A Study of Atmospheric Dynamics
near the Mesopause
Using Radio Meteor Echoes

by
Masaki Tsutsumi

January 1995



2

A Study of Atmospheric Dynamics
near the Mesopause
Using Radio Meteor Echoes

by
Masaki Tsutsumi

January 1995



Acknowledgements

The author wishes to express liis sincere appreciation to Professor Shoichiro Fukao
for his guidance and stimulating supervision in the present work, and for the
careful reading of the manuscript. The author also wishes to express his hearty
gratitude to Emeritus Professor Susumu Kato for helpful comments and encour-
agement for the present work. The author deeply thanks Professor Iwane Kimura

fessor Hiroshi Matsumoto for their helpful advice and suggestions for the
present work.

Special thanks are due to Dr. Toshitaka Tsuda for his kind guidance, con-
tinuous encouragements throughout the present work, and carcful reading of the
manuscript. The author also thanks Dr. Robert A. Vincent for the collaboration
in the comparative study with Adelaide and Christmas Island MF radars, and
constructive discussion and advice. The author thanks Professor Alan H. Man-
son and Dr. Chris E. Mcek for the collaboration in the comparative study with
Saskatoon MF ndlr. and helpful discussions and comments on the present work.
The author is decply indcbted to Dr. Takuji Nakamaura for his constructive advice,
fruitful discussions, technical support, and also careful reading of the manuscript.

Thanks are also due to Dr. W. G. Elford and Dr. M. T. Elford for useful
comments and discussions on mobility of ions in a metcor trail. The author

iates Dr. S. P. iri for the ion in gravity wave study,
helpful comments and careful reading of the manuscript. The author is also
indebted to Dr. Chikao Nagasawa and Dr. Makoto Abo for the collaboration in
the comparative study with the sodium Lidar.

A part of results in the present thesis is based on a collaborative study be-
tween Radio Atmosph ic Sclence Center (RASC), Kyoto Univ., Agency for the

) (BPPT), Indonesia and Indonesian
National Institute of Aeronautics and Space (LAPAN). The author deeply ap-
preciates the extensive collaboration of Ms. Sri Woro B. Harijono and Ms. Tien
Sribimawati and all the staffs of BPPT. Thanks are also due to Professor Harsono
Wiryosumarto, Mr. Pramono Mardio and Mr. Nurzaman Adikusumah.

The author thanks Drs. Takehiko Aso, Toru Sato, Manabu D. Yamanaka and
Mamoru Yamamoto for a number of usefui discussions, comments and suggestion.

The author is grateful to Drs. Sugiyama, Tomoyuki Tak
suhiro Murayama, and Messrs. Tatsuhito Adachi and Hiroyuki Hashiguchi for
helpful discussions and technical support in computer software. The author
thanks to Messrs. Naoto Fuj and Yasunari Tanimura for helping with data
analysis. The author is indebted to all staff of RASC, Kyoto University. Thanks
are also due to operators from Mitsubishi Electric Corporation for the countless
effort to maintain and operate the MU rad

The MU radar belongs to, and is operated by the Radio Atmospheric Scieace
Center, Kyoto University.




Abstract

The amount of industrial waste produced by human activity has been increas-
ing since the Industrial Revolution in the 19 th century, and now has become sig-
mﬁcnm enough to affect the natural balance of the carth’s environment. i

ious

causing
roumental problems. These various minor atmospheric constituents
e trnusponcd 10 the whole carth's atmosphere by the general circulation in
the height region of 10-100 km. called the *middle atmospliere™. Thus, precise
lmdclslmldmg of the behavior of the middle atmosphere is now a subject of great
portance. The structure of the middle atmosphere is believed to be maintained
by ‘complicated dynamical processes governed by atmospheric waves and mean
winds. In particular, the mesopause region (80-100 km) is known to be quite ac-
tive in dynamics. however behavior of even fundamental physical quantities such
as wind velocity and temperature have not been fully understood due 10 a lack
of obsenmuons.
this thesis we have developed new techniques to observe temperature flue-
uuum:s, simultaneously with wind velocity observation lizing radio meteor
echo measurements with a meteor wind radar near Jakarta (6°S. 107°E). Indone-
sia and the MU radar in Shigaraki (35°N, 136°E). Japan. By means of these
observations together with results obtained at other radar and lidar observatories
we studied atmospheric dynamics around the mesopause.

We transported the meteor radar, originally constructed in 1977 at Shigaraki,
to Jakarta for abservations of the cquatorial mesopause region aier some system

and have been ce November 1992. The
MU radar was also applied to meteor echo obscrvations, which is characterized
by a high time-height resolution of 1 hr x 1 km realized by fully utilizing the
functions of the MU radar. Both the radar techniques employed an antenna with
a wide radiation pattern to effectively detect meteor echoes from wide spatial area
and also a radio interferometer in reception to accurately determine echo arrival
directions. Further we proposed an improved meteor echo observation system
with the MU radar. which can collect meteor echoes during routine observations
of the radar.

Distributions of metcor echoes were described as a fus
horizontal distance, height and local time.

From ionic diffusion theory, the ambipolar diffusion cocfficient, D.
inferred from the decay time constant of meteor echo intensity, is related to atmo-
spheric temperature, T, and density, . as D « T/p. The observed mean height
profile of D showed an exponential increase with a scale height fairly consistent
with that of atmospheric density. Further. using the Boussinesq approximation,
we found that the normalized D Ructuatio '/ Dy, can be related to those of
temperature, T¥/Ty. as D'/ Dy~2-T' [Ty, mhcro the suffix 0 denotes the time mean

ion of zewith angle,




il

values. The observed T¥/Tp oscillated with various periods. Diurnal variations of
T/, at Shigaraki were characterized by coustaut phasc with height in mor

.4
lhours in summer, implying a rclationship with evancscent diws it
heating by solar radiation. The T°/Tp Auctuations at Shigaraki during winter

months often showed a downward phase progression, which scemed to be related
to vertical propagating diurnal tides. The resnlts in Jakarta also generally showed
dowmvard phase progression.
Other temperature fluctuations with periods shorter than 1
tigated as well. The observed downward phase progression of T%/Ty indicated
that these fluctuations were caused by gravity waves, Fluctuations of T'/To and
the horizontal wind velocity showed phase and amplitude relationships consistent
with linear gravity wave theory. Based on these results, the horizontal propaga-
jon directions of dominant gravity waves were studicd. They showed a seasonal
variation w.u. prefered directions toward cast and west in sunmer and winter.
10 be related 10 1 filtering by pre-
vailing zonal wln(ls below the meteor reg We also conducted comparison
observations of dominant gravity waves with the MU radar and a sodium lidar in
clh e sepuaned by a Lorizontal d

=3,

Planetary scale wind motions were investigated by means ormpm o radar
observations. We studied the behavior of planetary waves in middle latitudes
using the meteor radar at Shigaraki and MF radars at Adelaide (35°S. 138°E) and
Saskatoon (52°N, 107°\V). Simultancous wave activities were found at Shigaraki
and Adelaide and also at Shigaraki and Saskatoon with periods of 1 10 day:

Long-period waves in the cquatorial iesopause region were unalyz«l using the
Jakarta meteor radar and a MF radar on Christmas Island (2°N. 138°\). The
prevailing winds were dominated by semiannual oscillati with \\ml\w\rd max-
ima in the equinoxes for the zonal component and an annual oscillation flowing
from summer to winter hemispheres for um meridional component. Significant
year to year variations were also . ves h periods of 3-4 days and
6-7 days revealed marked enhancements lnr the zonal components, whose phase
differences between the stations lied the possibility that these were equatorial
Kelvin waves.

Further, i two-day oscillations were observed a
Shigaraki and Jakarta in both T/Ty and wind fields. Phase relationships betwe
the stations and between T¥/Ty and the wind components strongly suggested that
these waves were identical to theoretically predicted (3. 0) mode Rosshy-gravity
waves.
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Chapter 1

General Introduction

1.1 Dynamics of Earth’s Atmosphere

Studies of the global changes of earth's environment have keenly become im-
portant in order to protect not only human activities, such as agriculture and
various industry, but also even human bodics and animals. Industrial exhausts,
whose amount has been rapidly increasing in the last decades, now act to modify
the earth’s by the effect and ozone deple-
tion. These materials, however, do not affect the whole earth's atmosphere if they
stay still at the place where they are produced. Recent atmaspheric studies have
revealed, however, that these materials are brought up to the middle atmosphere
at 10-100 km altitudes, due to vertical wind motions in tropics, then they are
spread globally by general circulation.

‘The earth’s atmosphere is commonly separated into four layers according w
its vertical ie.,
thermosphere. The troposphere is the lowest part from the ground up to -bcmt
15 km, where the main heat source is the solar radiation absorbed by the ground,
resulting in temperature decrease with height. Thus, the atmosphere becomes
unstable, and convection is generated. Most of meteorological phenomena occur
in the troposphere. The region above the tropasphere is called the stratosphere,
where the temperature increases with height up to the stratopause around 50 km.
‘The high temperature around the stratopause is caused by the absorption of solar
ultraviolet radiation by the ozone layer. Above the stratopause, the temperature
again decreases with height, which is called the mesosphere, and it reaches a
minimum at the mesopause around 90 km. The rcgion ubwe the mesopause
is called the where the and
increases with height because of the absorption of strong solu extreme ultraviolet

1
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radiation and X-rays.

The general circulation is basically generated by seasonal and latitudinal vari-
nsous of net radiative heating, that is, the sum of solar heating and infrared
Figure 1.1 (a) shows latitude-height scction of zonal mean temperature
in Jmuary from CIRA (COSPAR International Reference Atmosphere) 1986. In
the lower atmosphere equatorial region is recciving a major part of the solar en-
ergy, producing a temperature distribution with a maximumn over the equator and
minima near the poles. While, from 20 to 70 km temperature shows antisym-
metric distribution about the equator with a m: um and minimum at summer
and winter poles, respectively, due to the greater absorption of solar radiation by
the ozone layer in the summer hemisphere. Temperature distribution above 70
km is separately discussed below.

Figure 1.1 (b) shows zonal mean zonal wind in January from CIRA 1986.
In the troposphere castward jets are recognized with maxima at about 10 km
in middle Jatitudes. On the other hand, above 20 km up to 80 km westward
and eastward winds are dominated in sununer and winter hemisphere, respec-
tively. The relation between these temperature and zonal wind distributions are
reasonably explained by the thermal wind relation [e.g., Andrews et al., 1987).

The general circulation is generated to complement latitudinal difference of
solar radiation and the infrared emission. From this point of view meridional
circulation is essentially important, in transporting heat energy and minor con-
stituents. Figure 1.2 shows the mean meridional mass stream function theoreti-
cally predicted by Garcia and Solomon [1983] in the case of northern-hemisphere
winter solstice conditions. The figure indicates that tropospheric air is brought
up to middle atmosphere through equatorial tropopause by active cumulus con-
vection there.

In equatorial lower i f the are the largest
in three regions where occan and continent interface; Africa, South America and
Indonesia. In particular, Indonesia is characterized by the complicated land-sea
distribution, moreover, amount of precipitable water, carrying latent heat, is the

largest over Western Pacific around Indonesia. Tall cumulus clouds exclusively
generated near Indonesia sometimes penetrate deep into the stratosphere, which
transport the tropospheric air above the tropopause. Now the equatorial In-
donesia has been known es a fountain region of minor constituents [Newell and
Gould-Stewart, 1981

Minor I as chl d, nitrogen oxide and water vapor
carried up to the middle atmosphere are then transported to middle to high
latitude, and a part of those pass through winter polar region.

Although the general circulation is basically driven by the solar heating, obser-
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The left ordinate is pressure (mb): the frst right ordinate (0-17) is pressure
scale height; the second right ordinate is approximate geometric height.
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vational studies found a reversal of meridional temperature and prevailing zonal
wind near the mesopause which was unable to explain by radiative balance of the

That is, ion above 70 km shows a maximum
and minimum at winter and summer poles, respectively, as scen in Figure 1.1 (a).
Zonal wind becomes very weak at 80-90 km, and its direction changes above that
level. Subsequent theoretical and observational studies have pointed out that
dynamical processes, especially gravity waves propagating from lower altitudes,
play an important role to reverse the general circulation [e.g, Lindzen, 1981; Mat-
suno, 1982; Vincent and Reid, 1983; Tsuda et al., 1990]. While, as for the mass
transport in the meridional plane, atmospheric waves are again thought to play
an important role. That is, in addition to mean meridional flow, eddy motions
produced by dynamical and chemical processes due to atmospheric waves [An-
drews et al., 1987) are thought to significantly contribute to the mass transport,
which are taken into account for the calculation shown in Figure 1.2.

It is also notable that the mesopause region is a transition layer for many atmo-
spheric parameters such as diffusion, composition and ionization rate | Tohmatsu,
1990]. Below and above a boundary called turbopause at about 100 km, tur-
‘bulent and molecular diffusion processes are dominant, respectively. According
to this diffusion process composition of the atmosphere is almost uniform below
the turbopause, while separation due to gravity becomes effective above that.
Moreover, absorption of extreme ultraviolet and X-ray causes a transition from
neutral to ionized around the Depending on
ionization rate definitions are made for ionospheric layers of D, E and F, with
approximate corresponding height ranges of 70-80 km, 80-160 km and 160-500
km, respectively. Thus, the mesopause region is a very interesting object of ob-
servations.

‘There are a number of techniques to observe the middle atmosphere. In-situ
measurements such as rocket and radiosonde observations have been operated
for long time, in which compact measuring instrument is carried by a rocket or
balloon. These measurements are characterized by their good height resolution.
However, these observations give only one vertical profile by a single launch.

On the other hand, remote sensing measurements using radio wave and optical
rays provide more successive data in time and height. The remote sensing mea-
surements are classified into two types; satellite and ground based techniques.
The satellite observation has now become one of the most powerful methods,
which is suitable for studying global scale waves. However, its height resolution
is about 2-8 km [Rodgers, 1984], and time resolution is not very good for & polar
orbit satellite, thus it is not good at studying atmospheric waves with small ver-
tical and time scale. While, the ground based remote sensing systems, such as
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radars and lidars are characterized by high time and height resolution of about
1-10min and 100m-5km, although horizontal coverage of each system is fairly
limited. Various radar measurements of the middle atmosphere have revealed
characteristics of the atmospheric waves, such as planetary waves, atmospheric
tides and gravity waves. The lidar is an observation method developed more re-
cently. The Raylcigh lidar can observe the atinospheric density and temperature
at the altitude of 30-80km, which covers the blind height of radar observation
(30-60km). Sodium lidar can also observe density and temperature at the altitude
of 80~105km.

Among these m:lu uxd l:du ud.mqm wman can observe the atmosphere
from the and
‘Troposphere) radar obsemuons are the most excellem in time and height resolu-
tions as schematically illustrated in Figure 1.3. However, MST radar observations
with turbulence echoes in the mesosphere are limited to daylight hours due to
low electron density at night (Figure 1.4). Lidar observations are difficult to con-
duct in daylight hours. While, MF (Medium Frequency, partial reflection) radar
and meteor radar can continuously monitor wind fields although they are not
50 good as MST radar in time and height resolution. Furthermore, observations
using meteors can be conducted with an MST radar, and even in parallel with
normal MST radar observations by attaching a fairly compact economical pro-
cessing system [e.g., Avery et al., 1983; Wanyg et al., 1988}. In addition, they have
a potential to be used for study of atmospheric temperature and density as well
(e, Greenhow and Hall, 1960].

