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A remarkable layered structure of mesospheric VHF echo was observed on September 20, 1985, in
the experiments with the middle and upper atmosphere (MU) radar at Shigaraki, Japan. The echoing
layers were seen at the heights where the static stability in the atmosphere increases owing to the
simultaneously observed inertia gravity wave motion. In this paper we show that the height profile of
the observed echo power can be interpreted as due to the modulation of a mean gradient of potential
refractive index by the gravity wave under the assumption of a height independent spectrum of
turbulent irregularities. It is then shown that the enhancement of the observed echo agrees well with
sharp gradients of electron density which are formed through the reactions between chemical species

vertically transported by the wave.

I. INTRODUCTION

It has been widely accepted that the radar back-
scatter at VHF from the middle atmosphere can be
explained by two distinct mechanisms: Fresnel reflec-
tions from horizontally stratified, stable laminae of
sharp gradients in the refractive index and volume
; scattering from turbulent irregularities [e.g., Rottger,
1987]. At the same time, many observational studies
have shown that the contribution from the two
mechanisms coexists in the enhanced VHF echoes
obtained at vertical incidence [Réttger and Liu, 1978;
Gage and Green, 1978; Fukao et al., 1979; Rottger et
al., 1979]. Attempts to fill the gap between theory
and observation have been made in the last several
years [e.g., Gage and Balsley, 1980; Rottger, 1980;
Doviak and Zrnic’, 1984; Gage et al., 1985; Hocking,
1987].
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Gage et al. [1981] have introduced irregularities
into the Fresnel reflection model to explain the an-
isotropic VHF echoes from stable regions in the
stratosphere. Such an idea has been known as Fres-
nel irregularities in the partial reflection at MF [eg,
Austin and Manson, 19697, The extended model is
now called Fresnel scattering because it assumes re-
flection from a group of laminae with random verti-
cal displacements within the radar’s resolution range
[Hocking and Rétiger, 1983; Gage et al., 1985]. Using
this model, Gage et al. [1981, 1985] have shown that
the magnitude of the observed echo depends on the
mean gradient of potential refractive index, and so
on the static stability in the stratosphere. On the
other hand, Doviak and Zrnic’ [1984] have shown
that the aspect sensitivity in the observed echo can
be interpreted as due to scattering from anisotropic
irregularities. Furthermore, they conclude that the
Fresnel scattering model is simply another approach
to solve the problem of scattering from furbulent ir-
regularities. However, it seems that the Fresnel scat-
tering model gives a physically comprehensible de-
scription of backscattered echo in the vertical inci-
dence.
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As for the mesosphere, several studies on the lay-
ered structure in the backscattered VHF echo have
appeared in the last several years [e.g., Balsley et al.,
1983; Smith et al, 1986; Yamamoto et al, 1987;
Kelley and Ulwick, 1988]. In these studies the ob-
served echoes have been discussed on the basis of
turbulent scattering, and the enhanced echoes have
been connected with turbulence generated, for exam-
ple, by the unstable breakdown of tide and gravity
waves. On the other hand, Muraoka et al. [1988a]
have recently shown that a multilayered structure in
the observed echo was connected with stable regions
formed by an inertial gravity wave motion. This
result suggests that we may explain the observed
~echo in terms of a mean gradient of potential refrac-

. tive index in the mesosphere, as Gage et al. [1985]
could in the stratosphere.

In this paper we briefly summarize some features
of the mesospheric echo observed with the middle
and upper atmosphere {MU) radar and compare the
result with the Fresnel scattering model. This is fol-
lowed by the discussion of the cause of the echo
scattering in the mesosphere. We also discuss the re-
sponse of electrons to the observed long-period grav-
ity wave, considering the influence of the wave on the
dynamical and chemical processes in the mesosphere,
Qur ultimate purpose is to clarify the contribution of
a mean gradient of potential refractive index to the
radar backscatter at VHF from the mesosphere.

2. MU RADAR OBSERVATION OF
MESOSPHERIC ECHOES

The MU radar is a monostatic pulse radar with an
‘active phased array system, operating at a frequency
of 46.5 MHz with about 1 MW peak radiated power.
The antenna is a circular array with an aperture of
8330 m?. Details of the system may be found in the
papers of Fukao et al. [1985a, b]. In recent meso-

