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1. Introduction. The middle atmosphere consists
of the stratosphere and the mesosphere, extending
from about 10 km to 90 km in heights. Below is the tro-
posphere and above is the upper-atmosphere. Fig. 1 illus-
trates these atmospheres with temperature height-dis-
tribution which characterizes each atmosphere as
decreasing with height in the troposphere, increasing in
the stratosphere, decreasing in the mesosphere,
increasing again in the thermosphere. The thermo-
sphere is the beginning of the upper-atmosphere whose
temperature tends to be constant with heights.

The middle atmosphere had remained little known
until the 1970s when it was suddenly suspected that the
exhaust gas of supersonic flight, which had been practi-
cal by then, would destroy the ozone layer in the
stratosphere, thereby exposing all life on this planet to a
dangerously excessive solar ultra-violet radiation
reaching the ground. Later, this threat was found
untrue. However, the middle atmosphere study was
realized to be significant for practical as well as scientif-

ic purpose. An international collaborative program for
middle atmosphere observation, which was called
Middle Atmosphere Program (MAP), was planned and
carried out in 1982-1985.

A basic requirement for successful MAP was to
establish powerful ground-based remote sensing tech-
nique for observing the middle atmosphere structure and
dynamics besides satellite remote sensing. Responding to
this requirement, a powerful radar technique was
developed for not only the middle atmosphere but also
troposphere observation, resulting in constructing
MSTR (Mesosphere, Stratosphere and Troposphere
Radar) at various locations world-wide. This technique
made it possible with good time- and height-resolution to
observe winds, waves and turbulence.

There were two serious problems relative to the
middle atmosphere in MAP. One was concerned with the
ozone layer. Around the end of MAP the ozone hole in
the Antarctic stratosphere was discovered and, since
then up to now, the ozone hole has become the main
problem about the ozone layer. The other was concerned
with a peculiar mesosphere general circulation. This
problem had been well known since the 1960s.1) It is the
peculiar temperature and winds in the high latitude
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mesosphere. The high-latitude mesosphere in winter is
warmer than in summer. Further, winds around the
mesopause (the mesosphere upper-boundary) are very
weak, a peculiar behavior, which is inconsistent with
what is expected from the thermal wind relation well-
known in meteorology. It was found first by theory and
soon later by radar observation that atmospheric gravity
waves (hereafter, GW) play an important role in the
mesosphere general circulation.

In this paper we are mainly interested to review as
to how the second problem was pursued towards its solu-

tion and, further, how our successful mesosphere radar
observation was done and the radar observation has been
developed to the lower atmosphere i.e. the whole
atmosphere observation.

2. Gravity waves (GW). Before explaining
about the role of GW in the mesosphere general circula-
tion, we must introduce the basic behaviors of GW
which are atmospheric waves able to propagate horizon-
tally and vertically. Whilst the GW propagation had fair-
ly well been understood in the 1980s, the excitation was
not well known until the 1990s. But now we understand
that there are various ways of the excitation, as cumulus
convection, topography through mountain waves,
geostrophic adjustment and others.2)-6) Since the excita-
tion of GW is not our present concern, any more detail of
the works on the excitation will not be given below
except that GW are excited in many ways and exist
almost anywhere in the atmosphere.

The atmosphere in hydrostatic equilibrium tends to
oscillate when disturbed. It is elementary to under-
stand that when an air mass is a little displaced vertical-
ly, the mass expands adiabatically for upward displace-
ment and contract for downward displacement. As a
result, the displaced air mass tends to return to the orig-
inal height because the air mass gets heavier than the
ambient atmosphere for the upward displacement and
gets lighter for the downward displacement, respective-
ly. This means an existence of restoring force giving an
oscillation of the atmosphere around the hydrostatic
equilibrium altitude and the characteristic frequency is
named the Brünt-Väisälä frequency N which is (γ – 1)1/2

g/C where g is the gravity; γ the ratio of heat capacity
between the constant pressure, Cp, and constant volume,
Cv; C the sonic speed for isothermal atmosphere.
Height distribution of N is shown in Fig. 2 where TB =
2π /N in minutes.7) The restoring force due to the gravity
is fundamental to the existence of GW. On the basis of
small perturbation theory, a set of linear dynamical
equation of motion, continuity equation and thermody-
namic equation can describe GW in a simple way and
these equations are solved simultaneously with
Fourier-transformation. The behavior of GW in isother-
mal atmosphere is given as 8)

Vx,z = exp(z/2H) vx,z [1]

where vx,z = Ax,z exp {i(ωt – kx – mz)} [1’]

m2 = {(N2/ω 2) – 1} k2 – (Π2 – ω 2)/C2 [2]
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Fig. 1.  Temperature distribution in the troposphere, the
stratosphere and the mesosphere of which the last two in
combination are called the middle atmosphere. Above the
middle of the mesosphere from about 70 km up to 500 km is
the ionosphere, consisting of four regions which are called,
from below, the D, E, F1, and F2 layers. The F1 and F2 layers in
combination are called the F layer.