1.2 Atmospheric Waves

In the middle atmosphere atmospheric waves with various periods exist su-
perposed by mean winds, such as gravity waves (5 min-21 hr at 35° latitude),
atmospheric tides (24 hr, 12 hr, 8 hr,..) and planetary waves (1 day ~).

Assuming adiabatic llmsc:d  process and small scale mouons, these atmo-
‘spheric waves were by using the equations
of atmospheric motions derived from the fundamental equations of the atmo-
spheric dynamics such as the equation of motion, first law of thermodynamics,
continuity equation and equation of state for an ideal gas. The restoring forces for
these waves are provided by the stable density stratification of the atmosphere,
namely, the buoyancy, and by the rotation of the earth, as represented by Coriolis
force.

Gravity waves, which are types of waves with relatively small horizontal scale
owe their existence mainly to the buoyancy. They are mainly exited in the lower
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Figure 1.4: Time-height coverage of observation techniques near the mesopause.
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throug] shear instability of jet stream, in-
teraction of w,mgnphy wuln a jet stream snd various meteorological disturbances
such as fronts and [e-g.. Murayama et al, 1994; Tsuda
et al., 1994].

While, atmospheric tides and planetary waves have larger horizontal struc-
ture. Aumospheric tides are daily oscillations, which are primarily forced by
diurnal variations of the heating due to absorption of solar ultraviolet radiation
by atmospheric water vapor and ozone. On the contrary planetary waves have no
such specific periodic sources. Restoring force of these global-scale waves is lati-
tudinal difference of Coriolis force. The buoyancy is also important for vertically
propagating atmospheric tides.

In the followings we briefly review characteristics of each wave.

Atmospheric Tides
In considering atmospheric waves with a large horizontal extent, such as at-
mospheric tides and planetary waves, we have to employ a set of perturbation
equations described on spherical coordinate [e.g., Kato, 1980). By using a sepa-
ration constant, called 'equivalent depth’, obtained differential equation can be
separated into two equations which determine vertical and horizontal structure
of waves, called vertical and horizontal structure equations, respectively. The
horizontal structure equation is known as Laplace’s tidal equation. For forced
‘waves like atmosplieric tides their frequency and longitudinal wave number can be
specified, thus by substituting these parameters into the anlu:e 's udd equu-on
we can obtain equivalent depth as eige and
called ‘Hough function’, which determine latitudinal vumlons of unplnuds of
vertical o{ air parcel, thus, Further, the
equivalent depth is substituted into the vertical structure equation, then corre-
sponding vertical structure is calculated.

Application of a classical tidal theory to atmospheric tides was established
‘mainly by Kato {1966] and Lindzen [1967). It is shown that the equivalent depth
of diurnal tides can take negative values as well as positive values [Kato, 1966).
While, the Hough function was solved by Longuet-Higgins [1968]. Figure 1.5
shows Hough functions for some principal modes of diurnal tides together with
corresponding latitudinal variations of eastward and northward wind velocity
components. The modes with positive and negative equivalent depths are called
positive modes and negative modes, respectively. A positive mode of diurnal
tides can propagate vertically, while a negative mode is an external wave with a
standing phase structure along height. The positive modes of diurnal tides have
the major part of their energy in the low latitude region, while the negative modes
show large amplitudes in the high latitude as seen in Figure 1.5. This is shown
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Figure 1.5: TOP: Hough functions for the solar diumal tidal modes nor-
malized to a maximum value of unity. Keys and normalization factors for
each Hough mode are as follows; (1, 1), solid line, 0.606; (1, -1), broken
line, 1.034; (1, -2), dotted line, 1.054; (1, -4), dashed-dot line, 0.513; (1, 2),
dashed-double-dot line, 0.641. BOTTOM: northerly (southward) velocity

y.
tion factors are 0.026., 0.126, 0.100, 0.024, 0.015, respectively. CENTER:
westerly (eastward) velocity expansion functions normalized to a maxi-
mum value of unity. Normalized factors are 0.038, 0.130, 0.100, 0.024,
0.018, respectively, [after Forbes [1982]). (1, 1), (1, -1). (1, -2), (1, -4) and
(1, 2) are the first symmetric positive, first antisymmetric negative, first
symmetric negative, second symmetric negative and first antisymmetric
positive modes, respectively.
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by the fact that since the Coriolis frequency becomes equal to the frequency
of the diurnal tide at 30° latitude. Thus, at lower latitudes diurnal tides can
propagate as a gravity wave, at higher latitudes they cannot propagate
vertically, resulting in the dominance of a negative mode. On the contrary, since
the frequency of a semidiurnal tide is always larger than the Coriolis frequency, it
only takes positive cquivalent depth, ie., all the semidiurnal tides can propagate
vertically.

During the Middle Atmosphere Program (MAP) in 1982-1985, many observa-
tions on atmospheric tides were carried out. The new CIRA model (CIRA, 1986)
of the atmospheric temperature and zonal mean wind was also provided, utilizing
various observations carried out during MAP. Theoretical models of atmospheric
tides utilizing these updated model atmosphere and improved information on the
dissipating process due to the eddy diffusion were recently proposed | Vial, 1986;
Forbes and Hagan, 1988; Forbes and Vial, 1989), and discrepancy with the ob-
servations becomes smaller. Now the monthly mean climatology comparatively
agrees better between the models and observations for semidiurnal tides [Forbes
and Vial, 1989)], however, diurnal tides are not yet well described by the models.

Gravity Waves

Assuming that a gravity wave is a plane wave, we can derive the dispersion
relation of gravity wave from perturbation equations when f? < w? < N? as
follows

Mo

2
mE S h
where w is the intrinsic frequency of the wave (frequency observed in the frame
moving with the background flow) which can be written as w = k(c — &), where ¢
and @ are the horizontal phase velocity of the gravity wave and horizontal mean
wind speed in the direction of wave propagation, respectively [e.g., Gossard and
Hooke, 1975; Andreus et al., 1987].
The polarization relations between the variables of gravity waves can be de-
rived from the basic equations as

R (1)

(1.2)

(1.3)

where u' and ' are the parallel and perpendicular components of wave induced
horizontal wind fluctuations relative to the wave propagation directions, w' is
the wave-induced vertical wind. Note that the prime, ’, denotes perturbation
quantities. Equation 1.2 indicates that phase difference between u’ and v/ are 90°
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and the ratio of amplitudes is proportional to f/w, thus, a tip of the horizontal
wind vector draws an clliptical locus, which shows a clockwise rotation with
increasing hieight in the case of the northiern hemisphere.

Further, we introduce T, ied by vertical
‘motion of air parcel in an adiabatic condition. Since relative temperature per-
turbations are shown to be equal to those of potential temperature under the
Boussinesq approximation [e.g., Stull, 1988], T* can be related to the vertical
wind velocity perturbation, w’, assuming the preservation of potential tempera-
ture, 8, as follows:

% (14)

where g is gravitational acceleration, and suffix 0 denotes time mean values. Using
Equations 1.1 and 1.3, T'/T; can be related to u’ as follows:

T N,

5= (1.5)
where we assume f? << w? << N2 This equation indicates that T* becomes
maximum earlier than u’ by a quarter of the wave period.

In equatorial region there is a type of wave with planetary scale called equa-
torial Kelvin wave, which satisfies the dispersion relation identical to that of
two-dimensional gravity wave [Andrews et al., 1987). The equatorial Kelvin wave
is trapped only in a narrow latitude region around the equator, propagating east-
ward. Figure 1.6 shows the wind perturbation and geopotential structure for the
Kelvin wave, indicating that its horizontal wind perturbation appears only in
20nal direction.

Planetary Waves

Planetary waves, or Rossby waves, can be classified into two types; forced
planetary waves and free traveling planctary waves. In the followings we limit
our interest to the traveling planetary waves.

Analogous to atmospheric tides a set of equation on spherical coordinate is
employed to investigate planetary waves. However, the traveling planetary wave
has no specific periodic forcing unlike atmospheric tides. Thus, firstly, the equiv-
alent depth is calculated as an eigen value of the vertical structure equation, then
corresponding wave frequency and latitudinal structure, namely, Hough function,
are determined from the Laplace’s tidal equation [e.g., Salby, 1981a).

A lot of efforts have been devoted to observations of planetary waves and
vdenufy their global suucum since 1950 'S [e 8., Madden and Julian, 1972, 1973).
In reatly il to the study of plan-
etary waves, such as 5, 10, 4 and 16 dxy waves, which were shown to correspond
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Figure 1.6: Plan view of horizontal velocity and height perturbations as-
sociated with an equatorial Kelvin wave [Matsuno, 1966]

to symmetric (1, 1) mode, anti-symmetric (2, 1) mode, symmetric (1, 2) mode
and symmetric (1, 3) mode, respectively, when the equivalent depth is taken to be
about 10 km [e.g., Hirota and Hirooks, 1984; Hirooka and Hirota, 1985], where
notation is made as (s, n — s) for waves with a zonal wavenumber of s and &
meridional index of n.

In the mesosphere and lower thermosphere, large scale motions with vari-
ous periods have been also reported [e.g., Salby and Roper, 1960 [to et al. 1984).
Among them the most observed wave is a q day wave (here-
after, the two-day wave), which reveals large amplitude in low to high latitudes
in summer hemisphere. From satellite and cooperative radar observations [e.
Mullar and Nelson, 1978; Rodgers and Prata, 1981], the two-day wave was inter-
preted as a manifestation of one of Rossby waves, called a Rossby-gravity wave,
with a zonal wavenumber of three, that is, antisymmetric (3, 0) mode obtained
from & numerical calculation [Salby, 1981a).

However, except for the two-day wave global structure of most of planetary
waves in the mesopause region as not been identified yet. In lddmon dlhouyl

of wind and
10 fully understand the behavior of planetary waves, such obsemuons luve not
been conducted due to a lack of such observation techniques.

‘We now study a relation between wind and temperature fields associated with
a Rossby-gravity wave using an equatorial § plane approximation [Holton, 1992).
When we assume a zonally propagating wave the meridional structure of the
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Figure 1.7: Plan view of horizontal velocity and height perturbations as-
sociated with an cquatorial Rossby-gravity wave [Matsuno, 1966].

—
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Figure 1.8: Longitude-height sction along a latitude circle north of the
equator showing pressure, temperature, and wind perturbations for a ther-
mally damped Rossby-gravity wave. Areas of high pressure are shaded.
Small arrows indicate zonal and vertical wind perturbations with length
proportional to the wave amplitude. Meridional wind perturbations are
shown by arrows pointed into the page (northward) and out of the page
(southward).
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horizontal velocity and geopotential perturbations can be expressed as

u iimlwN-'y
( v ) v ( 1 ) exp (——BIZ\I;F) (1.6)
° .

wy

where u, v and ¢ are eastward and northward wind velocity and ge
perturbations, respectively, w and N are wave frequency and Brunt-
quency, respectively, m is vertical wavenumber, y is distance from the equator.
B is defined as 22/a, where 2 and a are the angular velocity and the radius
of the earth, respectively. The resulting horizontal wave structure is plotted in
Figure 1.7, which shows an antisymmetric structure about the equator. The
wave structure in the longitude-height section at a latitude north of the equa-
tor is shown in Figure 1.8, indicating phase relation between v and temperature
fluctuation is expected to be in phase, while, in the southern hemisphere it is
expected to be anti-phase.

1.3 Fundamental Characteristics of Meteors

This section is devoted to a brief description of the characteristics of meteors
and their impacts on the earth's atmosphere.

A meteor is a streak of light or "shooting star” that is seen in the night
sky when a small object, known as a meteoroid, enters the earth's atmosphere
at a high speed and dissipates its energy and substance in a brief blaze. Very
rarely, a residual fragment of a large meteoroid may survive the fiery plunge and
drop to the ground as a meteorite [McKinley, 1961]. The velocities of meteors
approaching the earth are in the range of 11.3 to 72 km/s. The lower limit is
set by the velocity of a particle escaping the earth’s gravitational field and is
therefore the minimum velocity that a particle falling toward the earth can have.
The upper limit of 72 km/s is the sum of the velocity of the earth orbiting the
sun, 29.8 km/s, and the escaping velocity for a particle leaving the solar system,
i.e., 42 km/s. The fact that observed meteor velocities hardly exceed the upper
boundary is proof that most, if not all, meteors are members of the solar system
(Sugar, 1964].

Meteors are classified into sporadic and shower meteors. Shower meteors are
thought to be mainly originated from small particles ejected from comets orbiting
the sun. On each perihelion passage a comet loses a large number of particles,
which gradually spread along the cometary orbit and fill a tube of space, called
a meteor stream. If the cometary orbit intersects the earth’s orbit, the earth will
pass the intersection on the same date every sidereal year, and if the intersection
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falls in the metcor stream region, a metcor shower will result. In the case of
an old comet the meteor stream may finally close all around the orbit, so that
a meteor shower will result on cvery earth crossing. Thus, shower meteors have
been investigated to study the history of meteor streams and ages of their mother
comets [c.g., Watanabe ct al., 1992).

A sporadic meteor or non shower metcor is not a member of a recognized
shower. Over a period of a year it is found that the number of sporadic meteors
greatly surpssses the total number of meteors belonging to the well-known show-
ers, particularly if the counts are extended to the very faint meteors [McKinley,
1961).

Due to meteoric ablation a large flux of metallic vapor is continuously entering
the Earth’s atmosphere, whose amount was estimated to be as large as 44,000
kg/day by Hughes [1978] using satellite, radio and visual observation data in
particle mass range larger than 10-'* g. The major metallic constituents of
meteorites are by weight Na 0.6 %, Ca 1.0 %, Ni 1.5 %, Al 1.7 %, Fe 11.5 %
and Mg 12.5 % [Mason, 1971). The existence of these abundant metallic ions
activates the behavior of the atmosphere in various aspects as follows.

The meteoric atoms are believed to be the souree of ions in sporadic E layers,
occurring occasionally in the ionosphere at altitudes between 90 and 140 km
with a typical thickness of 1-3 km [Huuskonen et al., 1988]. For the formation
of sporadic E layers dynamical processes, such as vertical shear of neutral wind
and electro-dynamical forces associated with aurora, are also thought to play
important roles to concentrate these ions into the thin layers [e.g., Whitehead,
1970; Kirkwood and von Zahn, 1991).

Furthermore, these meteoric metals are of chemically importance for number
of reasons [Plane, 1991). Firstly, meteoric metals have very unusual atmospheric
chemistries. Atmospheric temperature near the mesopause is known to show

ge seasonal variation, especially in high latitudes, causing important seasonal
changes in the chemistry. The solar insolation penetrating through the meso-
sphere is only attenuated at wavelengths less than 190 nm [Shimazaki, 1985),
meaning that photochemistry requiring high photon energies occurs in this re-
gion, producing ions and neutral species that are often in highly excited electron
and vibratinal states.

It is also speculated that these meteoric metals, X, descending from the mes-
osphere react with the atmosphere to form XC. Since these processes continue
in the absence of sunlight, chlorine may accumulate during polar winter. The
sudden release of this chlorine from photodissociation of these salts during spring
could give rise to the loss of ozone in the upper polar stratosphere [Aikin and
McPeters, 1986).
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The free metal atoms aud ions, which are relatively easy to view with ground-
based instruments such as a meteor radar and various optical instruments like
a sodium lidar, appear to be excellent trecers of the dynamical processes [e.g.,
Plane, 1991].

1.4 Outline of the Thesis

As duscnbed in previous sections meteor echo observation is one of crucial
techniques to study dynamics near region.
In this thesis we developed meteor echo observation techniques using two radars
of Radio Atmospheric Science Center (RASC), Kyoto Univ., then studied waves
with various period.

