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Full-Correlation Analysis of Turbulent Scattering Layers in the
Mesosphere Observed by the MU Radar

MAMORU YAMAMOTO,' TORU SATO,' TOSHITAKA TSUDA,' SHOICHIRO FUKAO'
and Susumu KATo!

Abstract—We have applied a full-correlation analysis technique to the echo power fluctnations
observed by the MU radar (35°N, 136°E), and analyzed the horizontal structure of the scattering pattern
in the mesosphere as well as their horizontal motions. The velocity of the scattering pattern did not agree
with the background wind velocity, but was associated with the horizontal propagating direction of a
saturated inertia gravity wave identified in the wind field. The length of the long axis of the characteristic
ellipse of the scatiering pattern was approximately 50 km, and the direction was almost perpendicular to
the propagating direction of the wave. The correlation time of the scattering pattern was approximately
700 s, which is much longer than the lifetime of the isolated turbulence itself, This implies that the
observed scattering pattern is associated with a region where the saturated inertia gravity wave generates
turbulence.
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gravity wave, wave breaking.

1. Introduction

Theoretical works have revealed that the gravity wave breaking in the meso-
sphere produces instabilities, and the mean wind is accelerated by the momentum
deposition of the gravity wave (LINDZEN, 1981; HoLTON 1982). The acceleration of
the mean wind has been observed using a partial reflection radar by calculating the
convergence of the momentum flux due to the gravity waves (VINCENT and REID,
1983; FriTTs and VINCENT, 1987). On the other hand, MST radars detect returns
from turbulence which is expected to be generated by dissipating gravity waves in
the mesosphere. Echo power observed by the MST radars is a good measure of
intensity of turbulence, and can be utilized to obtain refractivity turbulence
structure constant C3 in the atmosphere (VANZANDT et al., 1978). Evidence of the
relationship between turbulence layers and gravity waves was shown by
YAMAMOTO ef al. (1988), where they observed that turbulence scattering layers in
the mesosphere appear around the altitudes where gravity waves are most unstable.
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Horizontal motions of echo power bursts in the mesosphere were observed by
KLOSTERMEYER and RUSTER (1984) and RUSTER and KL.OSTERMEYER (1987) by
calculating the cross-correlation functions between echo power bursts observed in
beams pointing in the different directions, although they did not consider the
random changes of the scattering pattern in time. RUSTER and KLOSTERMEYER
(1987) have shown that motions of the echo power bursts agree with the back-
ground wind on average. Full-correlation analysis is a technique to observe the
structure and motion of horizontal patterns by taking the spatial correlation into
account (BriGGs, 1984), This technique is utilized with both MF partial reflection
and VHF radar observations in order to obtain horizontal wind velocities from
the fading patterns detected by three spatially separated receivers.

The MU radar (35°N, 136°E), which has been operated since 1983, is a
monostatic pulse Doppler radar with a carrier frequency of 46.5 MHz (KATO et
al., 1984; FUKAO et al., 1985a,b). The advantage of the MU radar over conven-
tional MST radars is that the MU radar can steer its beam every Inter-Pulse-Pe-
riod s0 that it can observe several areas which are spatially separated from each
other almost simultaneously. This capability enables us to investigate small-scale
structure in the turbulence and wind fields.

A saturated gravity wave has been found by YAMAMOTO ef al. (1987) in the
mesosphere by the MU radar observations on February 8, 1985. The gravity wave
produced a region with negative Richardson number and with large fluctuations in
radial wind velocities, which implied that the wave dissipated its energy through
shear or convective instabilities. In this paper, we apply the full-correlation analy-
sis to this saturated gravity wave in order to observe horizontal structures of the
scattering layers, and investigate the generation of turbulence by the saturated
gravity wave.

2. Full-correlation Analysis

Observations of the mesosphere were carried out on February 8, 1985 using
the parameters shown in Table 1. Using a least squares fitting method, we
determined echo power, radial wind velocity and spectral width from the power
spectrum of radar returns. The height and time resolution of the observations
were 300 m and two minutes, respectively. As shown in Figure 1, we used four
beams, pointing northward, eastward, southward and westward with a zenith
angle of 10°. Thus we could observe the echo power at four spatially separated
positions.