In [1] and [1’] Vx,z is GW velocity which consists of expo-
nentially growing part exp(z/2H) and sinusoidal wave
part vx,z with constant amplitude Ax,z; t is time; x and z
Cartesian coordinates, horizontal and vertical, respec-
tively; ω is the frequency; k and m are the wave number,
horizontal and vertical, respectively. H is the atmospheric
scale height as (kB T/mg) for isothermal atmosphere as
assumed here, with the temperature T, the Boltzman
constant kB, the air molecule mass m. In [2] Π =
acoustic low-cutoff frequency = γg /(2C) ≒ 1.1 N.

As in [1], GW amplitude is amplified exponentially
during propagation upward due to the decreasing ambi-
ent density, and this is the case also for relative pressure
perturbation (p’/po) and density perturbation (ρ’/ρo)
where p and ρ are pressure and density, respectively;

subscript o and superscript ’ denote the static and per-
turbed part, respectively. GW have linear polarization in
the (x-z) plane.

We consider now for ω << N and 

m>>k.

dvx/dx + dvz/dz ≒ 0 [3]

Note that [1], [2] and [3] are derived for a simple
atmosphere model as assuming isothermal and plane
atmosphere with no background wind and, further, the
Coriolis force is neglected.

From [2], we readily understand that m becomes
imaginary number in Π > ω > N where GW are not inter-
nal (external), unable to propagate vertically, but being
trapped around the excited height, propagating only hor-
izontally (x direction). With real-number for m we have
internal waves able to propagate vertically. The internal
waves consist of two modes, one being for ω < N and the
other for Π < ω ; the former is of GW-mode and the latter
is of acoustic-mode.

For ω << N, we approximate [2] as 

m2 = (N2 /ω2)k2 [3’]

which is approximately valid for GW of our concern here.
The vertical phase velocity Cz and group velocity Cg are
given by [3’] as

Cz = ω /m = ± N k/m2 [4]

Cg = ∂ω /∂m = – Cz [4’]

showing that the phase and group velocity are equal in
magnitude but opposite in sign to each other.

Based on [1’] and assuming GW to be excited in the
troposphere, Cg > 0, upward, and Cz < 0, downward.

The present linear approach gives infinite growth of
the amplitude with z in [1], but non-linear effects in the
real situation must give a saturation for the amplification
unlike [1]. Though the saturation can not be correctly
treated in our present linear treatment, we can suggest
certain initiation of instability upon the saturation.
Suppose that GW amplitude can attain a magnitude by
amplification and be saturated through the vertical
propagation with [1] as 

Vx = N/m [5]
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Fig. 2.  Distribution of Brünt Väisälä period TB = 2π /N in min-
utes.



As is well known, if the temperature decreasing-rate with
height Γ (temperature lapse rate) is Γ > Γd where Γd is
the adiabatic lapse rate as Γd = g/Cp≒ 9.8˚/ km for dry
air, the atmosphere becomes convectively unstable. [5]
suggests a situation close to the instability as follows:
Since the equation of continuity gives, with dρ o/dz = 
– ρo/H,

ωρ’ = (1/2)Vz (ρo /H) = (1/2) (N/kH) ρo

[6]

the adiabatic relation exists between the density and
temperature fluctuation as

T’/To = (γ – 1) (ρ’/ρo) [7]

Finally,

∂T’/∂z = mT’ = (1/2)g/Cv =(1/2) γ Γd [7’]

[7’] shows a situation fairly close to the convective
instability threshold for (1/2) γ≒ 0.7 with γ = 1.3. This
instability may break GW into turbulence.

Another instability may also occur. If for GW the
Richard number (Andrew et al.9c)) Ri = N2/(dVx /dz)2 is
smaller than 0.25, a shear instability occurs. And only if
Ri is more than unity, the situation is dynamically stable. 

With [5] and [2] 

Ri = 1/{1+ 1/(4m2 H2)} < 1 [8]

[8] shows that the GW is between unstable and stable. It
implies that if Vx in [5] grows further with the vertical
propagation as in [1], the shear may be intensified as to
produce the instabilities producing turbulence.