In Chapter 2 we describe developments of meteor echo measurement tech-
niques using a meteor radar and the MU radar for observations of wind velocity
and ambipolar diffusion coefficient. Further, we propose an improved meteor ob-
servation system with the MU radar, which can collect meteor echoes in parallel
with normal MU radar observations. Then, we discuss time-height distribution
of meteor echoes for each radar observation.

In Chapter 3 we study relation between ambipolar diffusion coefficient and
atmospheric temperature and density, then apply the relation to obsermxons of

density scale height and d by i Among
observed fluctuations with various periods we examine diurnal component in this
chapter.

Chapter 4 is devoted to studying behavior of gravity waves using simultaneous
wind and temperature fluctuation observations with the MU radar with resolu-
tions of 1 br x 1 km. First, we exar phase and amplitude relations between
observed wind and temperature fluctuations in comparison with a prediction from
a linear theory of gravity waves. Then, we investigate seasonal variations of prop-
agation directions of dominant gravity waves. Finally, we present a comparison
observation of gravity waves with the MU radar and a sodium lidar.

We study planetary scale wind motion in Chapter 5 using data from several
radar observatories which are widely spaced in longitude and latitude. First, plan-
etary waves in middle latitudes are investigated. Then, we describe i
of mean winds and planctary waves in equatorial mesopause reg
means of si of wind and
‘meteor echoes we study global structure and seasonal behavior of two day wave.

In Chapter 6 we present summary and conclusions of this thesis.




Chapter 2

Radar Observations of Meteor
Echoes

In this thesis we study atmosphere dynamics near the mesopause utilizing ra-
dio echoes scattered from an ionized meteor trail. We first review the characteris-
tics of radio scattering by a meteor trail, then present development of observation
techniques for both wind velocity and ambipolar diffusion coefficient, and finally
discuss time-height distributions of meteor echoes together with performance of
obtained data. Observations were carried out with the MU (Middle and Upper
atmosphere) radar and a meteor radar in Shigaraki (35°N, 136°E). While, we
transported the meteor radar from Japan to Jakarta (6°S, 107°,E), Indonesia.

2.1 Radio Scattering by Meteor Trails

When a meteoroid impinges the earth’s atmosphere, it interacts with neutral
atmosphere and ablates meteor atoms, which have an al velocity comparable
to that of the metcoroid (about 11-73 kin/s). Collisions between the ablated
ions and atmosphere molecules are frequently repeated to slow the ions down to
the thermal velocities of the environment neutral atmosphere within less than a
millisecond (McKinley, 1961]. Then, an ionized meteor trail is left along a pass
of the meteoroid. The trail has an initial radius, o, approximated by

logyo Fo = 0.019h ~ 1.92 + log,o(V/40) (21)

where ry is in meter, and h and V are altitude in km and impinging velocity in
km/s, respectively Baggaley, 1980; 1981; Thomas et al., 1988]. When V is 40
km/s, ro at 90 km altitude is 0.62 m. The meteor trail is further moved by wind
motion of ambient neutral atmasphere.

17
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We reccive a backscattered radar echo from the meteor trail using HF and VHF
radio waves. Metcor echocs can be classified into two types, i.e., underdense and
overdense types, according to the line clectron density. A boundary line electron
density of the two types is given by

x";"’ L2410 (22)

where ) is a radar wavelength [McKinley, 1961). When a line electron density is
less than this value, all the received echoes become underdense types.

For the overdense trail, transmitted radio waves can not penetrate into the
meteor trail, but is totally reflected, because its frequency is lower than the
critical frequency of the plasma corresponding to the electron density of the trail.
While, in the case of an underdense echo, electron density is so low that the
radio wave penetrates into the trail, and it is partially reflected by each electron
independently, with the scattering cross section of

2
R L

%¢ = Ton?m? @3
where po, m and e are magnetic permeability of air, electron mass and electron
charge, respectively. By using a conventional radar equation, the received power
from each electron scattering, AP,, is represented by a formula

PGiG, Mo,
64x3R!
where P, G, G, and R are transmitted power, transmitting antenna gain, re-
ceiving antenna gain and range, respectively. By integrating Equation 2.4 for all
electrons in the trail, we can obtain echo power. When we assume an instanta-
neously formed infinitely long cylindrical trail, the total received echo power at

t=0, P., is obtained as

AP, (2.4)

_ PGG.No, ,E+3*
P=Trm %2

where g is a line density of electrons, and ¢ and s are Fresnel integrals. If the

trail is a straight column without distortions, we can regard the scattering of

radio wave as a Fresnel reflection. The value (¢* + 5?)/2 becomes almost 1 by
integrating Equation 2.4 for a few Fresnel zones [McKinley, 1961].

Figure 2.1 shows a numerical model of an instantaneous meteor echo power

and phase during the formation of the meteor trail with solid lines in the ab-

sence of diffusion process and wind motions of ambient neutral atmosphere. We

(2.8)
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assumed that meteor trail is an infinitely long straight column and uniformly
ionized along the trail. We also neglect deceleration of impinging velocity of the
meteoroid in the atmosphere. The abscissa is distance along the trail measured
from the minimum range point between the trail and the radar. In Figure 2.1
(a) the echo power increases gradually during the early stage of trail formation,
and quickly reaches maximum value when the meteor body passes through the
minimum range point. After that the echo power becomes fairly constant. The
‘main reflection occurs on a region called the first Fresnel zone. The extent of the
first Fresnel zone is given as /ZAT%, centered at the minimum range point, where
Ry is the minimum range between the radar and the trail. The first Fresnel zone,
for example, is 1.1 km when X and R are 6 m (50 MHz) and 100 km, respectively.

‘We neglected the effects of diffusion processes on a meteor trail so far. How-
ever, the actual meteor trail suffers various diffusion processes such as ambipolar
diffusion, eddy diffusion, recombination, chemical reaction and also distortion by
wind motions. Among them ambipolar diffusion is found to play play a dominant
role of trail diffusion [e.g., Jones, 1975). The radius of a meteor trail, r, is given
by

2= 4Dt + rg? (26)
where D is ambipolar diffusion coefficient, ¢ and ro are time and an initial radius
after the meteor trail reaches thermal equilibrium, respectively [McKinley, 1961).
A meteor trail considering ambipolar diffusion is schematically illustrated in Fig-
ure 2.2. The echo intensity is reduced by the radial diffusion of the trail in the
case of the underdense echo [Herlofson, 1948), thus echo power at ¢, P,(t), decays
exponentially as

322Dt
P(t) = PO)exp(-=557) (27
and a decay time constant, 7, is defined as
»
=D (28)

The echo power in the existence of ambipolar diffusion is shown in Figure 2.1
(8) with a solid line. Further, the ambipolar diffusion coefficient, D, is known
to depend on atmospheric temperature, T, and density, p [e.g., Kaiser, 1953,
Greenow and Neufeld, 1955, Weiss, 1955) as

<
Dx=- (29)

where C is a constant. Since temperature is fairly constant around the mesopause,
D is expected to increase exponentially with height, which is used to observe
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-100

-2 -1 o 12
Distance along meteor trail (xVZAR)

Figure 2.1: A numerieal calculation of (a) an instantaneous meteor echo
power and (b) phase. The abscissa is a distance along the meteor trail
measured from the minimum range point between the trail and the radar,
expressed in terms of the length of the first Fresnel zone. The solid lines
indicate values in the absence of ambipolar diffusion and wind motions,
while the dashed lines in the existence of these effects. Amplitude and
phase values ater formation of the infinitely long trail, in the case of no
ambipolar diffusion and wind motions, are set to be unity and 0, respec-
tively.
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A model of a meteor trail at time 7 after the time when

‘meteoroid with impinging velocity ¥ passes the minimum range point,
where %75 = (AR/2)"/2/V is defined as one-half of the first Fresnel zone of
the trail. The initial radius is shown as the dashed line, while the effective
radius due to diffusion is indicated by the solid-line envelope [McKinley,
1961
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density scale height. This relation is also utilized to estimate echo reflection
Lieight (decay height method) for radar systems which do not directly measure the
reflection height. Further, it is possible to delineate information of temperature
and density fluctuations from temporal variations of D, which will be precisely
discussed in subsequent chapters.

On the other hand, phase of metcor echo shown in Figure 2.1 (b) exhibits
rapid increase during the beginning stage of the trail formation, which is caused
by the appronching metcor body. The phase variation with time gives us the
values of impinging velocities of metcorites, which is an important parameter to
know its orbit in the interplanetary space. The phase becomes almost constant
after the first Fresnel zone is formed in the case of motionless atmosphere as
shown with the solid line. However, the ionized particles in a meteor trail are
moved with wind motion of the ambient neutral atmosphere [Manning et al.,
1950}, causing the Doppler frequency shift Af in the received echo. A general
idea for an approaching meteor trail toward the radar site is shown with a dashed
line in Figure 2.1 (b). The radial wind v, is inferred from Af as

v ;A i (2.10)

So far we assumed that the initial radius of meteor trail is negligibly small
compared with the radar wavelength. However, if the initial trail width is of the
order of the radio wavelength then the radiation backscattered from electrons in
the trail may not be in phase, and the echo power can be severely attenuated
[e 8, Olsson-Steel and Elford, 1987). Further, since a meteor takes a finite time
ross the first Fresnel zone, it is possible that the trail has diffused to reach a
wldlh comparable to the radar wavelength by the time the meteor has reached
the end of the zone. These effects destructively reduce the echo amplitude at
higher altitude and set an upper limitation for observations, called ‘echo ceiling’,

which is 100-110 km for meteor radars operated at
some tens of MHz (McKinley, 1961).

2.2 Development of Observational Techniques

In this section we describe it i of i
using meteor echoes. We employed two radar systems in this study; & meteor
wind radar and the MU radar. Before describing each radar technique we discuss
system requirements to realize the meteor observations.

1. Meteor appears randomly in a large spatial area. Fortunately, we do not
need transmitting and receiving antennas with a large gain because we can
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expect a fairly strong echo from the trail due to the specular reflection,
whose intensity ranges over 80 dB [e.g., McKinley, 1961]. Therefore, an-
tennas with wide radiation patterns have advantages in collecting plenty of
meteor echoes from wide azimuth and zenith angles.

2. It is essentially important to measure arrival direction and reflection height
of each meteor echo accurately in order to recompose wind velocity vector
from observed radial wind velocities. Therclore, it is required to employ
a radio interferometer technique, with which we can determine the arrival
dircctions by measuring phase differences of the reccived eclioes between
more than three antennas. The echo reflection height is further calculated
from the direction and the range between the radar and the meteor trail.

3. The length of the first Fresnel zone is an order of 1 km as described in the
previous section, indicating that minimum scale of observable atmospheric
phenomena is also around this length. Therefore, necessary and sufficient
range resolution is about 1 km.

4. Meteor echoes occupy quite a small part of received signal records, because
meteor trails are fairly small targets and normally disappear within one
second due to diffusion, suggesting that most of the received signal is use-
less. Therefore, it is required to record only a part of signal at a range
where the echo appears for a certain duration time in order to reduce total
amount of stored data by using a sophisticated realtime processing software
or hardware.

In the following three subscctions, we discuss how we realized these system
requirements. We first describe a meteor wind radar system, then an applica-
tion of the MU radar to meteor echo observations and lastly a proposal for an
improvement for the meteor observation system with the MU radar, which can
collect meteor echoes in parallel with the routine observations of the MU radar.

2.2.1 Meteor Wind Radar System

A meteor radar was constructed at Shigaraki (35°N,136°E) in 1977. It is a
compact economical radar system, which is equipped with fundamental functions
to realize the necessary conditions discussed above. Five-element Yagi antennas
with the half power beam width of as wide as 60° in one way pattern were
used for both transmission and reception in order to detect echoes from a large
spatial area. Single Yagi antenna was used for transmitting radio waves. While,
three Yagi's composed an interferometer, providing signal to the phase sequenced
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interferometer (PSI) [Rudman et al., 1970) equipped for accurate measurements
of arrival angles of a meteor trail. A computer system was employed for radar
control and real time data processing. The radar was operated under two modes;
‘watch mode' and ‘measure mode’. During the watch mode the radar searched
a meteor echo whose intensity exceeded a threshold value, without recording
received signal. When the received signal is recognized to be a meteor echo, the
operation mode is changed to the measure mode, where the computer fixes the
sample range and records the signal for 200 transmitting pulses (about 1 sec.)
[Aso et al., 1979; Tsuda et al., 1982).

In 1983-1986 continuous observations were carried out by the automatic ob-
serving system for 24 hours and s large observational data base for the meteor
height of 80-110 km were stored.

In 1992 we transported the meteor wind radar to Indonesia to investigate
equatorial atmosphere dynamics after some improvements of the system [Fujioka,
1993). In order to start observations in the equatorial Indonesia, it is necessary to
consider the operation conditions there. S ‘who designed this system
cannot stay at the observatory for all the observation period, the system should be
operated under a control of a computer, except for the least maintenance by the
operator, visiting the observatory occasionally. Even if there is a severe damage
on the hardware, small MTTR (mean time to recover) is demanded in order to
reduce the gap of continuous observation to as short as possible. Considering these
requirements, we have improved the meteor radar, especially the transmitter and
computer. We also have replaced the transmitting and receiving antennas with
newly designed ones [Tsuda et al., 1995).

Figure 2.3 shows the block diagram of the new meteor radar. The transmitter,
antennas and the computer subsystems are encircled by dotted line in Figure 2.3.
Basic parameters of Jakarta meteor wind radar are summarized in Table 2.1. In
the followings we describe the improvement of transmitter, antennas, and the
computer system.

Transmitter and Antenna

A transmitter used in the meteor radar is required to produce & pulse, with a
width of about 300usec, at the central frequency of 31.57 MHz, where the peak
and average output power should be 10 kW and 0.5-1 kW, respectively. In the
original system we used a transmitter with a tube as the final linear amplifier.
The tube must be replaced every about 1,000 hours (about one month) in order
to keep the nominal output power. Such a maintenance was not ideal from a
point of cost.

Therefore, we decided to employ a new transmitter originally designed for &
magnetic resonance imaging system, which utilized solid-state circuit for all the
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Figure 23: Blockdiagram of the Jakarta meteor wind radar. The areas
encircled by dotted lines are parts newly designed for the continuous ob-
servations in Jakarta, Indonesia [Fufioka, 1993).
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Parameter Value
Operating frequency 31.57 MHz (VHF band)
Antenna TX: 5-elements Yagi

RX: three S-elments Yagi's (interferometer)
beam directions  45° off the zenith

Transmitter dual solid state amplifier
peak power ~ 10 kW (maximum)
average power  ~ 0.5 kW (duty ratio 5% (maximum)
bandwidth ~ 400 kHz (maximum) (pulse width: 10 ps)

‘Table 2.1: Basic parameters of Jakarta meteor wind radar [Tsuda et al., 1994].

amplifiers (model MRI-10000, ENLI. Inc.). This transmitter consists of a final
amplifier, & system combiner and a signal splitter. The final amplifier of MRI-
10000 is composed of two sets of amplifiers, each of which produces any RF pulse
with the peak power of 5 kW.

Since the two amplifiers are connected in parallel by the system combiner and
the signal splitter, we can also operate the transmitter by using a single final
amplifier with the half power, even when the other amplifier does not work due
10 system damage or malfunction. The new transmitter is equipped with & serial
‘communication channel (RS-232C) to provide the current status of the system
operation and to accept system-control from outside, which further enables us
an automatic operation supervised by a computer. For instance, when the trans-
mitter stopped observation due to power failure or other reasons, the computer
checks the status of the transmitter and restarts it through communication.