Figure 1 schematically shows the horizontal pattern of the echo power that
moves with velocity V. We assume that the pattern f(x, y, 1) of echo power is a
function of position (x, y) and time t, where x and y-axes correspond to the



Table 1

Observation parameters of the MU radar,

Observation period February 8, 1985
Observation range 60-98.1 km
Number of beams 4
Beam direction Northward (@ = 10%)
(#: Zenith angle) Eastward (8 = 10°)

Southward (8 = 10°)
Westward (0 = [07)

Range resolution 300 m

Time resolution 1205

Inter pulse period 730 us

Pulse compression 16 bit complementary
Coherent integration 30 times
Incoherent integration 10 times

eastward and northward directions, respectively. The spatial and time scales of the
horizontal pattern is described by the three dimensional correlation function

(&, 1) _ Sy ofx 6, y+n, 14170

Sy, 03 ’
where ) denotes an average, t is the time lag and ¢ and # are spatial lags along the
x and y-axes, respectively. The correlation function can be approximated by a
family of concentric ellipsoids with the center at the origin (BRIGGS, 1984). We
therefore write

p(E, n, 7) = p(AE* + Bn 4 Ct* + 2FEy + 2Gyt + 2HEn), (2)

where 4, B, C, F, G and H are constants. Here, we assume that the correlation
function is described by an exponential function as follows

P&, N, 7) = exp{ — (4E2 + By? + Cx? + 2FEy + 2Gnt + 2HEn) ). 3)

(D

Because we observe echo power in the four beams, the cross-correlation functions
between echo power observed in different beams can be described by p(&, 4, 7); e.g.,
the cross-correlation function between the echo power observed in the northward
beam (0, #,) and the eastward beam (£, 0) corresponds to p(&,, — 1, 7). In order to
determine the parameters of Eq. (3), we have utilized a least squares fitting
technique to the cross-correlation function between the echo power in the four
beams. An example of the cross-correlation functions is shown in Figure 2, which
corresponds to the scattering pattern observed in 10-16 LT at 71.4km. In
this figure, we chose three cross-correlation functions of the echo power observed
in the beams pointing eastward, southward and westward, although we used the
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MU RADAR

Figure [
Beam assignment used in the MU radar observations on February 8, 1985 together with a schematic
diagram of the scattering pattern which moves horizontally with velocity ¥, where x and y-axes
correspond to the eastward and northward directions, respectively.
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Figure 2
Cross-correlation functions between echo power observed in 10-16 LT at 71.4 km. The panels (a), (b) and
(¢) correspond to the cross-correlation functions obtained between the southward and eastward, the
southward and westward and the westward and eastward beams, respectively. The echo power in the
eastward beam lags behind that in the southward beam, the westward behind the southward, and the
castward behind the westward. The panel (d) shows the autocorrelation function averaged over all beams.
The solid line in each panel corresponds to p(£, y, ) obtained by using the least squares fitting method.



cross-correlation functions with all the combinations of the four beams in the
determination of the parameters. The auto-correlation function used is an average
of those calculated in the four beams. The solid curves in Figure 2 show the result
of the fitting. We cannot apply the fit to the negative correlation coefficients because
of Eq. (3), but the fitted curves are close to the observed values for positive
correlation coefficients.

When we obtain the parameters, the horizontal velocity of the scattering echo
pattern is calculated as a “tilt’ of one axis of the ellipsoids relative to the t-axis. The
x and y components of ¥ are ¥, and V,, respectively, and are given by

AV 4+ HV,=—F
HV, .+ BV, = -G (4

{BRIGGS, 1984). The motion of the scattering pattern shown in Figure 2 has been
estimated to be ¥, =9.6 ms~! and V¥, =27.5ms~". In order to find a spatial scale
for the scattering pattern, the particular ellipse for which p = 0.5 may be defined as
the ‘characteristic ellipse’, which is described by

AZ? + Bn® + 2HEy = Cri s, (5)
where 14 is a time lag at which the autocorrelation function is equal to 0.5, ie.,

2(0,0, 75 5) = 0.5 (BRIGGS, 1984).

3. Results

Figure 3 shows a time-height distribution of the scattering layer observed on
February §, 1985 (after YAMAMOTO et af., 1987). Within the scattering layers, we
find an intense and thick scattering region during 12-16 LT at 69-73 km, which
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Time-height sections of the signal-to-noise ratio observed in the southward beam on February 8, 1985
{after YAMAMOTO et ai., 1987). .
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consists of many isolated patchy structures. We have tried the full-correlation
analysis for the data observed during 10-16 LT at 69-73 km, and the fitting was
successful at 69.4-71.7 km. Figure 4 shows the motion of the scattering pattern, All
of the data are distributed in the region with positive ¥, and V., and show that the
fluctuation patterns in this altitude range move toward the north-northeast. The
average of the horizontal velocities, which is shown by an arrow, is ¥, = 9.5 ms~'
and ¥, =242ms .