Fig. I. (Opposite) (o) Time-height contour of mesospheric echo
intensity in the vertical radar beam (left) and averaged profile of
the vertical component of wind velocity (right) observed in the
period 1430-1635 LT on September 20, 1985. The contour levels
are given at 5 dB intervals. The positive value of the wind velocity
indicates upward motion. The dashed curve indicates the back-
ground mean flow. (b} Echo intensity in the beam deflected north-
ward by 10° from the zenith and meridional component wind
profile. The positive value of the wind velocity indicates north-
ward motion. (¢) Echo intensity in the beam deflected eastward by
10° from the zenith and zonal component wind profile. The posi-
tive value of the wind velocity indicates eastward motion.
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spheric observations with the MU radar at Shigaraki
(34.9°N, 136.1°E), Japan, we have shown that a
triple-layered structure in the received echo was well
correlated with an inertia gravity wave motion {Mu-
racka et al., 1987; 1988a]. For the purpose of that
experiment of measuring three components of wind
velocity, the main beam of the radar had been trans-
mitted in the vertical and two off-vertical directions,
by turns. All the backscattered echoes had been ob-
tained with a pulse modulated by a !6-element com-
plementary code with subpulse width of 4 us
{&r = 0.60 km). The received echo signals had been
coherently integrated over 20 pulses of transmission.
The power spectra calculated with a 128-point fast
Fourier transform method had been further averaged
over about 3 min.

A comparison between height profiles of meso-
spheric echo and the related wind velocity is repro-
duced in Figure 1. This figure shows that a triple
echoing layer is seen in agreement with the down-
ward and northward velocity perturbations due to a
menochromatic wave motion with a vertical wave-
length of 6 km. In the wind profiles, a decrease in the
horizontal component of the wave amplitude is seen
above 80 km, while the amplitude increases exponen-
tially below this altitude with height. This wave
breaking has been explaind as due to the occurrence
of local unstable state in the wave field [ Muraoka et
al., 1988b]. In this connection it is noted that the
echo power in the highest layer (~ 83 km) was not so
enhanced in comparison with the others. The wave
parameters have been estimated from the polariza-
tion relations between the observed wind velocity
perturbations [ Muraoka et al., 1987]. They are sum-
marized in Table 1 together with the simultancously
obtained guantities of the background mean atmo-
sphere. Note that the wave was almost stationary
{c = 0) and was an internal mode of inertia gravity
waves (£ w « wgy). Using the dispersion and po-
larization relations of the wave with these parameters
and the measured wind data, Muraoka et al. [19884]
have further estimated the static stability defined as
wh = g(8/0z)(In 6), where g is the acceleration of grav-
ity, and @ is the potential temperature. In Figure 2,
the height changes of the local static stability (nor-
malized by the mean value, w,) are compared with
the height profile of the averaged echo obtained at
vertical incidence during the period 1430-1635 LT
on September 20, 1985. The solid and dashed kines in
Figure 2b indicate the changes in the static stability
estimated respectively from the measured wind data
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TABLE 1. Summary of Parameters on Observed Gravity Wave
Motion and Mean Atmosphere in the Mesosphere

Quantity Notation Value
Wave Field

Vertical wavelength A, =2nflm| 6km

Horizontal wavelength A =2nfk 400 km

Period nfor 56h

Vertical phase velocity wfm 30 ems™?
downward

Horizontal phase velocity w/fk 20ms™*
southward

Ratio of the intrinsic to Jlw 0.3

inertial frequency
Doppler-shifted c=awfk+a 0ms™?
horizontal phase velocity
Background Mean Field*

Meridional wind velocity i 20 ms s~!
northward

Vertical wind velocity W 20cms™!
downward

Brunt-Viisild frequency Wy 0.021 s~*

Scale height H 6.2 km

Temperature T 20 K

*Evaluated around 75 km aititude.

and from the wave parameters together with the as-
sumption of exponentially growing wave amplitude.
Figure 2 shows that the magnitude of the observed
echo is well correlated with the static stability in the
wave field. While the magnitude of the peak echo
power increased with height below 80 km, it was
considerably reduced around 83 km. In this con-
nection it is noted in Figure 2b that the static stabili-
ty in the actual wave field, indicated by the solid line,
was reduced because of the wave breaking shown in
Figure 1. Therefore the reduction of echo power ap-
pears to be connected with the breakdown of the
observed wave.

3. INTERPRETATION OF THE MESOSPHERIC
ECHO PROFILE

We have shown that the static stability in the grav-
ity wave field was well correlated with the strength of
VHF echo backscattered from the mesosphere. In the
stratosphere the stability dependence of the echo
power was observed by Gage and Green [1978] and
has been explained by Gage et al. {1981, 1985], who
introduced a mean gradient of potential refractive
index in the Fresnel scattering model. On the anal-
ogy of their results we apply the Fresnel scattering
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model to the mesospheric heights to explain our ob-
servational results.