‘The antenna employed for the meteor wind radar is a five element Yagi type
with the half power width of 60°. Single antenna is used for transmission, while
three sets are used for reception to compose an interferometer. Configuration of
the antennas for the interferometer, especially the spacing of antennas, should
be carefully designed. It is normally true that a longer baseline gives better
accuracy, which, however, might give more than two solutions of arrival angles.
By taking the antenna beam width and the range of ambiguity in arrival angle

inations i i we chose the antenna in Indonesia
as shown in Figure 2.4, which is rather decided not to produce unambiguous
solutions for a single echo by compromising their accuracy.

Computer System
Since the computer system, originally installed in the meteor radar, is quite
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Figure 24: Configuration of transmitting (TX) and receiving (RX) an-
tennas for the Jakarta meteor wind radar. Two antenna beam directions
were used, which were 45° off the zenith toward south on November 2,
1992-March 10, 1993 and March 18-June 8, 1993 and toward north on
March, 11-17, 1993 and from June 9, 1993 [Fujioka, 1993).
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old, we replaced it with two sets of personal computers whose instruction speed
is 3-5 times as fast as the old one. However, basic functions of the computer in
the radar are the same, which cover 1) radar control, 2) date-acquisition, 3) data
storage, 4) radar status check and 5) data processing. Tasks of these functions
are summarized bricfly in the followings.

1. ) radar control:

to control operation of the radar hardware; pulse scheme
for transmissi i

and reception.

»

) data-acquisition and transfer: to transfer output of A/D converters of
signal detector and phase detector and also other digital signals from the
signal processing subsystem to the memory of PC for a certain duration
, then to transfer the data to the hard disk.

©

) data storage: to store the data collected on the hard disk to an 8 mm
MT (EXABYTE) at 0:00 once a day.

-

. ) status-check: to record the status of the radar operation every hour, such
as the condition of the transmitter, local time of the first and last echoes in
the last one hour, the hourly mean radial wind velocity and the noise level,
and to restart the transmitter if it stops due to some error.

5. ) data processing:  to illustrate raw data for each meteor echo, such as
range, echo intensity, Doppler signal and phase detector output, and to
additionally plot time variation of meteor echo rate and the hourly-mean
radial wind velocity.

Since the items 1) and 2) largely concern the operation of the radar hardware
and data-transfer, we should design a real time software. While, the items 3),
4) and 5) do not necessarily correlate with, for instance, the pulse scheme of
the radar operation. We installed two sets of small personal computers (NEC
(Nippon Electric Company) , PC9801DX/U2), with a 16-bit CPU (Intel 80286,
12 MHz), which is characterized by high reliability and good cost-performance,
where one of them manages items 1) and 2), while the other 3), 4) and 5).

Operation in Indonesia

In October 1992 we transported the radar system to an observatory, located in
PUSPIPTEK (Indonesia National Center for Research, Science and Technology),
Serpong (6.4°S, 106.7°E), located about 27 km south-west of Jakarta (Figure 2.5).
So far, we have exchanged the antenna illuminating area several times between
southward and northward directions. The reason and the effective center of ob-
servation area is precisely discussed in Section 2.3. Figure 2.6 shows the outlook
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Mar 11, 1993-Mar 17, 1993
- Jun 9, 1993 s

ILLUMINATING AREA JAWA Is

AT 90-100 km
Nov 2, 1992-Mar 11, 1993

Mar 19, 1993-Jun 8, 1993

Figure 2.5: Location of the radar observatory. Shaded areas show radar

i illuminating area. The illuminating area was toward south
during November 2, 1991 to March 11, 1993 and March 19, 1993 to June 8,
1993 and toward north during March 11-17, 1993 and after June 9, 1993.
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of the radar site, where all the equipment other than antennas is installed in a
container in the left side. A boundary layer radar was also installed in the same
area, 8s shown in the right side of the figure. The radar site occupies a square
area of 40 m x 40 m, surrounded by a safety fence with a height of about 2 m.

Radar status is checked once a day by a watcher in PUSPIPTEK. Opera-
tors from BPPT (Agency for the Assessment and Application of Technology),
Indonesia visit the radar site once or twice in a week to change the 8mm MT and
maintain the radar system. Further, they analyze the data and send quick-look
output to RASC.

2.2.2 Application of the MU Radar to Meteor Echo Ob-
servations

The MU (middle and upper) radar is a monostatic pulse Doppler radar at
46.5 MHz, constructed at Shigaraki, Shiga, Japan (34.85°N, 136.10°E) in 1984.
The MU radar is characterized by an active phased array system with 475 Yagi
antennas [Fukao et al., 1985a, b]. The whole antenna of the MU radar consists
of 19 hexagonal subarrays (shown separated by thin solid lines in Figure 2.7),
and six deformed areas at the edge of the circular antenna. The subarrays, each
of which contains 19 three-element crossed Yagi's, are units for the control of
transmission and reception. There are four independent receiver chanuels in the
MU radar. Observation parameters of the MU radar can be flexibly changed by
softwares, which enables us to operate the radar as various kinds of radar systems
such as an MST and radar and also an
IS (incoherent scatter) radar. The basic parameter of the MU radar is shown in
Table 2.2.

For a normal MST radar observation by the DBS (Doppler beam swinging)
technique the whole antenna is used to obtain a pencil-like main lobe with & nar-
Tow beam width, which is alternately connected to a transmitter and a receiver.
However, this set up is not necessarily suitable for meteor echo observations.
‘Therefore, we used special combinations of the subarrays for both transmission
and reception in this study. In the following, we first discuss the beam patterns of
the transmitting antenna, and then describe the interferometer system and data
taking procedure.

Transmitting Antenna

A pencil-like antenna beam used for normal DBS techniques with the MU
radar has a half power beam width of 3.7°, which is schematically illustrated in
Figure 2.8. In the present study, we designed a doughnut-like radiation pattern,
also shown in Figure 2.8, by controlling the phase of the radio waves transmitted



22 DEVELOPMENT OF OBSERVATIONAL TECHNIQUES 31

Figure 2.6: A view of the Jakarta metcor wind radr observation site

[Tsuda et al., 1995)
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Figure 2.7: A plane view of the antenna array of the MU radar. The open
circles with numerals, 1 o 4, indicate the single crossed Yagi's used to
construct an interferometer (modified from [Nakamura et al., 191]).
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Parameter
Tocation Shigaraki, Shigs, lem (u'srn T606E)
Radar system monostatic pulse r

Operational frequency
Antenna
apperture
beam width
steerability
beam directions
polarizations
Transmitter

peak power
average power
bandwidth
PP

Receiver
bandwidth
dynamic range
IF

A/D converter
Pulse compression

active phased array system
46.5 MHz
circular array of 475 crossed yagis
$330 m? (103 m in diameter)
3.6° (one way; half power full-width)
steering is completed in each IPP
1657; 0°-30° off zenith angle
linear and circular
475 solid state amplifiers

(TR modules; each with output power of

2.4 kW peak and 120 W average)
1 MW (maximum)

50 kW (maximum duty ratio is 5 %)
1.65 MHz (meximum)

400 s to 65 ms (variable)

1.65 MHz (maximum)
70dB

5 MHz

12 bits x 8 channels

binary phase coding up to 32 elements;
Barker and complementary codes

Table 2.2: Basic parameters of the MU radar [Fukao et ol., 1985a).
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from each Yagi antenna [Nakamura et al., 1991]. As we will show in Section 2.3,
a large number of meteor echoes are detected at zenith angles of 20° — 45°, so
that the doughnut-like beam is found to be effective for detecting many meteor
echoes.

‘We introduce a coordinate system, (z, y, z), where z, y and z correspond to
eastward, northward and vertical axes, respectively. For a pencil-like beam with
the narrowest main lobe width and maximum bore-sight gain, the phase of the
transmitted radio waves for each antenna, &, is generally given as

o = Zax) 21
= %(x.sinhin@{-y.sin@cosﬁ

where 1 = (sin 8 cos ¢,sin 8sin ¢,cos8) is the direction cosine of the bore sight
pointing to the azimuth angle, ¢, and zenith angle, 8, and x; = (z;,1:,0) is the
coordinate of the i-th antenna measured from the center of the whole array.

In order to obtain the doughnut-like radiation pattern, we need to replace &,
with @ by adding a phase shift, v,

o = st @)
2 N
(il -sinds) (213)

B (i -sinda)

where 0 is the zenith angle of the direction of the maximum gain. Figure 2.9
shows numerical computation of the doughnut-like radiation pattern in compar-
ison with in the case of the pencil-like beam. The antenna gain at § = 0° for
the doughnut-like pattern is suppressed by about 20 B relative to the pencil-like
beam, while the sidelobes between 23° and 40° are considerably enhanced, by 6
10 16 dB. As a result, a doughnut-like main lobe appears centered at 30°, which
radiates radio waves more effectively in oblique directions.

@i

Interferometer and Dm-z.kmg Procedure

The an be by ing three receiver channels
to individual single Yag: 's located at the points of an equilateral triangle with a.
length of 0.697 A, as indicated in Figure 2.7. Since even the shortest base line
(0.697 Ax cos 30°) of the interferometer is longer than 0.5 A, the arrival angle of
each echo can not be uniquely determined. That is, an echo at a zenith angle of
larger than 56.5° contaminates the first lobe of the interferometer pattern. This
ambiguity, however, can be removed by using the fact that almost all underdense
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RX ch. 1~4

MUR

Figure 2.8: Schematic diagrams of the antenna patterns used in this study:

(a) vertically pointed pencil-like beam and (b) doughnut-like beam [Naka-
mura et al,, 1991].
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Figure 2.9: Numerical models of the radiation patterns for a pencil-like
beam (dashed line) and a doughnut-like beam (solid line). The plotted
pattems are cross sections of the 0 ° - 180 © plane with the azimuth
angle measured from the north. The upper-right panel shows a plane view
of subarrays and cross sections of weighting functions of the radiation
intensity.
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‘meteor trails appear at altitudes higher than 70 kin [e.g., McKinley, 1961; Aso
et al., 1980). The largest zenith angle is realized when a meteor trail at 70 km
is detected in the largest range gate. Thercfore, if sample range is less than
70 km/c0s 56.5° =127 km, all the metcor echoes should be received by the first
lobe of the interferometer. Even if echoes are detected at ranges longer than 127
km, some part of their arriving dircctions can be determined without ambiguities
when only one of the possible refiection heights exceeded 70 km. Further, since
‘meteor cchoes are seldom detected above 110 km with the MU radar as seen in
Section 2.3, large part of arriving dircctions of the residual meteor echoes can be
uniquely determined by assuming the reflection heights are between 70-110 km.

Here, we briefly describe other observation parameters, the data-taking pro-
cedure and the history of their developments. A transmitted pulse is phase mod-
ulated by a 13 bit Barker code or a 16 bit complementary code with a 6 us or 8
s subpulse width, the inter-pulse period (IPP) being 1.6 - 2.56 ms. Note that
when the 13 bit Barker code is employed strong meteor ech times produce
‘more than 12 images of the true echo at every two adjacent range gates because
suppression of the range side lobe of the 13 bit Barker code is only ~22dB. In this
study, we removed these spurious echoes by selecting the echo the largest
inteasity in a single record. To minimize this problem a 16-bit complementary
code has been adopted since August 1991.

The received signal is sampled every 0.9 and 1.2 km for the subpulse widths
6usand 8 u s in range, respectively, coherently integrated for 4-8 pulses and once
stored on memory of the computer as complex time series of 3-5 sec. When the
echo intensity exceeds a threshold for six sncccsnve data points of 80-100 msec
in a time series, the reccived signal is recognized as a metcor echo and recorded
10 a magnetic tape. Otherwise, the reccived signal is discarded.

Up to December 1989 we recorded all the time series of the received signals on
2 magnetic tape, regardless of the detection of meteor echoes, since the real-time
data-taking software was not installed. Frequent accesses to the magnetic tape
increased the blanking time of the 5o the effective
period was only 35% of the total observation period, that is, 21 min/hour. As a
compromise, we superposed data for 4 times to make the data compact, which,
however, reduced the signal-to-noise ratio (SNR) by 6 dB, and therefore, it was
difficult to detect weak meteor echoes. After an update of the data taking software
in 1990, the effective observation time was increased to nearly 60% without the
superposition. Further, according to the upgrade of the MU radar system in 1994,
the continuous observations without loss time has been realized.

Decay rate of meteor echo power is calculated on offline by fitting a line to time
variations of logarithm of echo power. Since the fitting was sometimes difficult
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for echoes of which intensities were not large enough, we conducted fitting to time
variations obtained by coherently superimposing those for the receiver channels
after subtracting phase difference between the channels, which raised SNR by 6
dB when number of receiver channels was four. Note that a meteor echo at high
altitude, showing rapid decay, often may not be detected unless it has a large
enough signal-to-noise ratio (SNR), which limits the maximum D value. For
instance, the maximum D value becomes about 8 m?/s and 12 m?/s for meteor
eclioes with peak SNR of 20 dB and 30 dB, respectively.

Figure 2.10 shows an example of the time variations in the amplitude and
the phase of an underdense meteor echo received at 17:51 LT on 10 December,
1989, where the phase difference between channels 1 and 2 is also plotted. The
meteor echo had a peak intensity of 29 dB above the noise level and showed
an exponential decay with a time constant of about 41 msec, from which the
ambipolar diffusion constant was inferred to be 3.2 m?/s from Equation 2.8.
Smooth phase progression is caused by a Doppler frequency shift corresponding
to an approaching radial wind velocity of 12.5 m/s toward the radar site. The
phase difference between the two channels is fairly constant during the time when
the echo intensity is sufficiently large.

Accuracy of the Interferometry System

In studying minute height structure of atmospheric parameters accuracy of
‘meteor echo arrival angle and reflection height measurements is of great concern,
especially for the observations of ambipolar diffusion coefficient which is very
sensitive to height. Thercfore, we discuss the accuracy using an interferometer
here.

First we describe a set of equations to calculate the echo arrival directions
from phase differences between three receiving antennas. We define position and
phase of i th antenna as z,(A) and &;(rad.). =, is expressed by the coordinate
system as

= (zuy.0) (214)
(i = 1~3)

‘where we assume an interferometer on a horizontal plane. Direction cosine of the
‘meteor arrival direction, k is expi

k=(l,m,n) (2.15)

Phase difference between i th and j th antennas are given by

=~ (zi-z)-k (216)
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Figure 2.10: An exump»e of the time variation in the wmplitude (1op) and
the phase (center), an
for a meteor echo nmvcd aL17:51 LT on lo December, 198. ‘l‘he dnhed
line in the top panel indicates the estimated noise level, while the vertical
chained lines indicate the period used for determining the phase difference
[Nakamura et ol., 1991).
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This is further expressed with the coordinate system as.

o —z2)+m(n - 1) = (¥ - 82)/(27) (217)
Hzz=25)+mp - ys) = ($2— $3)/(27) (2.18)

Finally, the echo arriving direction is found as
| = 21’ i+ Sy + Sy = (S + $apz + Eapn) (219)
m = 21‘ @173 + o1y + 372 — (0.17 + $273 + $37y) (2.20)
n = Vi-B-m? (@21)
A = D+t - (B + 2+ 2an) (222)

Echo refiection height is further deter
between the radar and the meteor trail

Now we consider an error of determination of the echo arrival direction due
to a deviation involved in the measurements of the receiving antenna phase,
A®,(i =1 ~ 3). Apparent ccho arrival direction (I, m;,n;) in the existence of
A is approximated by

from this arrival direction and range

al am an
(amin) = (1+ a_o.M""' + a—.A@..n + T'.AQ;) (2.23)

Errors in arrival zenith and azimuth angles, o.., and o,,,, are estimated from
(4,m,n) and (li,mj,n;) as

= arccos(n) — arccos(n;) (2.24)
= arctan(l/m) - arctan(l;/m;) (2.25)

The values of A®; can be thought to follow Gaussian distribution and be inde-
pendent between the antennas. Therefore, total error in the arriving direction

estimation is given by
O = ,Z’:(d.«.)’ (2:26)
=
G = ,i(a...)’ (227)

Using these equations we estmme the accuracy of our interferometry system. We
first need to know the ds deviation involved in the
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Figure2.11: Th
on December 10, 1991.

the phase difference received by a pair of Yagi antennas, which is probably caused
by a random noise. For that purpose, we chose a special antenna combination
shown in Figure 2.11, where the configurations of two antenna pairs, 1-4 and
2-3 (herealter referred to as Al4 and A23, respectively) were set to be the same,
being aligned into north-south direction. Therefore, when a single meteor echo
was detected, two sets of phase differences, which were ideally the same in the
absence of noise, were independently obtained.