The characteristic ellipses of the scattering pattern are shown in Figure 5. The
size and the direction of these ellipses are similar to each other. The long axes of
the ellipses lie in the east-west direction, which is almost perpendicular to V. The
length of the long and short axes of the characteristic ellipse, which show the
spatial scale of the scattering pattern, are approximately 50 and 20 km, respec-
tively. Because the three-dimensional correlation function for the scattering pat-
terns is obtained, we can calculate the correlation time along the horizontal
motion of the pattern. As shown in Figure 6, they are approximately 700 s at all
altitudes.

As shown by YAMAMOTO et al. (1987), we could recognize a clear monochro-
matic wave-like structure in the wind profile. The vertical wavelength was approxi-
mately 5.6 km. Figure 7 shows a hodograph of the wind vector in 1230-1330 LT at
68.8-76.5 km (after YAMAMOTO et al., 1987), which is obtained after subtracting
the vertical lincar trend of the profile. The tip of the wind vector moves clockwise
with increasing height throughout the whole altitude range. The elliptic motion of
the wind vector implies that the wave is an inertia gravity wave, and its energy
propagates upward. The intrinsic period of the wave is estimated to be 8 hr from the
ratio between long and short axes of the elliptic motion in the hodograph.
YAMAMOTO et al. (1987) has inferred that the inertia gravity wave propagates
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Figure 4
Horizontal motion of the scatiering pattern observed in 10-16 LT in the altitude region of 69-72 km. A
square symbol denotes the tip of the velacity vector obtained by using the full-correlztion method at each
altitude. An arrow shows the averaged velocity vector.
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The characteristic ellipse of the scatiering pattern observed in 10-16 LT in the altitude region of

69-72 km.

horizontally toward the north along the long axis of the ellipse. The horizontal
wavelength of the gravity wave is approximately 600 km, and the horizontal phase
velocity of the wave is 20 ms—! toward the north. Also, they have calculated the
Richardson number medified by the gravity wave, and found that the minimum
Richardson number was slightly negative. This means that the gravity wave was
saturated and the wave breaking set in.
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The correlation time of the scattering pattern along the horizontal motion observed in 10-16 LT in the
altitude region of 69-72 km.
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Figure 7
A polar plot of the wind velocity averaged over 1230-1330 LT on February 8, 1985. The vertical linear
trend of the wind velocity is subtracted. The open and solid triangles indicate the lowest (68.8 km) and
highest altitudes (76.5 km), respectively. Circular symbols are plotted at 70, 72, 74 and 76 km (after
YAMAMOTO ef al., 1987).

Figure 8 shows a velocity profile averaged over 10-16 L.T. The wind velocities
still consist of the gravity wave component. We have calculated the vertical trend of
the wind profile, which is more representative of the background wind than the
wind profile itself. The zonal component of the vertical trend shows eastward
velocity at all height range. The meridional component, on the other hand, changes
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The wind profile averaged over 10-16 LT on February 8, 1985, Left and right panels correspond to the
northward and eastward components, respectively. Dashed lines show the vertical linear trend of the
wind profile.



its sign around 74 km. At the altitude of 70 km, the eastward and northward
components of the vertical linear trend are 20 and —17 ms™', respectively, which
means the background wind toward the southeast. This direction is not consistent
with (V,, ¥,) shown in Figure 4. The horizontal phase velocity of the gravity wave
is 20ms~' northward, which is similar to the averaged ¥, =242ms ' The
direction of the motion of the scattering pattern is better associated with the
horizontal propagation direction of the gravity wave than of the background wind
velocity.,

4. Discussions

The contribution of the atmospheric turbulence to the spectral width ¢ measured
by a radar is given by the integration of the three-dimensional kinetic energy
spectrum of turbulence from k&, to k, where %k, is the wavenumber associated with
the largest vortex in the turbulence, and k; is the radar Bragg wavenumber,
respectively (SATO and WooDMAN, 1982), If k; is within the inertial subrange, it is
given by

b o

k
2 ?—=j e~ gk, (6)
ko

where « is the Kolmogoroff’s constant of about 1.6, and ¢ is the energy dissipation
rate per unit mass and time. The MU radar observes turbulence with the 3-m scale,
which is slightly less than the minimum scale of turbulence in the inertial subrange
(e.g., GAGE and BALSLEY, 1980). In this case, the integral in this equation must
be modified to include the viscous dumping of the spectra. However, since k; » ko,
this modification does not affect the result of the integration, so that ¢ can be
written as

& = o gk, )]

ko can be approximalted as k, = wp/o, where wy is the Bruni-Viisdld frequency
(WEINSTOCK, 1981). Assuming the turbulence energy per unit mass E ~ ¢? and
wp 2 x 10725, the lifetime of the dissipating turbulence is estimated as
E 2
T, =— &— ~ 100(s). 8
~ ~ =~ 100() ®)

B

il

This value is much smaller than the time scale of the scattering pattern shown in
Figure 6.