Although the present approach for the GW satura-
tion occurrence is fairly simple, we still could suggest
that the saturation may give rise to the instabilities lead-
ing to turbulence. It is very important to realize that tur-
bulence exists at any height where GW exist and are sat-
urated. And GW seem to exist and are saturated
anywhere in the atmosphere, so is turbulence any-
where. This understanding suggests possible radar-
observation of the atmosphere almost at any height
with turbulence as scatterers to be explained later.

GW interact with background winds and the GW
interaction behavior is simply considered by Doppler-
shifted frequency as ω→ (ω – k U) = k(Cx – U) where Cx

is the x-component of phase velocity. Then, [3’] is
transformed to

m2 = N2 /(Cx – U)2 [9]

[9] implies that [5] is equivalent with Vx = Cx –
U. 

Instabilities, no matter with convective or shear
instability, may release the GW momentum to the back-
ground winds, accelerating or decelerating winds. A
rigorous treatment of the GW momentum release is to
consider divergence of the GW momentum flux as〈ρo Vx

Vz〉where〈 〉denotes time-mean quantity (Andrew et
al.9a)) Since

ρo∂U/∂t = –∂〈ρo Vx Vz〉/∂z [10]

where U is the background winds along the x direction,
the right-hand side of [10] turns to be 

{ –(m/k) ρoVx
2} [10’]

with [1’] and [3], provided that, as in the WKB approxi-
mation, m is assumed constant. Since GW are excited in
the lower atmosphere propagating upwards, m < 0 by [4]
as well as [4’], the GW momentum flux accelerates U
along k. However, in the instability region m changes
rapidly with height and [10’] cannot be correctly appli-
cable in the region which is of our concern. Thus, it is
essential to observe directly –∂〈ρo Vx Vz〉/∂z. Recently,
interesting simulation of the non-linear process of GW
breaking has been done.10)

GW, which play a role in the mesosphere circulation,
are, mainly, long-period GW called inertia GW11) which
have much lower frequency than that discussed above
and affected by the earth’s rotation i.e. the  Coriolis effect
giving more complex dispersion than [2]. Inertial GW are
not linearly polarized but elliptically polarized. The
Coriolis effect is important for GW with period near 12
hrs at the pole, increasing with decreasing latitudes as 24
hrs at 30 ˚ of latitude and disappears at the equator. The
earth as a sphere, not considered here, is also effective
with increasing periods, generally implying increasing
wave-lengths. Nevertheless, the essence of GW behavior
of our present concern remains the same between our
present simple approach and more complicated
approach for understanding the interaction of GW with
the background winds. We will follow the simple
approach in understanding physical mechanism of the
GW breaking for the mesosphere circulation peculiarity
as above-mentioned.

3. Mesosphere general circulation. Fig. 3 (a)
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and (b) show, respectively, zonal-mean temperature
and the corresponding zonal-mean zonal winds in the
atmosphere.1) These figures are summary of global
observation with rawinsodes as well as special high
level balloons up to the middle stratosphere. Beyond this
height rockets (meteorological and of other types)
were used in observation. The peculiar fact is about tem-
perature and winds around the mesopause in high lati-
tude, as noted in Section 1. This peculiarity had
remained open question for more than two decades until
the 1980s.

Besides the anomolous mesopause temperature as
warmer in winter than in summer as in Fig. 3(a) there
exists a weak wind region in Fig. 3(b), where the wind
velocity contour is closed above about 65 km height, is
not consistent with that expected from the thermal
wind relation. The thermal wind relation is well-known in
meteorology, showing that the geostrophic balance is
maintained between the pressure gradient and the
Coriolis force except for the equatorial region (e.g. see
Kato12a)) as

∂U/∂z = –(g/2Ω) (1/sinφ)(1/To)(∂To/a∂φ) [12]

where Ω is the earth’s rotational speed. φ the latitude, a
the earth’s radius. The stratosphere (below 50 km
height) temperature distribution along latitude in Fig. 3
(a) and [12] makes us expect that zonal winds in the
mesosphere both in winter and summer should
increase monotonously with height, the expectation,
which is inconsistent with the observed fact as shown in
Fig. 3 (b). This suggests that some extra force exists in
the mesosphere, disturbing the geostrophic balance
between the Coriolis force and pressure gradient force,
the balance, on which [12] is based.