Figure 2.12 shows a scatter diagram, where 7~ and y— axes correspond to the
phase differences detected with A14 and A23, respectively. The values should be
distributed on the line, y = z, if there is no error due to the noise. Note, however,
that the least squares fits showed the off-set as y = z — 4.99°, because the bias
of the phase delays for Al4 and A23 were not completely adjusted during the
experiment. The offset can be removed for present meteor observations according
to the improvement of phase adjustment method. The standard deviation from
the fitted line in Figure 2.12 was estimated as 8.33°, from which the standard
deviation of the phase determination error for each receiver channel (hereafter
referred to as o,) can be inferred as 8.33°/v/4 = 4.17°, by assuming that the
noise distribution is Gaussian and uncorrelated between the channels.

Figure 2.13 shows the distribution of o, and o,, for an interferometer with
an equilateral triangle shaped configuration, where the baseline length is 0.698).
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Figure 2.12: Comparison of the phase difference between the antenna pair
1-4 and 2-3 shown in Figure 2.11.

At the zenith angle of 30°, where large number of meteor echoes are normally
detected as discussed in Section 2.3, 0, is about 1.5°, which corresponds to the
standard deviation of the height determination of about 1.3km at the range of
100 km. Since the first Fresnel zone of a meteor trail is about 1.1 km at the range
of 100km axd the atmospheric phenomena whose scale are les thaa the Fresnel

difficult to be de 3km i iate for
meteor wind ohsemuou However, it is not netessnnly good for the observation
of diffusion coefficient, because diffusion coefficient largely varies with height as
precisely discussed in Chapter 3.

So far, we considered the interferometer constructed using three receiving
antennas. However, we can additionally use the fourth antenna by utilizing the
full capability of the MU radar system in order to construct an interferometer with
 longer baseline, which gives a better resolution in determining arrival angles
of meteor echoes. Figure 2.14 shows an example of the interferometer using
four antennas with much longer baselines than the former equilateral triangle
configuration. In order to exhibit the advantage of this arrangement, we present
03¢ and 0, for the combination of the three antennas, 1, 3 and 4 in Figure 2.15.
The values of o, are about 0.4° ~ 0.8° at § = 30°, which corresponds to the
standard deviation (or the error) in height as 0.3-0.6 km for a meteor echo at
the range of 100 km. Because the scale height of diffusion coefficient is about
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Figure 2.13: The accuracy of the interferometer using three antennas in the
MU radar with the equilateral triangle shaped configuration shown in (c).
(3) and (b) show the accuracy for zenith and azimuth angles, respectively.
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Figure 2.14: Configuration of the interferometer adopted since the obser-
vations on August 1991

6 km as discussed in Chapter 3 the standard deviation of 0.3-0.6 km is good
enough for the observations of diffusion coefficient as well as wind velocity. The
interferometer shown in Figure 2.14 has been used for the meteor observations
since August 1991

2.2.3 A Proposal for an Improved Meteor Observation
Sy MU /Meteor Monit

In the last several decades meteor echo observations have revealed various
scales of atmospheric motions such as mean wind, planetary waves, atmospheric
tides and gravity waves [e.g., Tsuda et al., 1987, Ito et al., 1984, Tsuda et al.,
1988a; b, Vincent et al., 1988, Vincent et al., 1989, Yamamoto et al., 1986]. Fur-
ther, the meteor observation is useful for observing wider time and height ranges
of i if it is sit conducted with the turbulence
echo observation in the mesosphere (60-90 km altitude, limited to daylight hours)
and incoherent scatter observations (above 100 km). At present, however, the me-
teor observations with the MU radar has been conducted only on & campaign basis
and also not carried out with other MU radar observations at the same time due
to the system limitation.

Since we do not need the whole antenna array for receiving meteor echoes
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Figure 2.15: Same s Figure 2.13 except for the antenna configuration shown in (c)
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but only three or four antennas, we can receive metcor echoes during other ob-
servations with the MU radar if we provide a data acquisition system with extra
antennas. In order to decode pulse-modulated signals in reception, we can utilize
three out of four receiving channels of the MU radar during the routine obser-
vations, which use only one receiver channel. But, it is not possible to conduct
meteor observations with such observations that use multiple receiver channels
as the spaced antenua drift (SAD) observations.

Figure 2.16 shows the schematic diagram of the meteor echo receiving system
(hereafter referred to as the MU/Meteor Monitor), which consists of an interfer-
ometer with three extra antennas located near the array antenna of the MU radar
and the data processing unit of meteor echoes, which can be operated simultane-
ously with the routine observations of the MU radar. We will utilize three of 475
transmitter-receiver (TR) modules for the improved system, which can reduce
the expense for the development. Received signal with the extra antennss are
down-converted to IF signal of 5 MHz in the TR module by mixing with local
signal of 41.5 MHz and sent to the control building. The IF signal is split and
separately mixed with two phase-quadrature reference signal of 5 MHz, analog-
to-digital converted and decoded for pulse compression. The decoded signal is
available for general purposes from the monitor output of the realtime data pro-
cessing system of the MU radar newly developed in 1994. The signal is connected
to the meteor detection hardware.

In the following we first describe the external receiving antennas suitable for
meteor echo observations, and then show a design of the meteor echo detection
hardware and realtime data processing software.

Receiving Antenna Design

For meteors at a range longer than 127 km their arrival directions are difficult
to be decided without ambiguities by using antennas of the MU radar as discussed
in Section 2.2.2. Therefore, we constructed an interferometer with an antenna
spacing shorter than the MU radar array (0.698)), so as to uniquely determine the
arrival angles of all the echoes, although the accuracy in determining the arrival
angles becomes worse as described in Section 2.2.2. Furthermore, majority of
meteor echoes are detected at zenith angles larger than 30° even if the most of
the transinitting radio power is concentrated in a pencil beam pointing to the
zenith as discussed in Section 2.3. The three-element crossed Yagi antenna used
in the MU radar has the radiation pattern with its maximum gain at § = 0.
Therefore, it is recommended that the receiving antenna has larger gain at larger
zenith angles for meteor observations.

Since the radiation pattern of a dipole antenna significantly varies with the
antenna height from the ground, we can design a preferable antenna pattern for
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Figure 2.16: The schematic diagram of the MU/Meteor Monitor. Newly
designed parts for meteor observations are encircled with dashed lines.
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meteor observations. We decided to located the dipole antenna at the height of
3 which has the maximum gain at the zenith angle of around 45°. We conducted
comparative experiments using the antennas in the MU radar and the external
dipole antennas, and found that the dipole antenna is advantageous to that of
the Yagi antenna in receiving larger number of echoes from larger zenith angles.
Computed radiation patterns of the recciving antenna and exact number and
distribution of meteor echocs obtained from the experiments are described in
Appendix B in more detail. Larger number of echoes realizes observations with
higher time-height resolution. In addition, collection of echoes from wider zenith
angles enables us to investigate horizontal propagation directions of waves by
analyzing the cross-correlation between wind velocities obtained from different
sub spatial areas [ Yamamoto, 1986).

Meteor Detection Hardware and Realtime Processing Software

When we use the MU rader exclusively for meteor observations, we once
record all the received signal into a memory for a duration of about 3 sec, then
search meteor echoes. It is realized by employing quite a high speed realtime
data processing system. This method has an advantage that we can detect more
than one echo which appear at different ranges at the same time. However, it is
not economical to adopt such a system for the MU/Meteor Monitor. Therefore
we employ a similar method used for the meteor radar observations described in
Section 2.2.1. That is, we search received signal pulse by pulse on the meteor
detection hardware, and only when the signal intensity exceeds a threshold value
for some successive pulses, we fix the sample range, and then record the signal
only at the specified range into memory on PC for a certain duration (about 1

).

the meteor detection hardware there are two importaat points to

1. The improved system must synchronize with the MU radar. In particular,
data transfer rate must be very fast with the maximum value of 1 MHz.

2. The system treats the decoded signal which is as much as 19 bit digitized.

We could not find a general purpose hardware to process above sigaal, therefore
we developed a hardware exclusively designed for meteor observations. We de-
cided not to conduct coherent integration in order to precisely investigate time
evolution of the meteor echo, which is also preferable to simplify the hardware.
Moreover, meteor echoes should be obtained under various observation pa-
rameters which might not be relevant for meteor observations, thus, there would
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Stratosplicre Mesosphere Tonosphere
Date 24 Jan 1994 5 Nov 1993 | 24 Jan 1994
3:42-5:11 LT 10:03-11:20 LT | 2:10-3:12 LT
Sample range 39.6-44.25 km 99.15-117.75 km | 82.5-231.0 km.
Beam directions Zenith (6 = 0°) - -
Northward (6 = 10°) | — -
Eastward (0 = 10°) | — -
Southward (§ = 10°) | — -
Range resolution | 150 m 600 m 4800 m
Inter pulse period | 400 s sec 1460 s sec 10000 4 sec
Pulse compression | 16 bit complementary | — 13 bit Barker
Coherent integration | 1 1 1
Number of receiving | 1 1 1
antennas

Table 2.3: Parameters of emulation observations for the external interfer-
ometer system

be some lddluonl.l problems. Therefore, in order to find these problems we con-

ducted preli ions using similar to those used for nor-
‘mal turbulence echo and and IS ions. Table
2.3 shows the i Coherent il ion was not conducted,

which, however, increased obtained data more than the limit of the memory of
the MU radar. Therefore, we compromised by reducing the number of beam
directions from 5 to 4 as well as sample ranges. Reception was done with sin-
gle three-element Yagi antenna. All the received signal was stored on a magnetic
tape regardless of the existence of meteor echoes, and then used for further offline
analysis.

According to these experiments we found two problems to be solved with the
MU/Meteor Monitor as follows:

o

. Flip code technique is sometimes adopted in order to subtract an offset
involved in received signal. That is, phases of adjacent two pulses are 180°
shifted each other in transmission. Since we do not apply any coherent
integration, it is necessary to remove the offset for every pulse.

-

Since antenna beam direction is not fixed, but normally altered for every
transmitted pulse, echo intensity may significantly vary pulse by pulse and
exceed a threshold value only for a part of antenna beam direction.
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In order to make the hardware flexible and simple, we solved the problems 3
and 4 mainly with a software on PC.

Figure 2.17 shows the hlockdlagrun of llle designed meteor detection hard-
ware. Three sets of 19 bit digitized s (1. in phase and Q,
‘components) are sent from the realtime processing system. To simplify the hard-
ware only one of the three complex signals is searched to detect meteors. After
subtracting offset values, which are specified by a software on PC, from I and Q,
instantancous signal intensity is estimated using the sum of the absolute value of
I'and Q, i.e., [1| +]Q), in stead of vI7+ Q7 in order to reduce calculation time.
‘The maximum ratio between the two estimations is only v2, which is almost
negligible considering the large time variation of meteor echo intensity ranging
to some tens of dB. During one IPP (Inter Pulse Period) cycle the hardware
holds only one range value where the maximum echo intensity is detected. This
algorithin is similar to that employed by the meteor radar system described in
Subsection 2.2.1 and useful to reduce data transfer rate between the hardware
and the PC and also to simplify the system. When some successive echo inten-
sity at a certain range satisfy a condition to be recognized as a meteor echo, the
realtime processing software on PC fixed the range and store the three sets of
complex signals on the hard disk for a specified duration (~ 1 sec).

In estimating the offset involved in the receiver we have to separately treat
1 and Q signals and also positive and negative pulses of flip code. Figure 2.18
shows the relation between average time and averaged signal values in the case of
‘mesosphere observation parameters. The signals became fairly flat after averaging
over 500 pulses (~0.5 sec). In the case of stratospheric parameter signals were
also converged after averaging for about 500 pulses (~0.2 sec). While, in the case
of IS observation parameter only several pulses was enough for the averaging, due
to the good SNR obtained by using the long transmitting pulse and narrow filter
width in reception. We decided to average the echo intensity over 500 pulses
at the beginning of the observations, and set the obtained offset values to the
register of the meteor detection hardware.

Next we developed algorithm to solve the problem 4. Figure 2.19 presents an
example of & meteor echo, where echo intensity revealed a clear periodic variation
corresponding to the beam swinging. Therefore, we decided to search echoes beam
by beam as follows. When echo intensity for & certain antenna beam exceeds
a threshold value at a certain range for two consecutive pulses, the realtime
processing software on PC fixes the range value and store data in the hard disk.

Having decided all the algorithm for the MU/Meteor Monitor we estimate
expected number of meteor echoes with the system here. Numbers of echoes
detected by using the algorithm stated above were 4, 20 and 65 for stratospheric,
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Figure 2.17: A blockdiagram of the meteor echo detection hardware.
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Figure 2.18: An example of the relation between aversging time and av-
eraged echo intensity obtained using mesosphere observation parameter.
(8): negative pulse of fip code of J, (b): positive pulse of fip code of ,
(¢): negative pulse of flip code of Q and (d): positive pulse of flip code of
I



2.2. DEVELOPMENT OF OBSERVATIONAL TECHNIQUES

10-! 1 1
0 1000 2000
TIME(ms)
5 10° T .
Iot
g
s L L N
1320 1350 1400 1450
TIME(ms)

Figure 2.19: An example of the time vasiation of meteor echo intensity
calculated after subtracting offset value. A part of the top panel is enlarged
in the bottom panel.
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and IS i during 1 hour ion. Since
this cx]wnmenul setup consumcd much more time for data transfer than those
of usual the effective ion time was 4, 11 and

50 min, respectively. The loss time is expected to be almost negligible when
we conduct meteor observations with the MU/Meteor Monitor. Further, sample
range, which was rather limited in the experiment, can be largely expanded.
Assuming the local time and range distributions obtained using a pencil like
beam, number of meteor echoes per day are estimated to be as large as 5000-
6000 and about 6000 for and IS i i although
the number of meteor echoes in the actual observations \ull be somewhat smaller
than these values, because observation parameter is frequently altered and some
parameters will not be necessarily suitable for meteor observations.

2.2.4 Observation Periods

In this subsection we present observation periods of data set used in this study
obtained with the meteor wind radar observations and the meteor observations
with the MU radar.