3.1. Fresnel scattering model
in the mesosphere

In the Fresnel scattering model the backscattered
power P, which arises from a partial reflection pro-
cess is given by the radar equation,

P, = (a*Pr A7/405 1) | pr | M

where P is transmitted power per pulse, A, is ef-
fective antenna area, « is an efficiency factor, r is the
range, A, is radar wavelength, and | pg|* is a power
reflection coefficient which depends on the refracti-
vity structure in the volume of the atmosphere in
question [e.g., Balsley and Gage, 1980]. The voltage
reflection coefficient p, for the vertical incidence in a
layer with the vertical extent of Ar is given in the
general form

1 z+Ar2 dn
pplz) =< j - ¢

- 2ikp2 dzr
r
2 == Arf2 dz

)

where n is the total refractive index and kp = 2n/i,
[e.g., Wair, 1970]. Although (2) is originally for a
continuous wave, it is regarded as an approximation
of the reflection coefficient for a pulse length Ar
[Gage et al., 1985].

To evaluate the magnitude of (2) in the meso-
sphere, we first consider the refractivity structure at
the mesospheric heights according to the idea of
Fresnel scattering. It is well known that the iono-
spheric component of refractive index in the meso-
sphere can be approximated as

n=1—(2nr RN (3)
where N is electron number density and r, is the
classical electron radius. In the Fresnel scattering
process it is assumed that there are many thin hori-
zontally stratified layers in the height range of the
incident pulse length. The pulse incident on a layer is
reflected partially because the layers are transversely
coherent within the horizontal extent of a Fresnel
zone at least. At the same time it is assumed that
each layer undergoes a random vertical displacement
due to either turbulence or small-scale waves [Hock-
ing and Rotrger, 1983; Gage et al.,, 1985]. Imagine an
air parcel in the layer displaced vertically a small
distance Az = z — z, from its equilibrium level z, by

.‘ﬁ\.

-
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Fig. 2. Comparison between height profiles of (g) an averaged echo power for the vertical beam shown in
Figure 1a and (b) normalized total static stability (w2/w3,). The solid line in Figure 2b indicates a height change of

wifey, estimated with parameters of the observed wave

summarized in Table | [cf. Muraoka et al., 1988a]. The

dashed curve indicates the height change for a modeled wave with an exponential growth rate.

such irregularities. Then, we may represent the re-
fractive index in the displaced parcel as

n(Z) = n{z) + MA:z 4

where np and » are the refractive indices in the parcel
and in the environmental atmosphere, respectively,
and M denotes a rate of change of the refractive
. index including the adiabatic change in the displaced

- parcel. Following Tatarski [1961] and Otersten
[1969], we call M the mean gradient of potential
refractive index in a stratified atmosphere with no
irregularity. Gage et al. [1985] have shown that M is
determined primarily by its dry air part of the total
refractive index in the upper troposphere and in the
stratosphere. In the mesosphere it is easily shown
that M is determined by the contribution from free

electrons:
dN N d
dN Ndp
(dz p dz)

where p is atmospheric pressure and y is the ratio of
the specific heats. In Appendix A we prove this con-
nection using the parcel method which Thrane and
Grandal [1981] have used to describe the fluctuation
of ion density in the D region. The manner of deri-

on
oN

e

)

vation is different from that given by Hocking [1985],
although both yield the same result. Note that the
total derivatives with respect to z in (5) denote the
mean gradients of N and p in the atmosphere across
the turbulent layer.

Substituting M, for M in (4) and using the result,
we can rewrite the voltage reflection coefficient given
by (2) as

z+Arf2

pr = liky j
z+Arf2

= ik, M,
z—Arfl

HP(Z')E_ 2ikpz' dZ'
Arf2

AZ(Z’)E— 2ikgzr dz‘

(6)

In the derivation of (6) we simply regarded n and M,
in (4) as constant in the height range of the pulse
length, since Ar is smaller than the scale length of
electron density in the mesosphere and the vertical
wavelength of the gravity wave considered here. Note
that (6) gives the reflection coefficient observed at
height z for a single pulse. If we take into account the
procedure of actuval radar echo measurement, it is
convenient to introduce an averaged reflection coef-
ficient for an array of pulses. In the usual statistical
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approach [cf. Lin, 1983] the averaged reflection coef-
ficient is given by

24 AK2
{Az(z')de™ 2 gz’

=—Ar{2

Br=ika M, 4
where { » denotes an ensemble average. Here we
assume that the vertical displacement is due to com-
pletely random irregularities: {Az> = 0 and that the
irregularity varies slowly with height within the scale
of Ar. Although the value of (7) is zero in this case,
the averaged power reflection coefficient defined as

Arj2 +a0
]pglz“w"pxpzxk?&Mij JZJ ds
—Arf2 -

- {Az(2)Az(z + s)ye~ 2ns (8)

has a definite value. Equation (8) is further rewritten
as

[P |*= k:}t Mﬁ A"Eg(zkk) %)

by introducing the spectrum of the vertical dispiace-
ment:

Efi)= .[ ) ds {Az(z)Az(z + §)pe (10}

Note that the correlation length of the irregularities
is assumed to be much less than Ar in (8} [cf. Liy,
1983].