The new force, if ever exists, acts as a braking force
against the mesospheric zonal winds. In order to have a
stationary zonal wind system in the mesosphere the
braking force has to be balanced with an additional
Coriolis force which is to be produced by an extra
meridional wind. Considering that the direction of zonal
winds is eastwards in winter and westwards in summer
and the braking force must be opposite to the zonal wind
directions, the meridional wind must flow from the
summer hemisphere toward the winter hemisphere,
thereby producing the additional Coriolis force which is
eastwards in winter and westwards in summer in balance
with the braking force.

Further, the extra meridional wind results, due to
continuity of the meridional wind flow, in producing an

upward flow in summer and a downward flow in winter
in the mesosphere. This vertical flows cause adiabatic
compression in winter and adiabatic expansion in sum-
mer in the mesosphere. This can explain why the pecu-
liar temperature and weak winds occurs in the meso-
sphere.

Matsuno (1982),13) Holton (1983)14) and Geller
(1983)15) put forwards an idea postulating GW to be
breaking into turbulence, releasing negative momentum
to winds and working as the braking force against
winds. The idea is based on a very similar idea once used
for explaining QBO (Quasi Biennial Oscillation) in the
equatorial stratosphere where, besides GW, the Kelvin
waves are playing a role (Andrew et al.9b)).

It is fairly plausible to assume an excitation of GW
traveling east- or west-wards somewhere in the tropo-
sphere. These waves travel upwards, increasing ampli-
tudes as in [1] and suffering Doppler shift of the original
frequency relative to the ambient winds (Fig. 3(b)) to
change m as in [9]. Between GW traveling eastwards and
that traveling westwards, m becomes different. GW
traveling in the wind direction tend to have larger m
whilst those traveling against the wind direction tend to
have smaller m as in [9]. The former have slower vertical
group velocity than the latter as in [4’] and, with shorter
vertical wave-length (larger m), may suffer more dissi-
pation by eddy viscosity due to turbulence.13)

Instabilities as [7’] and [8]  may more easily occur for larg-
er m and even the critical level may arise with CX = U
which is possible only for GW traveling in the direction of
winds (Andrew et al.9a)). Thus, we can expect for GW
traveling against winds to have more chances to be able
to survive dissipation during the propagation before
reaching the mesopause where the GW may break into
turbulence, braking the zonal winds by releasing the GW
momentum to the zonal winds.

4. Radar observation. 4.1. Principle of radar
observation and existence of turbulence. Radar echo
from the mesosphere was detected by Woodman and
Guillen (1974 16)) during the time of observing the
ionosphere with the Jicamarca Radar in Peru. The
radar echo was Doppler-shifted, seemingly to show
mesospheric winds. Later it was found that the radar
pulse scatterer is the mesosphere turbulence which co-
moves with the background winds as shown by the
observed Doppler shift.

As understood through discussion in Section 2 and
3, the GW breaking produces turbulence in the meso-
sphere. This idea presented a possibility of mesosphere
remote sensing by radars. On the basis of the technique
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Fig. 3.  Zonal-mean temperature and zonal winds (global observation summary). (a) Zonal-mean
temperature (in degrees) distribution with height and latitude in the solstice season, one hemi-
sphere in summer (in left-hand side) and the other in winter (in right-hand side). (b) Same
except for zonal-mean zonal winds (positive for eastward and negative for westward, in m/s):
See the mesospheric peculiarity above about 60 km height. Broken lines show the
tropopause, the upper-boundary of the troposphere.



we saw construction of MST (Mesosphere Stratosphere
Troposphere) radars which suits the observation of
dynamics of the MST region which is full of turbulence.

The radar observation is based on the tracking of
turbulence which results in perturbation of the radio
refractive index scattering the radar echo. Radio refrac-
tive index Λ 17) is given as

Λ = 1 + 3.73≥10–1 (e/T2) + 7.76≥10–5 (P/T)
– (Ne/2Nc) [13]

where e is the partial pressure of water vapor in mb, P
the pressure same to p expressed in mb, Ne the electron
number density per m3, Nc the critical plasma density
given as Nc = 1.24≥10–2 f2 m–3 with f as the radio wave fre-
quency per sec. δΛ, perturbed Λ, generates the scatter-
ing of radar pulses in the presence of turbulence.