‘The meteor wind radar started operation in Shigaraki in 1977. In 1983-1986
continuous observations was carried out by the automatic observing system for 24
hours as shown in Figure 2.20 and a large observational data base for the meteor
height of 80-110 km has been stored.

In October 1992 we transported the meteor wind radar to Indonesia and
started operation from November 1992. Observations were carried out fairly
continuously, as shown in Figure 2.21, except for several major gaps, such as in
September-December, 1993 and May-June 1994.

Meteor observations with the MU radar was carried out on campaign basis,
where each observation period was 210 7days. Observation periods are illustrated
in Figure 2.22 and basic for each ion periods are
listed in Table 2.4 together with total underdense echo numbers.

2.3 Distribution of Meteor Echoes

In studying atmospheric phenomena it is important to know observable time-
height range and resolutions of instruments we employ. Further, especially for
meteor echo measurements, echoes are not expected to be sampled from a confined
small area, but from a rather widely spread arca. In this section we first present
zenith angle and horizontal distributions of observed echoes, and then their time-
height distributions. Further at the end of this section we describe a method to
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Kyoto Meteor Radar Observation
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Figure 2.20: Observation periods of Kyoto meteor wind radar in 1983-1986
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Figure 2.21: Observation period of Jakarta metcor wind radar (as of October 1994).
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MU RADAR/METEOR MODE OBSERVATION

SN FEB MAR APR NAY JUN UL AG SEP OCT MOV OEC

Figure 2.22: Periods of meteor observations with the MU radar.
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Table 2.4: Observation periods, total underdense echo numbers and basic

on meteor observations with the MU radar. B13, C8 and C16
represent 13 bit Barker code, 8 bit and 16 bit complementary codes, re-
apectively. Observation periods footnoted with asterisks corresponded to
periods of major meteor showers.
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delincate time-height section of wind velocity from meteor echo data using a least
square fitting.

2.3.1 Zenith Angle and Horizontal Distribution

We study here the distribution of meteor echoes as a function of the zenith
angle and horizontal distance, which scems 0 be affected by two independent
factors: first, the of the radar ions, such as the
transmitting antenna pattern and the geometry between the radar and meteor
trails, and second, the intrinsic distribution of the impinging meteors.

Jakarta Meteor Radar Observations

Figure 2.23 shows zenith angle distribution for the northward antenna beam on
July 1-31, 1993. Echoes were widely distributed from 10° to 70°. The distribution
showed a maximum around 60°, although the transmitting and receiving antennas
were steered to 45° off zenith. From visual meteor observations it is known
that provability function of radiants of meteors is approximately proportional
to cos(8), where 8 is zenith angle [McKinley, 1961]. 1f we simply apply this
relation to radio meteor echoes, we can expect more echoes at larger zenith angle
because of the specular reflection due to the Fresnel scattering. However, since
meteor echo power highly depends on range between the meteor trail and the
radar as shown in Eq. 2.5, echoes from meteor trails at large dlsmm n-mcly at
large zenith angle, would be severely ‘Thus, zenith
are thought to be determined in a manner balancing lhe natural distribution of
meteor radiants and the system factors such as antenna radiation pattern and
Teceiver sensitivity, resulting in the maximum distribution around 60° in the case
of present observations.

Note that Figure 2.23 showed slight enhancements at 48°, 60° and 70°, for
which we could not give a satisfactory explanation. They might be caused by the
fact that antenna radiation pattern was somewhat modified due to interferences
between the direct and reflected radio waves. As described in Appendix C, zenith
angle distribution for the southward antenna beam was superimposed by clear
irregular enhancements which was successfully explained as the effect of the in-

b idering the local Since it is preferable that these
enhancements are small when we investigate true spatial distribution of meteor
echoes, we have been emiploying the northward antenna beam since June 9, 1993.

Next we present distribution on the horizontal plane in Figure 2.24, where
echoes showed a fan-shaped distribution because echoes were assumed to be re-
ceived with the first lobe of the interferometer as discussed in Subsection 2.2.1.
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Figure 2.23: Zenith angle distribution of meteor echoes observed in Jakarta
with the northward antenna beam on July 1-31, 1993.
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Figure 2.24: Horizontal distribution of ietcor echocs observed in Jakarta

with the southward antenna beam on December 1-31, 1992 (left) and the

northward antenna beam on July 1-31, 1993 (right).
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Note that we can see slight enhancements at the west and east edges of the dis-
tributions, which would be due to the ambiguitics of arrival angles. Echoes were
scattered in an arca of as wide as 300 km x 300 km. The effective centers of
obscrvation arcas were about 120 km to the south and north of the radar si
for the southward and northward beams, respectively, corresponding to (7.4°S,
106.7°) and (5.3°S, 106.7°), respectively.

MU radar Observations

We first discuss the effccts of the transmitting antenna pattern on the dis-
tribution [Nakamura et al., 1991). Figure 2.25 is a histogram of the number of
meteor echoes at every 2.5° of the zenith angle(8) for 24 hour observations on
December 10-11, 1989 using a pencil-like antenna beam by exciting 21 subarrays
other than 4 subarrays exclusively used for reception indicated in Figure 2.7. Note
that the shape of this radiation pattern was almost the same with that obtained
using all the 25 subarrays shown in Figure 2.9 although the peak gain at zenith
angle of 0° became smaller by 1.5dB. The distribution in Figure 2.25 had a peak
at § = 30° - 40°, although the radiation pattern of the transmitting antenna has
a large gain at small 8. In fact only two echoes were detected in the main beam.

It is noteworthy that the zenith angle dependence of the meteor echo distri-
bution is not greatly affected by the antenna pattern, but it is mainly determined
by the geometrical configuration between the radar and the meteor trail. That
is, in order to receive the intense meteor echoes due to Fresnel reflection, the
trajectory of a meteor trail must be perpendicular to the propagation direction
of the transmitted radio waves. Because the meteor trails that are nearly parallel
to the ground are few in number, the main beam and side lobes near the zenith
do not significantly contribute in the detection of meteor echoes.

Since the zenith angle distribution of meteor cchoes has a peak at § = 30° to
40°, the meteor echo rate seems to be increased, if the transmitted radio waves
are concentrated at relatively large zenith angles rather than into the zenith.
We, therefore, designed a doughnut-like radiation pattern with a peak gain at
6 = 30° by controlling the phase of the radio wave transmitted from each Yagi
antenna as discussed in Subsection 2.2.2. Note again that since we excited 21
arrays in this experiment, radiation pattern was somewhat modified from that
shown in l-‘lgun 2.9, although the antenna gain at 30° was larger than that of
the pencil-like pattern by more than 5 dB. Figure 2.25 shows the meteor echo
distribution obtained using the doughnut-like beam pattern on December 11-12,
1989, which clearly shows that this antenna pattern is effective in increasing the
meteor echo rate at § = 25° to 40 °. The total echo rate over 24 hours was also
increased to 1,300, which is about 1.6 times more than that with the pencil-like
beam. Thus, after December 1989 we mainly used a doughnut-like beam pattern
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Figure 2.25: Distribution of meteor echoes with zenith angle. Results
(oblique lined) are plotted [Nakamura et al., 1991).
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Figure 2.26: An example of horizontal distribution of meteor echoes ob-
served with the MU radar using a doughnut-like transmitting antenna
pattern on May 20-23, 1990.

for transmission, which is obtained by using all the 25 antenna arrays as shown
in Figure 2.9.

Figure 2.26 shows a typical example of horizontal distributions of meteor
echoes for observations using the doughnut-like beam conducted on May 20-23,
1990. Echoes were widely distributed within a circle centered at the radar site
with a diameter of about 200 km, where majority of echoes were detected on a
circle whose diameter is about 100 km, which corresponded to the zenith angle
of around 30°.
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2.3.2 Time-height Distribution

Height Distribution
Figure 2.27 shows typical hcight distributions of meteor echoes observed with
the MU radar and Jakarta metcor radar. Distribution for the MU radar was
confined in 70-105 km altitude, indicating the validity of the assumption used to
eliminate ambiguities of arrival directions described in Subsection 2.2.2. Mean
value and standard deviation were 87.8 km and 5.7 km, respectively. While,
the meteor radar observations exhibited a wider distribution ranging from 70
km to 110 km with a mean and standard deviation of 91.9 km and 7.0 km,
Some part of these diffe was due to the f different
radio wavelengths between the radars, that are, 6.45 m for the MU radar and 9.50
m for the meteor radar. As mentioned in Section 2.1 the effects of initial radius
and finite impinging velocity to the attcnuation of echo power are severer for
observations using shorter radio wavelength. Further, the real time processing
software could detect echoes whose duration time was longer than about 80-100
msec for the MU radar and 50 msec for the meteor radar, indicating that the
meteor radar could observe echoes at higher altitudes.

Time Distribution

Next we study the diurnal variations of meteor echo rate. Number of meteor
echoes observed depends on both intrinsic and system factors. One of the major
intrinsic factors is a diurnal variation of meteor echo rate [Sugar, 1964). On the
morning side of the earth, meteors are overtaken by the forward motion of the
earth as it revolves around the sun. On the evening side only meteors reaching
the earth can be observed. Kyoto meteor radar observations have revealed the
fairly sinusoidal variation of meteor echoes with local time, and a very low meteor
echo rate in late afternoon [Aso et al., 1980]. It is sometimes difficult to construct
uniform data series as a function of local time due to such large diurnal variation
of the echo rate [e.g., Tsuda et al., 1987].

Kyoto meteor radar observations have also revealed that the local times of
the maximum and minimum echo rates vary depending on the azimuth angle of
the main beam of the five-clement Yagi antennas. That is, when the main beam
was steered toward the north and east at a zenith angle of 45°, the local time
of the maximum echo rate was 6 LT and 8-9 LT, respectively. This azimuth
angle dependence could be qualitatively explained [Sugar, 1964, Hines, 1956]; as
the earth rotates, the position of the predominant radiants of sporadic meteors
change relative to the antenna beam direction, and the location of "hot spot™
moves around. Since the antenna used in the MU radar observations has omni-
directional pattern, it can be expected that the diurnal variation of the meteor
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echo rate is rather smoothed out because of overlapping diurnal changes in the
‘meteor echo rate with various azimuth angles, which is more suitable for the con-
tinuous monitoring of diurnal variations of wind fields. Figure 2.28 shows the
local time dependency of metcor ccho rate observed with the MU radar on May
20-23, 1990 using a doughnut-like transmitting antenna beam, where meteor echo
rates obtained in the azimuth angle range of 315°-45° (northward section), 45°-
135° (eastward section), 135°-225° (southward section) and 225°-315° (westward
section) are also plotted. The total echo rate exhibited no clear maximum and
minimum but fairly flat ones at 2100-0800 LT and 1000-1800 LT, where their
ratio was only about two. While, distributions in the sectors were highly variable
with each other. Clear maximums were seen at 0200 LT, 1500 LT for the north
and east sections, respectively, and at 2100 LT and 0800 LT for the west section,
but the south section was quite flat. General feature of these variations is ex-
plained by the effect of the earth’s rotation. However, minute structure such as
a marked enhancement at 1500 LT for the westward section might to be affected
by other factors like meteor showers. Superpasition of these variations made the
distribution much smoother and enabled us to conduct observations without data
gaps.

The numbers of underdense meteor echoes observed with the MU radar are
summarized in Table 2.4, where the echo acquisition rate was es high as. 3000-5000
per day since May 1990, owing to the i of the design of
antenna pattern as well as the real time meteor echo detection procedure as
discussed in the previous scction. It is notable that the echo rate was almost the
same between the periods of meteor shower (see Table 2.4, dates footnote with
asterisks) and the periods with no significant shower activities, suggesting most.
of the meteor echoes observed with the MU radar were those of sporadic meteors.
As a result, fine time-height variations of D and wind fields can be delineated
about every 1 hour and 1 km throughout a day regardless of the existence or
nonexistence of meteor shower activities.

On the other hand Figure 2.20 shows typical examples of local time depen-
dency of underdense meteor echo rate in Jakarta for the southward and northward
beams, revealing similar diurnal variations with clear peaks at 04 LT and 05 LT,
respectively. The discrepancy from the MU radar observations, where difference
between the north and south sections was very clear, is attributed to the latitu-
dinll difference [Sugar, 1964].

igure 2.30 ) vasi f daily h btained
mth thn; ‘meteor radar, where observations were carried out fairly continu-
ously except for several major gaps, such as in September-December, 1993 and
May-June 1994. Typical echo number was 500-1200 per day. The clear seasonal
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Mean diunal variations of meteor echo rate observed on May
with the MU radar using & doughnut-like beam (thick solid
line). Note that the meteor echoes received from the north (315°-45°), east
(45°-135°), south (135°~225°) and west (225°-315°) are counted separately
and are plotted as thin solid, thin dashed, thin dot-dashed and thin double
dot-dashed lines, respectively.

variation in Figure 2.30 was due to at least three factors. One is the effect by
the tilt of the Earth’s axis relative to the ecliptic plane [Hawkins, 1956, which
could change echo rate by factors as large as 1.4. Another is the effect by the
distribution of meteorite in the interplanetary space, which is thought to be not
uniform along the Earth’s orbit, but concentrated so as to produce a maximum
incidence of meteors at the earth in July and a minimum in February |Hawkins,
1956b, Sugar, 1964]. And the other is the effect caused by altering the antenna
beam direction from southward to northward on June 9, 1993.

2.3.3 Least Squares Fitting Method

Since meteor echoes are distributed widely in large spatial area as described in
the previous subsections, it is necessary to reconstruct wind velocity and D from
observed radial wind velocities and echo intensity, respectively. We first present
‘methods to delineate time-height section of horizontal wind velocity and D, then
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Figure 2.29: Monthly mean diumal variations of neteor echo rate observed
in Jakarta with the southward beam in December 1992 (solid line) and the
northward beam in July 1993 (dashed line).
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Figure 2.30: Seasonal variation of daily underdense meteor echo rate ob-
served with the Jakarta meteor wind radar. Observations in November
2, 1992-March 10, 1993 and March 18-Jun 8, 1993 were conducted using
the southward antenna beam, while observations during the other periods
were conducted with the northward antenna beam.
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we eveluate time-height resolutions of wind velocity and D measurements of each
radar technique based on the metcor echo distributions.
The radial wind velocity of each meteor echo, v,, is expressed as

w=lutmvin-w (2:28)

where u, v and w are eastward, northward and vertical wind component. Here,
we can neglect w because the periods of the wind fluctuation of our interest by
the meteor observation is usually longer than 1-2 hours, and w of these frequency
is much smaller than u and v. Therefore, Eq.2.28 is simplified as

v=l-utm-v (229)

Assuming that wind velocity is constant in a given time-height bin, the wind
component  and v can be determined in a manner, with the residual given by
the following is minimized:

u—m-of (2.30)

where N is the number of echoes in a given time-height bin. Although it is
possible to calculate horizontal wind velocity with two echoes per time-height
bin, we determine horizontal wind velocity only when N exceed 4 to exclude
spurious values caused by measurement error.

As for D we calculate 8 mean value in a time-height bin also only when
N exceeds 4. Mean value is obtained by averaging logarithm of D values at
each time-height bin because the logarithm of D values at a fixed height shows
& Gaussian distribution as shown in Section 3.2. Each D value sometimes show

istical values due of d which

can not be completely omitted. Therefore, we first calculate a mm value of D,
Xp, and standard deviation, op, for each time-height bin, then eliminate echoes
with D values out of Xp % 1.650 which corresponds to 10 % of the total echoes.
Finally values of X and o are recalculated and used for further analyses.