Replacing r with z in (I) and substituting (9) into
{1}, we see that the backscattered echo power in the
vertical incidence can be rewritten as

P, = (2P AL Arja% 22 [E(2k )M 2] (11)

The formulation of the echo power given by (11) is
consistent, for example, with that derived from the
concept of isotropic turbulent scattering, because
also in the latter model the received echo power de-
pends on M and the intensity of turbulence [cf, Gage

and Balsley, 1980; Hocking, 1985)]. To investigate the

height dependence of P,, it is necessary to consider
the height dependence of each factor in (11). Since

E, fdN N dp\?
P, EgMﬁfzzoc-f(w+— p)

— 12
z\dz ypdz (12)

it is clear that P, is dependent on the height profile of
electron number density in addition to E,. We
assume hereafter that E, is independent of altitude in
order to examine the influence of the observed mono-
chromatic inertia gravity wave on the structure of M,
in the mesosphere.

MURAOKA ET AL.: GRAVITY WAVE-INDUCED ECHC LAYER

3.2, Modulation of mean gradient of potential
refractive index due to gravity waves

In this subsection we describe the mesospheric
structure modulated by a vertically propagating
monochromatic gravity wave. Following our obser-
vational results (compare Table 1), we consider here
an inertia gravity wave with the intrinsic frequency @
such that

[E 0wy, (13)

where f and wy, are the inertial and Brunt-Viisild
frequencies, respectively, in the background mean at-
mosphere. Assuming no wave dissipation in the verti-
cal propagation, we can represent the wave-induced
vertical wind velocity in the form f\

w = wyl2)e??H exp {ik(x — ct) + imz} (14)

where k and m are the horizontal and vertical wave
number, respectively, ¢ is the horizontal phase veloci-
ty, and H is the scale height of the background mean
atmosphere. Hereafter we denote the wave-induced
quantities by primes. Note that the intrinsic fre-
quency w with respect to the background mean flow
it 1s defined as

@ = kic — @) (15)

The other wave-induced winds can also be written
explicitly by using the appropriate polarization rela-
tions:

W= —(m/kw' (16)
v =~ (iffo)’ (17

As the monochromatic gravity wave propagates ver- .
tically, it breaks down at the height where the ampli- {; :
tude satisfies the condition of convective instability
w'fc—#) 21 [Hodges, 1967; Lindzen, 1981]. As-
suming that ' = ¢ — 7 at height z;, we obtain

wizg) = —afm (18)

with the aid of (i15) and (16). Note that the wave
observed in our experiment no longer grew in ampli-
tude exponentially above z, [ Muraoka et al., 1988b71.
Using (18), we can rewrite {14) as

w(z) = —(w/m)et =2 glid (19)

where ¢ = k(x — e¢t) + mz. Here we assume that
¢ =0atz =z,

In the gravity wave field we can divide the atmo-
spheric pressure in (5) into two parts as

p=p+p (20)
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where p and p’ are the background mean and wave-
induced perturbation pressures. Then, the ratio of the
perturbation to the mean is given by

PP = —{wpo/mwgHw 21)

The change of electron number density in the grav-
ity wave field is described by the continuity equation,

ANJot +V-(NV)=0Q— L (22)

where v is the macroscopic background and wave-
induced flow and Q and L are respectively the
volume production and loss rates of N. When an air
parcel is vertically displaced in the mesosphere for
some reason, the electron number density is changed
~ from its equilibrium value. The time scale for the
© relaxation to photochemical equilibrium within the
parcel has been studied by Hill and Bowhill [1979].
The study showed that the relaxation time is shorter
than the period of the gravity wave considered here.
When such a long-period gravity wave exists, the
change of N is maintained primarily through the per-
turbation of Q and L due to the wave. In Appendix B
we prove this connection by using a simplified chemi-
cal model in the lower D region. Thus the electron
number density in {5) can be also divided into two
parts as
N=N+N (23)
where N and N’ are the background mean and wave-
induced perturbation electron number densities, re-
spectively. Here we may assume that
N = Nyfzg)e® ==k 24)
where L is a scale length for the background electron
profile. On the basis of the consideration in Appen-
dix B, we may represent the wave-modulated elec-
tron number density in the form
NN = —(iw'/wH)F, (25)
where F, denotes the response of electron to the
wave, Sugiyama [1988] has discussed that in the D
region the electron perturbation due to long-period
gravity waves is generally given in the same form as
in (23). Fp becomes complex if the time scale for the
electron loss process due to the recombination is not
much shorter than the period of the wave considered
here.
Substituting (19), (24}, and (25) into (23), and using
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differentials of {20) and (23) with respect to z, we find
that (5) can be rewritten as
2nr N

1 1
= N T — {z—zp)f2H 2
M, P (L+yH)[1 BIFzle cos (b+&] (26)

in terms of real variables, where
(I + Iym2H'H)t2

27

g HE(1/L) + (1/yH)] 7

tan & = Im (Fp) — [Re (Fg)/mH'] 28)
Re (Fp) + [Itn (F g)/mH"]

I/H' = (/L) + (1/yH) + (1/2H) {29)

In the derivation of (26), we neglected p’ because the
ratio of p'/p given by (21} is smaller than an order of
0.01 for the wave motion considered here (compare
Table 1).