Based on the assumption as div V = 0 and isotropic
turbulence, the turbulence velocity spectrum E(κ) was
theoretically obtained in the 1950s by Batchelor 18) as

E(κ) ∝ κ –5/3 [14]

where κ is the wave number of turbulence: [14] is valid in
the inertial subrange of turbulence with κ < κd where κd

gives the minimum scale of turbulence or the boundary
between the turbulence inertial-subrange and viscous
subrange. The theory gives

κd ∝ µ –3/4

where µ is the kinematic viscosity inversely proportion-
al to the atmosphere density and increases exponential-
ly with height; accordingly κd decreases with height. For
κ > κd, in the viscous range

E(κ) ∝ κ –7 [15]

Note that [14] and [15] show the turbulence velocity
spectrum integrating for all direction of κ and the spec-
trum for each direction of κ, Ψ, is given

Ψ = E(κ)/(4πκ 2) ∝ κ –11/3 for κ < κd [14’]

∝ κ –9 for κ > κd [15’]

In spite of div V = 0 the equation of continuity gives a
density perturbation in the presence of vertical gradient
of the atmosphere density as 

∂ρ’/∂t = – Vz (dρo /dz) [16]

where the vertical density gradient is mainly due to the
ambient density gradient depending only on z. Thus, it is
understood with [16] that the atmosphere density per-
turbation is produced by the velocity turbulence,
obtaining the density perturbation spectrum which is
same to the velocity turbulence spectrum [14’] and
[15’].

In [13] the second term gradient is due to (e/T2) in
the troposphere and the perturbed (e/T2) is produced by
Vz as ρ’ in [16]. The third term gradient is due to ρ in the
stratosphere and just follows [16]. Note that the middle
and upper stratosphere echo is extremely weak and can
be observed only with very powerful radars19) The last
term gradient is by Ne in the mesosphere where the Ne

perturbation occurs distinctly from other lower atmos-
pheres because of the existence of electro-magnetic
effect on electrons.

First, note that ions co-move with neutral particles
through collisions with neutral molecules up to the
lower thermosphere whilst electrons move very differ-
ently above 60 km under strong control by the geomag-
netic field Bo. Electrons only are responsible for scatter-
ing radio waves. Next, it must be understood that any
difference in motion between ions and electrons along
grad Ne = grad Ni ≠ 0, where Ni is ion number density
would immediately set up an intense electric polariza-
tion-field which causes electrons and ions to co-move
along the gradient of Ne. However, orthogonally both to
the polarization field and Bo, the Hall drifts take place,
moving electrons and ions differently, but the drifts
(orthogonal to the gradient of Ne). have no divergence,
as understood by simple electrodynamic consideration
(Kato12b)). Therefore, besides the original perturbation
along (grad Ne) no electron density perturbation is pro-
duced. Thus, any refractive index perturbation in [13] fol-
lows the spectra in [14’] and [15’].

In order to get the radar echo scattered by turbu-
lence, in back-scattering, one half of radar wavelength
size of the turbulence spectra Ψ(κ) in [14’] contributes to
the radar pulse scattering.20) The half of the radar
wavelength must be in the turbulence inertial-subrange
bounded by κd which is proportional to the atmosphere
density.

Consider that half the radar-wavelength be in the
inertial subrange of turbulence at some height. This
favorable wave-length approaches the inertial subrange
end with increasing height with decreasing κd. Finally, at
some higher altitude the half of radar wave-length
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leaves the inertial subrange, entering the viscous sub-
range, resulting into no radar echo because of insufficient
turbulence spectrum intensity in the viscous subrange as
in [15’]. The situation for various wavelengths is illus-
trated in Fig. 4 which shows the minimum scale of tur-
bulence λmin in m; although the turbulence theory uses
fairly unrealistic assumptions as div V = 0, Fig. 417) shows
that the fitting to the radar experimental results (the
thick diagonal, giving λmin = 5.92/κd) is fairly consistent
with the theoretical result λmin = 2π/κd.

The turbulence moves with background winds
with velocity determined by the maximum of the radar
echo’s Doppler spectrum; the spectrum spreading is
due to the turbulence random motion. At 100 km the
minimum scale of turbulence was found to be about
100 m. Thus, besides winds the radar observation gives
an information on the turbulence property in the
atmosphere from the ground up to 100 km height.

4.2. MU radar observation of GW. Desirable MST
radar specification may be as follows: The wave-length λ
must be (1/2)λ > 2π /κd i.e. in the inertia subrange in the
MST region. Besides this condition, our desirable λ

must receive the echo power as much as possible.
Considering the radar scattering cross-section,20) the
echo power is proportional to λ –4〈δΛ〉2 times the turbu-
lence spectra Ψ in [14’]. The power dependency on λ
varies from M (mesosphere) to ST (stratosphere and tro-
posphere).