Note that for the meteor radar ions in Jakarta height
of echoes at large znith angles are not accurate enough to determine D profile.
‘Thus, as a compromise we use echoes only at zenith angles smaller than 60 ° for
the calculation of Xp and op. Since echoes at zenith angles larger than 60° are
ot so large in number, effective centers of horizontal distributions of echoes at
enith angles smaller than 60° are almost the same with those of all the echoes
used for wind velocity calculation.

Considering the time-height distribution of meteor echoes the MU radar ob-
Servation has fine time-height variations of wind velocity and D about 1 hour
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and 1 km at 75-95 km throughout a day regardless of meteor shower activities.
While the improved meteor wind radar has a time-height resolution of about 1
hour and 4 kin at 80-100 km except for evening hours when meteor echo rate is
relatively low.

2.4 Di ion and Conclusi

This chapter was devoted to the description of observation techniques using
radio meteor echoes with a meteor radar and the MU radar.

In Section 2.1 we reviewed characteristics of radio meteor echoes. A meteor
leaves an ionized long column along its pass, called a meteor trail, which reflects
radio waves in HF and VHF bands. Echoes from the meteor trail involves a
Doppler frequency shift, from which we can infer radial wind velocity of neutral
atmosphere. Moreover, decay time constant of meteor echo intensity enables us
to delineate ambipolar diffusion coefficient, which is a function of atmospheric
temperature and density.

In Section 2.2 we first discussed system requirements for observations of at-
mosphere using a radio meteor echo. An antenna with a wide omnidirectional
radiation pattern is prefered to collect large number of echoes because meteors
appear randomly in large spatial area. Further an interferometer in reception

is necessary to accurately determine meteor echo dnecuon and reflection height.
Sophisticated realtime processing softwares are also req:

A meteor wind radar of Kyoto university, whlch was ongma.lly constructed
in 1977 in Shigaraki (35°N, 136°E), Japan, is an economical and transportable
system. The radar employed single and three five-element Yagi antennas, with a
half power width of as large as 60° in one way pattern, for transmission and recep-
tion, respectively, where the three receiving antennas compose an interferometer.
We transported the radar to a newly established observatory near Jakarta, In-
donesia (6°S, 107°E) in October 1992 for observations of equatorial mesopause
region after replacing a transmitter, system-installed computer and antennas. We
provided the radar with substantial auto-recovery functions for a long period of
unmanned observations. Antennas were steered to north-south directions with
45° off zenith angle. The meteor radar observations have been carried out fairly
continuously since November 1992 except for some major gaps.

The MU radar in Shigaraki was also applied for meteor observations by fully
utilizing its versatility. We obtained a doughnut-like transmitting antenna pattern
with a peak at a zenith angle of 30° by controlling phases of each antenna, which
was proved to be effective to collect Iu’ger number of echoes than a pencil-like
pattern of normal MU radar We an
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using four receiving antennas, whose accuracy was 0.3-0.6 km in altitude at a
2enith angle of 30° and a range of 100 km, being sufficient enough for studying
‘minute vertical structure of wind ficlds and diffusion coefficient. The MU radar
observations were conducted for about 30 times during 1989-1994 on campaign
basis with duration of 2-7 days.

Further, we proposed an improved meteor observation system with the MU
radar equipped with external receiving antennas, a meteor detection hardware
snd a personal computer, which enables us long period observations by collecting
‘meteor echoes under operation of various observations with the MU radar. We
found that cross dipole antenna had an advantage of gathering a lot of meteor
echoes in reception over the three element Yagi antenna in the MU radar. We
designed a meteor detection hardware and developed softwares on the personal
computer.

In Section 2.3 we present distributions of meteor echoes. The meteor radar
observations in Jakarta revealed a wide zenith angle distribution ranging from 10
to more than 70°. Note that irregular enhancement was superposed on the zenith
angle distribution when the antenna was steered toward southward presumably
due to an interference between direct and reflected radio waves. Meteor trails were
horizontally distributed in an area as large as 300 km x 300 km with a center at
sbout 120 km south and north of the radar site according to the antenna beam
direction. While, zenith angle distribution obtained by the MU radar showed a
peak at 30-40°. Echoes were detected from all azimuthal angles within a circle
with a diameter of about 200 km centered at the MU radar.

Meteor echoes were distributed in 70-105 km and 70-110 km altitude with a
peak height of about 88 km and 92 km for the MU radar and the meteor radar
observations, respectively. This difference seemed to be caused by the differences
of employed radio frequency and meteor detection software.

Clear diurnal variations of meteor echo rate were recognized for the meteor
radar observations in Indonesia with a maximum echo rate at 04-05LT. Daily echo
rate showed & seasonal variation ranging from 500 to 1200. On the other hand,
daily variations for the MU radar observations showed a remarkable azimuth angle
dependency caused by a geometrical condition between the earth and meteoroids.
Therefore, total daily variation was fairly smoothed out with a maximum o
‘minimum ratio of only about 2 due to overlapping of daily variations of various
aimuth angles. Daily echo rate was as much as 3000-5000. Owing to these
fairly high echo acquisition rates we can determine wind velocity and ambipolar
diffusion coefficient with a good time-height resolution of about 1 hrx4 km and
Lhrx1 km, for the meteor and the MU radar observations, respectively.



Chapter 3

Observations of Temperature
Structure

We discuss in thi: derivation of ions from meteor
echo measurements. Ambipolar diffusion coefficient, D, can be inferred from
a decay time constant of meteor echo intensity (see Eq. 2.8), which is related
to atmospheric temperature, T, and density, p. We develop in the following
a relation bmm D and T perturbations. Since lemp:nmve is & one of key

dynamics, will greatly
contribute m the study of the atmosphere if it is slmulv.nneously realized with
wind velocity measurements.

3.1 Relation between Ambipolar Diffusion Co-
efficient and Temperature

The effective diffusion coefficient for an electron in a meteor trail is shown as

D~D(1+T./T) )

where D is the diffusion coefficient for positive ion and T and T, are the electron
and ion temperature, respectively [Kaiser, 1953, Weiss, 1955]. Since the values
of T. and T; can be taken equal {Huzley, 1952}, we can assume

D ~2D; (32)

For a dilute system as we consider here, the diffusion coefficient, D; and the
‘mobility of ions, u;, are connected by the Einstein relation

D; = pikTi/e (33)

72
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where k is Boltzman's constant and e the electron charge. It is normally accepted
that k is inversely proportional to the molecular concentration, i.e., atmospheric
density.

However, there are some problems to estimate the value of y;. The main dif-
ficulty is the evaluation of temperature dependence of y;, since there is no simple
relations between them [McDaniel and Mason, 1973]. For some ions the temper-
ature dependence is shown to be negligible by laboratory measurements | Weiss,
1955, Jones and Jones, 1990}, although it is not very easy to know the validity
of the results in a realistic atmosphere. Further, the equation above is based on
a single ion species being present. In practice the meteor trail may contain a
number of different species, so the value of D corresponds to lumped or average
mobility, which may not coincide with that for a specific species [M. T. Elford,
private communication 1993].

A model was proposed for the dependence of D on temperature and density
s follows

<
Dx - (34)
where C is a constant. Since the height variation of T is rather small near
the mesopause compared with the exponential decrease of p, the D profile can
be expected to show an exponential increase with a scale height close to that
for p [e.g., Greenhow and Hall, 1960 ;1961]. It is noteworthy that scale height
enables us to infer background temperature T by using a relation for an isotropic
atmosphere AT

H==— 3.5)
n (3.5)

where R and g are the gas constant and gravitational acceleration, respectively
[e:g., Holton, 1992).

On the other hand, from Eq.3.4 the small perturbation of the ambipolar dif-
fusion coefficient, D', can be expressed by using the temperature and density
perturbations, ¥ and g/, respectively, as follows:

r_.r_o¢

==C=-= (3.6)

e A @9
where the suffix 0 denotes the time mean values. Under Boussinesq approxima-
tion, #//po = —T'/Ts ., [e.g., Stull, 1988], Eq. 3.6 can be modified to

D T
D= Cc+ 1)7—,0 @7

Two possible values for C were adopted by carlier studies of radio meteor
trail echoes to 1/2 [e.g., Kaiser, 1953, Greenkow and Neufeld, 1955, Greenhow
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and Hall, 1960, Tsutsumi et al., 1994a] or 1 [e.g., Weiss, 1955, Thomas et al., 1988,
Jones and Jones, 1990), respectively. Difference between the two is attributed to
the dependence of the ion mobility on T. That is, the former assumes the ion
mobility to be proportional to 1/V/T, while the latter supposes to be negligible.
On the basis of experimental results, C = 1 seems to be more realistic in the
atmosphere [W. G. Elford, private communication 1994). As a matter of fact, we
found that C = 1 gives a better consistency in terms of a ratio between potential
and kinetic energy of gravity waves, which is discussed in more detail in Section
4.2. Thus we adopt C = 1, so that temperature fluctuations can be expressed as
r_1p
T~ 2D,
We present T'/T; in the following sections using this relation.

(38)

3.2 Seasonal Variations of Density Scale Height

In this section we present profiles of D together with sessonal variations of

density scale height, using MU radar observations.
In Figure 3.1 (a) we show distribution of D as a function of height for observa-
tions on July 12-19, 1993, which basically indicates an exponential increase of D
with height. Note that there are not many echoes with D larger than about 10
m?/s, because a short lived meteor echo does not have a duration long enough to
determine its decay time constant.

There were some attempts to infer the scale height, Hp, from height profiles
of D, estimating as 26 km [Murray, 1959), 9.020.2 km [Greenhow and Hall, 1960},
7.8+0.3 km [Greenhow and Hall, 1961), and 8.4+0.64 km [Hess and Geller, 1976].
These values were generally larger than the density scale height, which is about
6 km near the mesopause in the CIRA86 model atmosphere.

Greenhow and Hall [1961] pointed out that the large Hp values reported by
Murray [1959] were partly due to the fact that large D values were difficult to
detect at high altitudes. Furthermore, we suspect that a part of the disagreement
was caused by the less accurate height determinations with a resolution as poor
a5 &4 kin [Greenhow and Hall, 1960

We discriminated only good meteor echoes with sufficient SNR, for which the
altitudes were more accurately determined. Practically, we chose echoes with
peak SNR exceeding 30 dB and with zenith angles of smaller than 30°, then
the standard deviation of the height determinations became less than 0.6 km.
Moreover, we limited the height range to below about 94 km, where the D values
are normally not clipped due to the system limit.
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Figure 3.1: A scatter diagram of the diffusion cocficients observed on
July 12-19, 1993, for (a) all the underdense meteor echoes and (b) the
underdense meteor cchoes with signal-to-noise ratios larger than 30 dB.
and arrival zenith angles of smaller than 30° (right).
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We divided the selected data into layers with a thickness of 2 km and deter-
mined the mean values, as shown in Figure 3.1 (b), where the error bars repre-
sent the standard deviation, which was 30-40 % of the mean values. Since the
measured height of a meteor trail involved an uncertainty of about 0.6 km, the
corresponding error of the D values seemed to be about 10 % by assuming Hp=6
km, which was much smaller than the observed standard deviation. Therefore,
the spread of D values at each height in Figure 3.1 (b) seemed to reflect the time
variations of D.

The slope of the height profile scemed to change above 93 km altitude, pre-
sumably due to the clipping of large D values, exceeding about 10 m?/s. So, we
applied least square fitting to the profile only at 84-92 km in Figure 3.1 (b), and
found Hp to be 6.1 km. Note that when we adopted the least square fitting to
all the underdense meteor data at 84-92 km in Figure 3.1 (a), obtained values of
Hp was 7.5 km, which is larger than that of the reduced data in Figure 3.1 (b)
by about 20%.

The seasonal behavior of Hp is plotted in Figure 3.2, by using data obtained
after August 1991 when echo reflection heights were more accurately determined
with the improved interferometer (see Section 2.2.3). The density scale height, H,
derived from the CIRA86 model shows seasonal variation with a maximum of 6.4
km in January and December, and a minimum of 5.4 km in June and July. While
the observed Hp also showed seasonal variation, except for some enhancement in
November and December.

During January to September, Hp ranged from 5.3 to 6.5 km, which wes
much closer to H compared with the results of earlier meteor studies. Further,
no offset seems to exist between Hp and H in this period although samples are
sparse during the first half of year. Wahile, in November and December, Hp
ranged from 6.7 to 8.1 km, which was larger than H by 6-24 %. Large year to
year variations were also recognized between 1991 and the others. At present, we
do not know the reason for the large Hp values in winter, though they might be
caused by large perturbations of both temperature and density, as revealed by
recent Na lidar observations [She et al., 1991; 1993].

3.3 Diurnal Variations

This section treats temporal variations of T*/Ty, in particular, diurnal vari-
ation, determined from measurements of D'/Dp using Equation 3.8. Although
we used very limited number of meteor echoes for determinations of density scale
height in the previous section, we include more underdense echoes, loosening the
peak SNR to be larger than 10 dB. We discuss error in T"/Tp estimation caused
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Figure 3.3: Time series of T*/Ty every 2 km altitude from 84 km 94 km
observed on August 8-12, 1990 in Shigaraki. Vertical bars indicate the
confidence intervals of each observed values.

by using these data in Section 4.2.

Figure 3.3 shows time series of T'/T; observed on August 8-12, 1990 in Shi-
garaki. Amplitudes of T'/T, sometimes exceeded 0.25, corresponding to T* of
more than 45 K assuming T, to be 180 K from CIRA 1986 model atmosphere. It
is noteworthy that fluctuations with various periods were coherently observed be-
tween different altitudes. These Aluctuations seemed to be caused by atmospheric
waves such as gravity waves, atmospheric tides and planetary waves or direct
heating of the atmosphere due to insolation of solar radiation. First we study
diurnal component here, which is presumably fixed to local time, and therefore,
can easily be analyzed compared with other components. We investigate shorter
and longer components in more detail in Chapters 4 and 5, respectively.

Figure 3.4 shows the band-pass filtered time series of T/ T, with cut-off periods
at 20 and 30 hr for data observed on August 8-12, 1990. We can see a clear
diurnal variation with a positive peak at around 0300-0G0OLT throughout the
observed height region at 84-94 km. The enhancement in the morning shows
good consistency with earlier findings by meteor echo observations at middle to
high ltlilud]a [e8., Greenhow and Hall, 1960; Hess and Geller, 1976 and Devara
et al., 1981
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Figure 3.4: The same as Figure 3.3 except for band-passed filtering with
cutoff periods at 20 and 30 hr.

We conducted harmonic analysis to obtain amplitudes and phases of diurnal
variations for observations continued longer than two days. Figure 3.5 shows
2 typical example in summer months (May-August), observed on August 8-12,
1990, where 7"/T; was converted to ¥ assuming Tp to be 180 K from a model
stmosphere [CIRA 1986]. Note that diurnal components of eastward, u’, and
northward, v/, wind velocities are also plotted. For comparison numerical model
by Forbes [1982), which is dominated by S, mode of diurnal tide, are also shown
for summer solstice conditions. Amplitude of 7* was about 12 K (6% in T'/To) at
80-95 km. The phase was fairly constant throughout the observed altitude range
at 04-05LT, which is obviously different from the numerical calculation showing a
clear downward phase propagation. While, phases of observed u’ and v’ indicated
a clear downward phase progression with a vertical wavelength of about 30 km,
showing a very good agreement with the numerical model, although observed
amplitudes were less than a half of the model prediction.