As shown by FriTTs and Rastocr (1985), the Brunt-Viisdld frequency is
modified by the gravity wave, and wj becomes zero when the wave breaking sets in.
In our analysis, the Richardson number medified by the gravity wave is possibly
smaller than the background value at 69-72 km (YAMAMOTO ef af., 1987). The
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lifetime of the dissipating turbulence can also be estimated by the thickness of the
scattering layers. From Eq. (8) we can write
o L

=g =2, (9)

T, ==
foaT Mg, 2ng

where Ly = 2n/k, is the diameter of the largest vortex in the turbuience layer. We
assume ¢ = 3 m, which is consistent with the spectral width shown by YAMAMOTO
et al. (1987). In order to estimate L, we refer to the thickness of the scattering
layers. In the time-height distribution of the echo power (Figure 3), thickness of the
contour region with the signal-to-noise ratio above 6 dB is typically 1 km and less
than 2 km at 69-73 km. Assuming L, = | km, we obtain 7, =110 s from Eq. (9).
This value is consistent with that estimated by using Eq. (8), and is less than the
observed time scale.

ROTTGER and IERKIC (1985) have observed horizontal trajectories of turbulence
blobs in the mesosphere. The motions were detected by using the interferometer
technique within 3—4 km of the echoing region of the vertical beam. The blobs
showed the horizontal motions in the same direction of the background wind
determined by the Doppler shift. It is because the analysis technique is equivalent
to the spaced antenna drift and Doppler shift measurements. The interferometer
technique traced the motion of the isolated region of turbulence itself. In our
analysis, on the other hand, the distance between echoing regions of eastward and
northward beams was approximately 17 km at the altitude of 70 km. Considering
the large correlation time of the scattering pattern, the motion we observed is not
the one of isolated turbulence detectable within a transmitting beam, but the motion
of the region where turbulence is being generated. Another filtering effect may arise
because we used the echo power averaged in the echoing region, while ROTTGER
and IERKIC {1985) could detect the micro-structures inside the beam.

KLOSTERMEYER and RUSTER (1984) have observed the horizontal motion of
the echo power bursts by using a simple correlation technique, and mentioned that
the motion was identical to the background wind velocity. Because of their actual
zenith angle of 6°, the distance between vertical and eastward beams was 8.4 km at
the altitude of 80 km. It is not sure if the motion of the isolated turbulence was
detectable with the grid of this size. It is possible that the trace velocities represented
the same motion as that of our analysis. In our case, however, we observed the
inertia gravity wave with the slightly negative Richardson number in the wind field,
and the wave strongly produced turbulence through instabilities. Although
K1LOSTERMEYER and RUSTER (1984) used the simple correlation technique, the
differences in the analysis techniques do not largely affect the observational results
since we still have the northward motion of the scattering pattern with the simple
correlation technique.

Recently, RUSTER and KLOSTERMEYER (1987) have statistically shown that the
motion of the echo power bursts agrees with the background wind on average. The



horizontal spacing of the beams was 5 km at the altitude of 70 km, and the simple
correlation technique was used. The motion of the echo power bursts distributed
widely around the average, and the direction of the motion is sometimes different
from that of the background wind by approximately 90°. The results of our analysis
may be attributed to one of the extreme cases. We infer that the magnitude of
gravity waves in the background wind field could change the situation whether the
motion of the scattering pattern is parallel to the background wind or not.

5. Concluding Remarks

In this paper, we have shown a new technique to observe the horizontal motion
of the scattering layers by fully utilizing the fast beam steerability of the MU radar.
The full-correlation analysis technique has also allowed us to obtain the horizontal
scale and the correlation time of the moving scattering pattern. The direction of the
horizontal motion did not agree with that of the background wind velocity, but was
associated with the horizontal propagation direction of the inertia gravity wave
observed in the wind field. Because the gravity wave showed a negative Richardson
number, we infer that the motion of the scattering pattern is that of the region
where turbulence is locally generated by the saturated gravity wave.
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