For M , as in [13], Ne-term is proportional to λ 2 and
the radar echo power is proportional to

λ –4
〈δΛ〉

2 Ψ(k) ∝ λ 11/3
[17]

where k = 4π/λ. For ST with〈δΛ〉, independent from λ,
the echo power is proportional to 

λ –4〈δΛ〉2 Ψ(k) ∝ λ –1/3 [18]

Under the circumstances it is recommended for
MST radars to use λ to be several meters or around 50
MHz as frequency (See Fig. 4). A higher frequency
(GHz) is suitable for the lowest atmosphere (the plane-
tary boundary layer) observation as understood with
[18].
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Fig. 4.  Minimum scale of turbulence λmin = 5.92/κd, in m (Balsely and Gage, 1980,17)). The solid cir-
cles and the open squares denote the maximum height of observed atmospheric echoes for
radars operating at different frequencies. The open squares are used particularly for well-known
radars. with their locations.



The MU radar (the middle and upper atmosphere
radar21)) was completed in its construction in Shigaraki
about 50 km south-east of Kyoto in 1984 (Fig. 5) as
Kyoto University facility which is open for visiting scien-
tists domestic and from abroad. The facility has a fairly
high sensitivity 5≥108 W m2 (defined as the average out-
put power times antenna area in terms of W m2) and is
able to receive, besides MST turbulence echoes, iono-
sphere incoherent-scatter echo due to the ionosphere
plasma ion-acoustic waves though only with a few hrs
integration.22) Among MST radars, the MU radar is
unique in that the facility can swing the radar beam
toward almost any direction within 30˚ from the zenith in
milliseconds, with active antenna array system23) and is
able to track atmosphere motion in rapid fluctuation as
GW.

Soon after inception of the MU radar operation, we
were successful to observe precise behaviors of meso-

spheric GW which had little been understood until
then.24) Fig. 6 shows the result of the MU radar observa-
tion of radial winds with beam angle from the zenith 10˚
to the south. The observed GW, with period between 6-
16 min in 70-78 km heights, shows a peculiar behavior in
that there is almost no phase variation with height
below and above 73 km height where the amplitude
becomes minimum and a phase reversal occurs, probably
implying an instability taking place in 70-78 km region.
Note that we confirmed carefully the phase reversal by
comparing the phase of GW between both sides of 73 km
in detail although not shown here. Of the interesting
observed fact our correct understanding about the reso-
nance-like oscillation with a frequency close to N is still
open to question.

Another important contribution of the MU radar
observation to GW research in an early period of the MU
radar operation was the determination of GW saturation
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Fig. 5.  Bird-eye view of the MU radar in Shigaraki Shiga in Japan. In the circular antenna area with diameter of
about 100 m there are 475 of 3-element crossed-Yagi which are arrayed to make up 25 groups, each group with
19 elements (arrayed in hexagon-shape area) and each element has a transmitter-receiver module. The total sys-
tem is computer-controlled so as to make it possible to steer the beam to almost any direction within 30 ˚ of
zenith angle in an interpulse period of one millisecond. All of the modules are shared and stored in the 6 booths
around the antenna area. The area is valley-shaped surrounded by the metal-net fence as tall as 10 meter pre-
venting radar waves from being transmitted to and returned from near-by mountain (as clutters) in low eleva-
tion angle. The shortest range resolution is about 150 m.



spectrum, an issue which had been controversial. The
MU radar observation25) was successful to obtain GW sat-
uration spectrum in all MST regions. Results are illus-
trated in Fig. 7. It should be remarked that the spectrum
observed by the MU radar behaves similarly among the
M, S, and T regions; mathematically the spectrum
approximates to N2/(6 m3) for m larger than about
3,5≥10 –4 (c/m) consistent with model by Smith et al.26)

Note that [5] can explain qualitatively the GW saturation
which results in instabilities but we can hardly explain
any definite association between [5] and Smith’ model or
the observed saturation spectrum.

The observed fact that GW in the MST region fol-
lows the universal saturation spectrum implies that GW
break is taking place and producing turbulence similarly
in the whole MST region. This is an important discovery,
having demonstrated the MST radar observation signifi-
cance. It seems important, as noted above in relation to
Λ in [13], to mention that from the middle and upper
stratosphere no echo has been received so far with the
MU radar as well as other facilities in the mid-latitudes.
But Maekawa et al. in 199319) have received echoes with
the Jicamarca radar in Peru in the equatorial latitudes.

