0 in the
winter hemisphere, as has been suggested by Lin-
dzen [1981) and Holton [1982]. It is noted that
the observed wave was stationary in the northward
mean flow. This suggests that the wave source was
to the south of our station. At the same time,
the ratio of £/& for the wave was around 0.3.
This ratio agrees well with that obtained in the
upper stratosphere with meteorological rocket data
by Hirota and Niki [1985}. Assuming a topographi-
cally forced wave (w= 0 and k = const.)}, the in-
trinsic frequency must be proporticnal to the mean
flow velocity. This may be an indication that the
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Fig. 4. Hodograph representations of the height

change of the mean mesospheric Wwind velocity shown

in Figure 2, in =zonal - meridicnal ({a) and
meridional-vertical {(b) planes. The altitudes at
which wind velocity is measured are indicated at

every 5 km in height in each panel.
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magnitude of the mean flow is limited near the
source region of such waves,

We have shown that the observed intense echo
layers are connected with the vertical propagation
of the inertial gravity wave. These layers corre-~
spond to the regions indicating the downward per-
turbation wind. Thus, there is littie doubt that
the appearance of intense echo layers is associ-
ated with the total static stability in the
atmosphere disturbed by the gravity wave motion.
However, more detailed analysis is required before
a statically stable region can be positively
identified with the echc layer in this and many
other observations.
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