3.3.  Parameterization of Fresnel
scattering model

Substituting (26) for M, in (11), we can estimate
the echo power backscattered from the mesosphere
in the case that a monochromatic inertia gravity
wave propagates vertically into the mesosphere. In
order to compare the height profile of the meso-
spheric echo power measured in our experiment with
that obtained from the present model, we define a
normalized received power S, as

2CAE P z (km) ]2
“ e, eP, A2 Ar 7| 60 (km)

(30)

where C is an arbitrary number introduced for con-
venience. Combining (30) with (11), we obtain

_ CEfkd (1 LN
*” [60 (km)1® (L " yH) N

[l — BIFgle*™™2H cos (¢ + &)]* (31
In the model calculation with (31} we use the wave
and mean atmospheric parameters which have been
estimated consistently from the simultaneously mea-
sured wind data (compare Table 1). In the following
section we compare the result of the model calcula-
tion with that obtained from the echo power
measurement. However, we restrict the comparison
to the heights below 80 km because the observed
gravity wave did not grow exponentially in ampli-
tude above that height because of wave breaking [cf.
Muraoka et al., 1988b].
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Fig. 3. Comparison of estimated and observed height profiles
of normalized mesospheric echo power for 1430-1635 LT on Sep-
tember 20, 1985.

4. COMPARISON OF MU RADAR OBSERVATION
WITH FRESNEL SCATTERING MODEL

Figure 3 shows a comparison between the height
profile of mesospheric echo power which was mea-
sured with the MU radar on September 20, 1985, and
that which was estimated from the Fresnel scattering
model. The observed profile, indicated by the solid
line in the figure, is an average of about 2 hours of
data which were taken during the period 1430-1635
LT. The dot-dashed line in Figure 3 shows an echo
profile estimated from (31) with the parameters of N,
(80 km) = 1.0 x 10° cm ™3 and L = 6.0 km, which is
for the case of no wave motion. The assumed back-
ground mean electron number density profile was
taken so as to be consistent with the currently ac-
cepted one in the middle latitude [e.g., Brasseur and
Solomon, 1986]. In addition, the value of H was
taken from our observational resulis (Table 1). The
dashed line in Figure 3 shows an echo profile esti-
mated from (31) for the case that the observed mono-
chromatic gravity wave exists. The parameters of the
wave were also taken from our observational results
(Table 1) together with z, = 79 km [cf. Muraoka et
al., 1988b]. As for the response factor, we adopted

GRAVITY WAVE-INDUCED ECHO LAYER

the values of | Fz| = 1.7 and ¢ = —nx/3, in order to fit
the model profile to the observed one. The resultant
model profile shows an overall agreement with the
observed one in the magnitude and shape. In Figure
4 we show the estimated height profiles of electron
number density modulated in the gravity wave field
and of the wave-induced vertical wind velocity. It is
clear from the comparison of Figures 3 and 4 that
the altitudes indicating maxima of the observed echo
power coincide well with those indicating maxima of
the vertical gradient of the wave-modulated electron
number density. This suggests that in the mesosphere
the mean gradient of electron number density con-
tributes dominantly to the backscattering of VHF
radar beam.

Another comparison between the measured and
estimated echo power profiles is shown in Figure 5.
The measured profile, indicated by the solid line, is
an average of about 2 hours of data taken during the
period 1202-1406 LT on September 20, 1985. Note
that these data were taken just after the local noon,
about 2.5 hours earlier than those of Figure 3. Con-
sidering the difference of the solar zenith angle be-
tween the two periods, we adopted the values of N,
{80 km) = 2.0 x 10° cm™? and L = 6.0 km for the
background mean electron density profile, The re-
sulting model profile for the case of no wave motion
is shown by the dot-dashed line in Figure 5. The
dashed line in Figure 5 shows an echo power profile
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Fig. 4. Height profiles of () electron density and (b) vertical
wind perturbations estimated from the observed echo power and
gravity wind motion summarized in Table 1.
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Fig. 5. Same as Figure 3 except for comparison for 1202-1406
LT on September 20, 1985.

for the case that the observed gravity wave exists. As
for the parameters of the wave, we again used the
values shown in Table 1 together with z; = 81 km
[cf. Muraoka et al., 1988b]. In addition we adopted
the values of |Fz| =19 and &= —=/2 for the re-
sponse factor to fit the estimated profile to the ob-
served one. As a result, the overall agreement in the
magnitude and shape of the observed and modeled

" profiles is good also in this case, although no en-

hancement of the observed echo was seen below 65
km where the amplitude of the observed wave was
still small. A comparison between Figures 5 and 6
shows that the altitudes indicating maxima of the
observed echo power coincide well with those indi-
cating maxima of the vertical gradient of electron
number density. This suggests that the contribution
of the mean gradient of electron number density is
dominant in the VHF echo backscattered from the
mesosphere.