In order to solve the peculiar mesosphere circula-
tion problem which had remained unsolved for a long

time we had to observe GW braking the mesopause zonal
winds. It was necessary to check observationally
whether [10] gives deceleration of U as much as the the-
ory requests. In winter U is eastward and the braking
must have a westward momentum flux (due to westward
traveling GW as in [10’]), magnitude of which must
decrease with height, showing an absorption of the
momentum by winds. In summer the situation must be
just opposite.

An important observation method on this issue
was developed by Vincent and Reid in 1983.27) Fig. 8
illustrates the principle of their method where GW are
assumed to propagate in the diagram plane and the GW
has a wavelength which is long enough to neglect differ-
ence in phase of the GW observed between the two
beams along θ symmetrical to the zenith where θ is the
zenith angle of radar beam. Denoting the observed GW
along θ directions, respectively, as VR1,2 (radial velocity,
positive for outward)

VR1,2 = ±Vx sinθ + Vz cosθ [19]

where ± refers toVR1,2 respectively. From [19]
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Fig. 6.  Radial wind fluctuation of GW with period in 6-16 min on 8 Feb. 1985.24)



VR1
2 – VR2

2 = 4 Vx Vz sin θ cos θ

Vx Vz = (1/2)(VR1
2 – VR2

2)/sin2θ [20]

[20] gives directly the momentum flux without obtaining
separately Vx,z, although in real observation a proper
averaging is done for VR1,2.

Our observation of GW based on [20] with the MU
radar proved successfully a deceleration of zonal winds
as illustrated in Fig. 9.28) The observation was done rou-
tinely, monitoring winds from 60-90 km for about four
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Fig. 7.  GW saturation spectrum. M, S and T stand for the meso-
sphere, stratosphere and troposphere, respectively; solid
curved-lines are for the zonal and dotted curved-ones for the
meridional winds; dot-dashed straight lines give the model
spectra (see text).

Fig. 8.  Principle for GW momentum flux observation. MU
radar beam is slanted by θ symmetrically to the zenith: W
and U are GW ( for Vz and Vx in text, respectively) verti-
cal and horizontal velocities, respectively; VR1,2 are
velocities along the radar beam (positive for outwards).

Fig. 9.  GW eastward momentum〈ρo Vx Vz〉observed with the MU
radar in summer (right-side) and winter (left-side). In the fig-
ure ρo is obtained from a standard model, Vx and Vz denote u
and w in text, respectively and time average〈 〉in text is
shown by –. All straight lines (solid, dotted broken and chain)
show the best fit for the vertical gradient of〈ρo Vx Vz〉.
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days in every month from December 1985 to December
1988. Radial winds along the radar beam were observed
with time and range resolution as 145 sec and 600 m,
respectively.

During daylight hours the radar beam was steered
to four oblique directions, north-south, east-west with
10˚ zenith angle and the vertical direction. For each day
the observed velocity was frequency-spectra-analyzed.
Only GW with periods between 5 min-2hrs were used to
obtain the momentum flux. Whilst northward momentum
flux〈Vy Vz〉was about 2 m2 sec–2 and fluctuating in sign
throughout one year, eastward momentum flux〈VxVz〉
was –1.5 m2 sec–2 in winter and +2 m2 sec–2 in summer,
without sign fluctuation. Since zonal winds in winter is
eastward and that in summer is westward, the observed
GW zonal momentum flux was directed to be opposite to
zonal winds in both winter and summer, the result,
which was consistent with theoretical expectation.13)-15)

The observed result of GW zonal momentum flux varying
with height gave the best-fitting straight lines for 
–∂(ρo〈Vx Vz〉)/∂z which showed deceleration as +7.2,
+12.8 and +9.4 m/sec/day over 70-77 km in Aug. 1986,
over 73-79 km in July 1988 and 66-75km in August 1988,
respectively and –7.6 and –11.0 m/sec/day over 70-78 km
in Feb. 1986 and over 73-77 km in Dec. 1985. However, it
was found that the observed deceleration was smaller
than that obtained by simulation which was based on
theory by Holton and Wehrbein.29) Later, analysis of the
GW momentum flux and its vertical derivative with the
data in October 1986, June 1987, and July 1990 for GW
with period over wider range as 8-0.5 hrs11) was
attempted to find that the deceleration was much larger
than that with the shorter period range and even larger
than that theoretically predicted. Other observation
(e.g. Ref. 30)) also gave similar or larger deceleration val-
ues of zonal winds. Thus, the outstanding problem for
many years on the general circulation of the mesosphere
at last saw a solution, theoretically and observationally.
Now it is known that even in the Arctic mesosphere
(Private Communication, Tsutsumi et al. 2005) GW
propagate mainly against zonal winds in all seasons, very
probably working as drag forces.