5. DISCUSSION

We have shown that the Fresnel scattering model
is effective in explaining the enhancement of VHF
echo in the mesosphere as well as in the stratosphere,

in our model calculation we considered the modula-
tion of the mean gradient of potential refractive
index due to the simultaneously observed gravity
wave while we assumed the spectrum of irregularities
to be height independent. As a result, the comparison
between the observation and the model showed a
good agreement. This indicates that the assumption
about irregularities may be justified in this case, al-
though it was initiaily introduced to simplify our
model calculation. In the stratosphere, Gage et al.
[1985] have assumed that the spectrum of irregu-
larities has a height dependence of e™*¥, based on
the altitude dependence of horizontal kinetic energy
observed in the lower stratosphere at Poker Flat
[Balsley and Garello, 1985]. At the same time they
have suggested that the spectrum of irregularities
would become independent of altitude if the irregu-
larities are due to small-scale gravity waves and the
growth of their amplitude with height is limited by
some wave-breaking process. Recently, Smith et al.
[1987] pointed out that the saturation of such small-
scale gravity waves in the middle atmosphere can be
expected from the universality seen in a number of
observations on a spectrum of velocity fluctuations.
Consequently there is a strong possibility that the
specirum of irregularities is usually independent of
height in the mesosphere because of the saturation of
small-scale gravity waves. Thus we may conclude
that the enhancement of mesospheric echo in our
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Fig. 6. Same as Figure 4 except for profiles concerning Figure 5.
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experiment is due to the modulation of the mean
gradient of potential refractive index by the gravity
wave with the long vertical scale.

We restricted the comparison between the obser-
vation and the model calculation to below 80 km,
because the observed wave was no longer growing
exponentially in amplitude above 80 km. The wave
dissipation was due to the unstable breakdown of the
wave [Muracka et al, 1988b]. In addition, it is
widely believed that the wave breaking is responsible
for the generation of turbulence [Lindzen, 1981]. In
connection with the wave breaking we have shown in
Figure 2 that the echo power was significantly re-
duced in the highest layer (~83 km). This suggests
that the generation of turbulence resulting from the
wave breaking is not directly connected with the
echo enhancement, Moreover, this strongly suggests
that the reduction of echo power arises from a
change in the vertical structure of the wave-
modulated mean gradient of potential refractive
index, whose cause is attributed to the wave break-
ing. This may be endorsed by the fact that the static
stability dependence of the echo power is still con-
served above 80 km in spite of the stability reduction
owing to the wave breaking as shown in Figure 2,

In the evaluation of the mean gradient of potential
refractive index in the observed gravity wave field, we
used the wave and mean atmospheric parameters
consistently estimated from the simultaneously mea-
sured wind data. In addition, we made assumptions
about the mean electron density profile and the re-
sponse of electron density to the gravity wave. The
two observed echo power profiles with a time lag of
about 2.5 hours required different values of the pa-
rameters for the background electron density and the
electron response factor. Since the concentrations of
electrons, ions, and some neutral species in the D
region are strongly controlled by the solar radiation
flux, the difference in the parameters of the model
profile is probably related to the change in the solar
zenith angle during the measurement.

With respect to the electron response factor used
in the model calculation, we discuss the validity of
the choice in Appendix B. Using the simplified
chemical model, we obtained a value consistent with
that required from the observation although it was
real. This model shows that the change of electron
density in the observed gravity wave field arises
mainly from the adiabatic change of temperature
within the displaced parcels and the vertical trans-
port of several neutral species. These neutrals have
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long photochemical lifetimes and participate in the
reactions related to the loss and production of elec-
trons in the displaced parcels. This originates in the
fact that the time scale for the relaxation to photo-
chemical equilibrium of electron density within verti-
cally displaced air parcels is shorter than the period
of the observed wave [Hill and Bowhill, 19797. How-
ever, the scheme of chemical reactions related to the
loss and production of electron is remarkably com-
plicated in the lower D region [e.g., Brasseur and
Solomon, 1986]. In these heights, hydrated cluster
ions play an important role in the electron loss pro-
cess. The recombination coefficient for clusters is
faster than that for molecular ions but changeable,
Consequently, it appears that the actual response of
electrons to the observed gravity wave becomes
much more complex than that described in Appendix
B. The argument term of the response factor required
from the observation may reflect the compiexity of
the chemical reaction in the lower D region.

In the comparison between the observation and
the model calculation, we have shown that the en-
hancement of mesospheric echo is in a good agree-
ment with the sharp gradient of the electron density
produced by the observed gravity wave. This means
that the vertical gradient of electron demsity is the
greatest contributing factor in the mean gradient of
potential refractive index in the mesosphere. From
this point of view, specular echoes from the “ledge”
structure in the D region are expected. HF echoes
from this ledge have been reported by Hocking and
Vincent [1982]. The height of the ledge is strongly
affected by the temperature and shows a large vari-
ation (70-90 km) depending on the geophysical and

seasonal conditions [Arnold and Krankowsky, 1977; °

Arnold et al, 1980]. Such a seasonal variation in the
height of the mesospheric echoing layer has been re-
ported by Balsley et al. [1983], although they have
suggested that the echoes arise from some kinds of
instabilities of gravity waves and tide. Recently, it has
been shown that the observed echo power enhance-

ment is in reasonable agreement with the fluctuations.

in the electron density profile measured with a rocket
[Ulwick et al., 1988]. Kelley and Ulwick [1988] have
suggested that the echo enhancement arises from the
generation of neuiral turbulence. However, it should
be noted that in our experiment the echo enhance-
ment is connected with the more stabilized region
formed by the observed gravity wave rather than
with the wave breaking. It will be an important work
in the near future for VHF radar experiments to dis-

P
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tinguish which is the primary cause of the echo en-
hancement in the mesosphere.

6. CONCLUSIONS

In this paper we have applied the Fresnel scatter-
ing model proposed by Gage et al. [1985] to clarify
characteristics of mesospheric echoes observed by the
MU radar at Shigaraki, Japan. In the extension of
the model to mesospheric heights, the mean gradient
of potential refractive index M, applicable in the
mesosphere was infroduced in place of the strato-
spheric one used by Gage et al. [1985]. With this
alteration we have shown that the extended Fresnel
scattering model simulates very well the height pro-
files of echo power backscattered from the meso-
sphere. Provided that the spectrum of irregularities is
independent of height, the observed echo power can
be explained as due to the modulation of M, by the
simultaneously observed gravity wave. In the com-
parison between the observation and the model cal-
culation, it has also been shown that the observed
echo enhancement arises from sharp gradients of
electron density which are formed by the observed
gravity wave. Therefore we may expect intense back-
scattered echo from a region with the sharp gradient
of electron density, for example, from the ledge struc-
ture in the D region.

APPENDIX A: MEAN GRADIENT OF
POTENTIAL REFRACTIVE INDEX
IN THE MESOSPHERE

We estimate here the mean gradient of the poten-
tial refractive index in mesospheric heights, defined
as

M, = AnfAz (A1)

where An = np(z) — n(z) and the subscript P denotes
quantities within vertically displaced parcels. The re-
fractive index n is dominantly contributed by free
electrons in the D region of the ionosphere, as shown
in (3) in the text [e.g., Balsley and Gage, 1980]. This
means that the refractive index is not conserved in an
adiabatic process. Therefore when we evaluate the
change of the refractive index in a vertically dis-
placed air parcel, we must take into account the
adiabatic change of electron number density in the
parcel.

Consider first the change of neutral density in an
air parcel which undergoes a vertical displacement
from its equilibrium level. If the parcel is displaced
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by a small distance Az =z —z, from the initial
height z,, the density in the parcel is given by

ppkz) = pplzo) + Sp (A2)

where Jp denotes the adiabatic change of the density
due to the vertical displacement. Considering that
the parcel conserves its potential temperature € in
the adiabatic process, we obtain

806 = (3pfyp) — (bpip) =0 (A3)
with the definition of @,
0 = (p/pR){p(0)/p}"~ 1" (Ad)

where R is the gas constant. With the aid of (A3) we
see that {A2) can be rewritten as

polz) = pplzo) + (Bpic?) (AS)

where ¢, = (yp/p)*/> is the sound speed in the en-
vironmental atmosphere.