Two decades since MAP, the MU radar now is still
active with fairly constant up-grading of the system.
However, GW research is now facing a new situation as to
find how much GW may survive the mesosphere break-
ing and travel further above 100 km height into the ther-
mosphere. In the thermosphere with increasing kine-
matic viscosity, GW tend to dissipate around 300 km as
discussed by Hines.31) Since the thermosphere is ionized,

ions also behave as a drag force for motion. Still, certain
instability also may develop due to decreasing density.
Nevertheless the GW momentum release upon the dissi-
pation and possible breaking in the thermosphere has
been little understood, an important issue, which has to
be investigated both theoretically and observational-
ly.32),33) This presents a challenge to develop a new
observation system of thermosphere GW besides the MU
radar. In order to observe neutral particle motion as GW
in the ionized thermosphere, in principle, optical radars
as lidars are suitable but not yet powerful enough for
thermosphere observation. Passive facilities as Fabry-
Perot Interferometer34) are unable to observe height dis-
tribution. Incoherent scatter radar observation22) is
only able enough for the purpose except the lower
thermosphere with disturbing meteor echoes etc. It is
desirable to find a novel idea for solving the problems.

4.3. Radar observation of the lower atmosphere.
Besides the saturated spectrum observation, the MU
radar is powerful in observing dynamics in the MST
region in general with the fast beam-steering ability.
Among others, vertical air-motion observation is possible,
a unique observation, which has a significant break-
through to the conventional meteorology observation
with rawinsondes which are unable to observe vertical
winds. The MU radar was successful to precise three-
dimensional air motions over the Baiu front.35)

Another distinct contribution with the MU radar is
to observe rain drops in 3-dimensional motion. The
observation is useful to know rain-drop size distribution
important for cloud physics but meteorological radar can
track only rain-drop being transported by unknown
winds vertical and horizontal. Now the MU radar is able
to observe 3-dimensional winds by tracking turbulence in
the background winds in addition to tracking rain-
drops as meteorology radars.36)

Another radar of fast beam-steering system was
constructed by Kyoto University at the equator in
Sumatra Indonesia in 2002 as illustrated in Fig. 10. This
is the Equatorial Atmosphere Radar (EAR: Fukao et al.37)).
Soon after the MU radar completion we were interested
in radar observation of the equatorial atmosphere
which is most intensively heated on this planet in the
Indonesian Archipelago or the maritime continent driving
the global atmosphere circulation. There are many
interesting yet little-understood issues about equatorial-
atmosphere dynamics as equatorial waves, which suit our
radar observation. Our intense efforts for many years
came to fruition, in 2002, in the construction of the EAR
which is about , in radar sensitivity, of the MU radar1
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and is able only to observe the troposphere but equally
excellent in beam-steering-ability as the MU radar sys-
tem. Also the system is being improved with adding a
multi-static configuration.38)

5. Concluding remarks. Research of the middle
atmosphere, which was once the last unknown region of
the earth’s atmosphere, has now established a basis to
consider the whole atmosphere to be one system, each
part of which, as the troposphere, stratosphere, meso-
sphere and upper-atmosphere, couples with each other
dynamically through various vertically traveling atmo-
sphere waves. Of these waves the present paper is con-
cerned particularly with GW which are now understood
to be important not only academically but also practical-
ly for improving weather forecast.39)

Doppler radars have been found to be powerful for
GW observation and now applied widely for dynamics
observation in all region of the atmosphere. The radars
can receive echoes not from clouds but from atmosphere
turbulence which exists  at any heights; generally we call
the radars clear-air radars or wind-profilers. In free
atmosphere above the planetary boundary layer GW
breaking causes turbulence to occur anywhere. Many
small radars of this type (using GHz radio-wave) only for
lower troposphere observation are also now deployed at
many locations for operational meteorology-observa-
tion in the U.S.A, Japan and other countries.40),41)

Unlike tracking turbulence, a similar type of
pulsed Doppler radars, designed for mesosphere obser-
vation with VHF-frequency radio waves, can track
meteor trails which constantly appear in 80-100 km
heights, moving with local winds. The meteor echoes are
so intense than turbulence echoes that meteor radars,
much smaller systems than MST radars, can suit a long
period observation of the mesosphere and the lower

thermosphere, useful for climatological study of atmos-
pheric waves.42)

The present paper may demonstrate that the
wind-profilers (clear air radars), symbolized by the MU
radar, have contributed much so far and will do so in
future to the research not only for the middle atmo-
sphere but also the whole atmosphere.
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