Similarly, we can represent the electron number
density in the parcel displaced by Az as

Np(z) = Np(zo) + 6N (A6)

where SN denotes the adiabatic change of the elec-
tron number density in the parcel. Provided that the
vertical displacement is due to either turbulence or
small-scale waves with time scale much shorter than
the chemical lifetime of electrons in the reaction pro-
cess with ion and neutral species, the local equilibri-
um state is conserved during the displacement. Then,
we can assume that the mixing ratio of eleciron
number density to air number density in the parcel
remains constant during the displacement, Therefore
{A6) can be rewritten as

Np(z) = Nplzo) + (N/p)dp/cl) (A7)
with the aid of (A3). At the height z the difference
between the electron number density in the displaced
parcel and its environment is given by

N ép
AN = Nyz) — N{z) = —N{@) + Nyfzg) + — —
p e

5

{AB)

Noting in (A8) that Np(zo,) = N{z,) and that the pres-
sure in the parcel is reasonably assumed to be instan-
taneously adjusted to the environmental pressure
during the displacement p, = p and then ép = p(z)
— plz,), we can easily show that

ANjAz = —(dNjdz) + (N/yp)dp/dz) (A9)

Note that dN/dz and dp/dz in (A9) denote the mean
gradients in the environmental atmosphere across the
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TABLE 2, Reactions and Rate Coefficients in a Simplified Chemical Model

Reaction Symbol Rate Coefficient
NO -+ hv— NO™ + 27 J
"+ 0, +M-0O; + M B 3.1 x 1073 (300/T)%? cm® 51
O +0—¢" + 0, s L5 % 107" cm?* 5!
H7(H,0), + ¢” — H + aH,0 ay 5% 107° (200/T)' cm® 5!
X* + ¥~ — neutrals o 60 x 1078 ecm3 57!

turbulent layer. With the aid of (A9) and (3) in the
text we find that (A1) can be written as (5} in the text.

APPENDIX B: RESPONSE OF ELECTRONS
TO GRAVITY WAVES IN A SIMPLIFIED
CHEMICAIL MODEL

To give some meaning of the response factor Fy
estimated in the text, we discuss here the response of
electrons 1o the long-period gravity wave in the D
region. In order to make a comprehensible discussion
on the electron response, we limit the evaluation of
the response factor to a height range around 70 km.
At these heights the electron response can be dis-
cussed with a simplified chemical model. The chemi-
cal reactions used here are summarized in Table 2. In
the simplified model we assume that NO¥ is rapidly
converted to H¥(H,0), and that the photo-
detachment of O] contributes pootly to the electron
production. Around 70 km the relaxation time of
electron to photochemical equilibrium in a vertically
displaced air parcel is shorter than the period of the
gravity wave considered here [Hill and Bowhkill,
1979]. For simplicity we assume that the wave period
is much longer than the time scale for the electron
loss process due to the recombination.

We first consider the vertical transport of neutral
species by the gravity wave. The perturbation in ver-
tically displaced air parcels has been discussed by
Thrane and Grandal [1981]. Considering neutral
species with long chemical lifetimes, we see from the
continuity equation for neutrals that the pertur-
bation is given by

mfi; = —(iw'/oH){(1/7) — (H/H )]

where n; denotes the jth neutral species and H, is the
scale height of 7; defined as

(B

Hy= —(1/7)(07;/02) (B2)

The temperature perturbation due to the wave is rep-
resented as

T/T= —(iw/wH)y — 1)/7] (B3)

Taking into account the chemical reactions sum-
marized in Table 2, we see that the continuity equa-
tion for electrons is given by

fing

6N+V (Nv) J
= [NV =
ot l+n

— {og + ne)N? (B4}
where nyg is the nitric oxide number density and # is
the ratio of negative ions to the electron number
density. Assuming the photochemical steady state for
1, we can show that

n= ﬁ"ézf?d Ho (B3)

Then, the perturbation of  can be represented as

717 = (BB + 2np,/ig,) — (/i) (B6)
Also we obtain from (B4} that
N = {(Inyo/na)? (BT

assuming the steady state for N, Then the pertur-
bation of electrons is given by

N'IN = (1/2){no/fino) — (eta/ ) ~ (/)]

We neglected the perturbation of J in (B8) because of
the transparency of the ionizing photons. Note that
the perturbations of O, and O in (B6) and of NO in
(B8) are given by (B1) because of their long lifetimes.
With the aid of (B1), (B3), and (B6), and noting that
Hy, = H and that o, and § depend on temperature
as shown in Table 2, we see that (B8) reduces to

NN = —(iw//oH)F,

1 (2 H H )
|-+ 5 —— e

2\y Y Hyo Hy

Thus we see that Fj, depends on the height profiles of
NO and O in this model. If we take Hy, = H and
Hg = —2H/3, we obtain Fp = 1.7, This value is con-
sistent with the magnitude estimated from the ob-

served echo profile. However, note that the O profile
is much influenced by dynamical and chemical con-

(B8)

(BY)

where

(B10)

I

e

P
i :
Y,
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ditions in the mesosphere [cf. Brasseur and Solomon,
1986]. We also see from (B10) that F; becomes real
in this simplified model. However, we may show that
Fp becomes complex if the period of the observed
gravity wave is not much longer than the time scale
for the electron loss process due to the recombi-
nation in the more realistic model.
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