On the other hand, the structure of T¥/Tp in winter sometimes showed a re-
markable difference from that in summer when large amplitudes were observed in
wind fields. Figure 3.6 shows an example for observations conducted on Novem-
ber 16-19, 1992. Amplitudes of ' snd ¥/ ranged 5-40 m/s, larger than those in
Figure 3.5 at almost all the observed altitude range, and phases of T", u' and v/




CHAPTER 3. OBSERVATIONS OF TEMPERATURE STRUCTURE

0—0 8-AUG - 12-AUG-1090

Eostword Component
o o
Ew %
%" o
0 o
0« s w0 15 2
Amp. (m/s)
Component
o o
) [
g“ [
© ©
20 40 s 10 13 2
Amp. (m/s) . Phase (W)
0 o
Eoo [
éu
0 0
10 20 % s 10 13 2
Amp. (k) Phose (hr)

Figure 3.5: Profiles of amplitudes and phases of diurnal components of
eastward wind velocity (top), northward wind velocity (middle) and tem-
perature (bottom) on August 8-12, 1990 observed with the MU radsr in
Shigaraki. Note that observed T*/T was converted to T* by assuming To
to be 180 K from CIRA 1986 model. Values of phases were defined as the
time when fluctuating components had its maximum values. Model result
at 36° for summer solstice conditions from Forbes [1982) is also plotted
with triangles.
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showed & clear downward progression with a similar vertical wavelength. Note
that numerical model by Forbes (1982) for winter solstice condition showed quite
similar phase structure between 7", ' and v/ although the absolute phase values
were in consistent, that is, phascs were systematically shifted by about 90° be-
tween the observations and the model. Amplitude profiles were also quite similar,
although the amplitude of u’ of the model is 1.2-1.3 times bigger than that of
observations throughout the height region. The discrepancy in phase could be
caused by the fact that the assumed background conditions of the model, affect-
ing the propagation characteristics of diurnal tides such as temperature gradient,
mean winds and eddy diffusion cocfficient, [Vial, 1986; Aso et al., 1987; Vial,
1989), were not necessarily identical with the real atmosphere during the present
observation.

Next we investigate diurnal variation of T" observed with the meteor wind
radar in Jakarta. Since a tidal model predicted that diurnal variation of T* is
‘maximized at equator where propagating symmetric inodes have their peak values
e, Lindzen, 1967; Forbes, 1982, larger T" value is expected in Jakarts than in
Shigaraki. We also conducted harmonic analysis for Jakarta data collected from
November 1992 to August 1994. Note that it was sometimes difficult to delin-
eate wind velocity and temperature fluctuations, especially in the evening hours.
because meteor echo rate was not so high as that for the MU radar observations.
Therefore, we determined monthly mean daily variations by superposing 30 days
of data, then we delineated diurnal component [Tsuda et al., 1987).

Obtained phase values of T* often showed clear downward propagations with
various vertical wavelengths ranging 20-50 km, suggesting a relation with prop-
agating diurnal tides. Figure 3.7 shows such an example observed in April 1994
when clear downward phase propagations were seen in both wind and tempera-
ture fields. A numerical model by Forbes [1982] for an equinoctial condition is
also plotted for comparison. In the figure observed amplitude of T'/T, was 2-7%,
comesponding to T of 4-14 K assuming T as 190 K [CIRA 1986]. This value
was comparable to those in Shigaraki seen in Figures 3.5 and 3.6. However, con-
sidering that the results in Jakarta were based on monthly average while those in
Shigaraki on the campaign observations whose durations were shorter than one
week, the amplitudes would be fairly larger in Jakarta than in Shigaraki. Ob-
served amplitudes of v’ and v' in Figure 3.7 were similar with each other as about
10 m/s, showing a general tendency to increase with height. While, the model
amplitudes, especially for ' and T, show larger values than the observation.

Vertical wavelengths of v' and T" were quite similar between the observations
and the model although the absolute values were somewhat different, that is, in
the model phase leads by 2—4 hours for v' and is delayed by 2-7 hours for T.
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Figure 3.6: Same as Figure 3.5 except for observations on November 16-19,
1992. Model result at 36° for winter solstice conditions from Forbes [1982)
s also plotted with triangles.
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For u’ phase of the observation and model showed similar values around 85 km
altitude, but the vertical wavelengths were a little shorter for the observation.

Since the model is dominated by symuetric S, mode, these differences scem
10 suggest that in the actual atmosphere effects of higher order modes were not
negligible, at least, during the present observation period.

Now we discuss the standing phase structure scen in T” profile in Shigarak
summer. Evanescent diurnal tides such as Sy ) and Sy modes are predicted
10 show & considerable activity via modal coupling as S, mode is mechanically
damped [Forbes and Hagan, 1988]. For these modes T* has a maximum value at
‘middle to high latitudes, while wind velocity components have maxima at poles
and are not large at middle latitudes as seen in Figure 1.5. Therefore, considering
that Shigaraki is located at middle latitude it might be possible that evanescent
modes could be observed only in 7". Another possible source of the standing
phase structure is direct absorption of solar UV radiation.

3.4 Di ion and Conclusi

In this chapter we first studied a theoretical relation between atmospheric
parameters and ambipolar diffusion coefficient, D, inferred from a decay time
constent of meteor echo intensity. Employing a theory of ionic diffusion, we ob-
tained a relation, D & TC/p. The value of C was chosen to be 1, which is
considered to be the most relevant from experimental results. Since T is fairly
constant near the mesopause, scale height of D nearly corresponds to that of p,
H is further related to Using a ap-
ation, we found a relation between the normalized D and T fluctuations as
= 1/2D’[Do. Temperature fluctuations are one of the basic parameters to
study atmospheric dynamics. Their observations enable us to obtain information
to infer structure of atmospheric waves by combining simultaneous wind velocity
observations.

‘The D profile, obtained with the MU radar in Shigaraki, showed an exponen-
tial increase with a scale height of about 6 km, which are very consistent with
the density scale height estimated from a model atmosphere [CIRA86]. During
November and December scale height of D showed large year to year variations,
indicating atmospheric stability can be considerably changed around the meso-
Pause region.

Observed T' involved fluctuations with various periods, showing coherent
Structure between different altitudes. In particular, we presented preliminary
tesults of diurnal variations in this chapter, while short and long period compo-
nents are presented in Chapters 4 and 5.
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Figure 3.7: Same as Figure 3.5 except for observations in Jakarta in April
1993. Values of T'/T; are converted to T", assuming T to be 190 K [CIRA
1986]. Results from numerical computations at 6°S by Forbes [1982] on
equinoctial condition are also shown with triangles.
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In Shigaraki a typical amplitude of diurnal variations of 7% was about 10
K from campaign observations with durations of 2-7 days. While, their phase
structure could be classified into two types. In summer phases were fairly constant
slong height at 04-05LT, being consistent with earlicr findings using meteor echo
‘measurements in middle to high latitudes. However, this phase structure was in
contrast to that for horizontal wind component which usually showed a downward
phase propagation. The standing phase structure implies a manifestation of an
evanescent diurnal tides which dominated only in temperature fields in middle
Iatitudes such as 5, _; and 5.2, or in-situ heating due to solar radiation. On the
other hand, in winter they sometimes exhibited clear downward phase progression
when large L d in wind For a typical example
obtained on November 16-19, 1992, T", u’ and v’ had wavelengths of about 25
km. Moreover, relative phase relation among T", v'and v/ was quite consistent
with a model prediction by Forbes [1982], although the absolute phases were
systematically shifted by 90° between the observations and the model.

In Jakarta monthly mean amplitude of diumal variations of 7* was about
10 K. This value was comparable to those in Shigar However, considering
that the results in Shigaraki was based on shorter period observations less than
one week the amplitude of 7% seemed to be fairly larger in Jakarta. While phases
usually showed downward propagations for both the wind and temperature fields.
But, they did not necessarily show a phase relation predicted by the model by
Forbes (1982) which is dominated by S, mode diurnal tide, indicating that higher
tidal modes had also significant amplitudes.




Chapter 4

Observations of Gravity Waves
in the Mesopause Region

A number of theoretical studies have pointed out the important role of gravity
waves in energy and from the lower
mesosphere and lower thermosphere | Lindzen, 1981; Matsuno, 1982; Fritts and
Rastogi, 1985). The behavior of gravity waves have been studied with various
remote sounding and in- observation techniques, such as MST radar, MF
radar, lidar, meteor radar and rocket measurementsle.g., Vincent and Reid, 1983;
Meek et al., 1985; Yamamoto et al., 1986; Tsuda et al., 1990; Tsuda et al., 1992;
Nakamura et al., 1993). Among them meteor observations have a great potential
to simultaneously monitor wind and temperature fluctuations associated with
gravity wave activities around the mesopause.

In this chapter we investigate the characteristics of gravity waves near the
mesopause using the high resolution temperature and wind velocity data obtained
with the meteor observations with the MU radar.

4.1 Temperature Fluctuations due to Gravity
‘Waves

Figure 4.1 shows a band-passed time series of T*/To with cut-off periods at 5
and 10 hr observed on May 19-23, 1990. It is noteworthy that wave-like struc-
tures showed downward phase propagation throughout the observation period, as
indicated by dashed lines. Similar T'/Tp with periods shorter than the inertial
period (especially several to about 10 hr) were often detected during other me-
teor observations with the MU radar. Note that Tsutsumi et ol [1994a] studied
gravity waves using the MU radar data adopting C = 1/2 in Equation 3.7. In

86
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Figure 4.1: An example of band-passed time series of normalized temper-
ature with cutoff periods of 5-10 hr on May 19-23, 1990.

this chapter we present revised results adopting C = 1 (Equation 3.8).

Here we compare T*/Tp with fluctuations of wind velocity, which was simul-
taneously measured by using meteor echoes. Figure 4.2 shows the time series of
T'/T, and wind velocity at 91km with cut-off periods at 5 and 10 hr observed on
May 19-21, 1990. The correlation was quite good, especially between 7%/Tp and
the eastward wind velocity, implying that the short period fluctuations in both
T'/T, and wind velocity were generated by gravity waves.

In earlier studies of meteor echo observations only horizontal wind velocity
was dete ed. It is expected that the simultaneous observation of temperature
fluctuations will greatly facilitate a full understanding of atmospheric phenomena.
Here we show an example of the analysis of gravity waves for meteor data obtained
on December 10-13, 1991. In this period MU radar observations of turbulence
echoes were interleaved every 15 min.

Figure 4.3 shows a contour plot of northward and eastward wind velocity after
removal of the mean winds, where the meteor and turbulence echo observations
e shown in the height ranges above and below the dashed lines, respectively.
Turbulence echo observation with the MU radar is of great advantage in the
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Figure 4.2: Band-passed time series of normalized temperature and wind

velocitics at 91 km with periods of 5-10 hr observed on May 19-21, 1990.

study of small scale atmospheric phenomena, though it is limited to daylight
hours due to the low electron density at night. At the meteor height of 75-100
km, systematic wind motions were continuously observed throughout a day, even
in the afternoon when the meteor echo rate is low. In particular, a wave with &
period of about 12 hr and a vertical wavelength of about 15 km was dominant
from 1200 LT on December 10, 1991, to 1200 LT on December 11, 1991. It is
notable that this wave showed downward phase propagation continuously from
the meteor echo height down to the turbulence echo region, a characteristic of
gravity waves.

Figure 4.4 shows a contour plot of T'/Tp on December 10-13, 1991, indicating
a similar structure to that of the inertial gravity wave shown in Figure 4.3. Fur-
thermore, this structure became unclear after 1200 hr LT on December 11, 1991,
for both wind velocity and D, which also indicates the strong relation between
the fluctuations of D and wind velocity.

Hodograph Analysis of a Gravity Wave

Bandpass filter with cutoff periods of 8 to 15 hr was applied to time series
during December, 10-13 1991. Then hodograph and height profle at 2000 LT on
December 11, 1991 d , from which with vertical
longer than 7 kin were extracted (Figure 4.5). The amplitude of T'/Ty was
estimated from the wind velocity fluctuations (about 20 m/s) to be about 4 %
by employing Equation 1.5. This value is smaller than the real amplitude due to
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Figure 4.3: Time height sections of wind velocity observed on December
10-13, 1991. The two different observations were interleaved using meteor
and turbulence cchocs, time averaged wind velocity being removed. The
meteor and turbulence echo observations correspond to the height ranges
above and below the dashed lines, respectively.
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Figure 4.4: Time height sections of 7/To observed on December 10-13, 1991.

the filtering, but it shows good agreement with the observed amplitude of T*/Tp.
Since Ty is about 200 K in the mesopause region [CIRASE), the Auctuation of 4
% corresponds to about 8 K.

The wind vector showed elliptical rotation, with the long axis aligned north-
west to south-east. Temperature fluctuations were out of phase with both north-
ward and eastward wind fluctuations by about 135°, therefore, the horizontal
propagation direction of this wave is inferred to be north-westward from the po-
larization relation, Equation 1.5. The band-passed (8-15 hr) south-westward
wind velocity, which was composed of zonal and meridional winds, and band-
passed T'/T, are shown in Figure 4.6. The phases agreed fairly well up to 1200
LT on December 11.

For compmson we also analyzed the lodograph in Figure 4.7 for the beight
at 1400 LT on December 11, 1991,
dur subtracting v.he linear trend and removing the components with vertical
wavelengthis shorter than 7.2 km. Because the longer axis was roughly aligned
east-west and the vertical wind component was anti-phase with the eastward
wind component, the propagation direction of this wave can be inferred to be
westward, which was fairly consistent with the results of meteor wind measure-
ments, although they differed by about 45°. This discrepancy is thought to be
mainly caused by the time evolution of the wave activity, that is, it was fairly
clear during the meteor echo measurements, but at 1400 LT the wave structure
began to become unclear at the meteor echo height region, when turbulence echo
observations were conducted.
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Figure 4.5: The hodograph and height profile obtained at 2000 LT on
December 10-11, 1991. The wave components with periods of 8-15 hr and
vertical wavelengths longer than 7 ki were extracted. The numerals and
dashed ellipse in the left panel indicate the height in km and least squares
it to the hodograph, respectively. The solid, dashed and dotted lines in
the right panel denote the Auctuations of the northward wind, eastward
wind and temperature, respectively.
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Figure 4.6: Contour plots of the south-westward wind velocity (thick solid
curve) and normalized temperature (thin solid curve) after band-pass fil-
tering with a cutoff of 8-15 hr obtained on December 10-11, 1991.
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wind velocity obtaincd on turbulence echo observations with the MU radar
at 1400 LT on December 11, 1991 (top), and the hodograph (bottom).
Solid lines and open circles in the top panel show the raw profiles and
profiles after low-pass filtering with a cut-off vertical wavelength of 7.2
km, respectively. The solid line in the bottom panel corresponds to the
Sltered height profiles in the top panel, and the dashed line is a least
squares fit to the hodograph.
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4.2 Frequency Spectra of Wind and Tempera-
ture Fluctuations

In this section we investigate the amplitude relation between T*/T, and o'
due to gravity waves in terms of frequency spectra. The frequency spectrum
of potential energy can be expressed, by using that of potential temperature,
Foya(w), as [Gage and Nastrom, 1986

L(E) Pmr =3 (8) @

Further the frequency spectrum of kinetic energy is expressed by the half of the
sum of frequency spectrum of eastward and northward wind fluctuation, F,, and
F.,. From Eq. 1.5 it is expected that kinetic energy density is equal to potential
energy density when w is large enough compared with the inertial frequency.

Figure 4.8 shows spectra density of potential energy (dsshed line) for the
observations on December 13-16, 1993, adopting 27/300 rad.s~! and 9.55 m?%™!
for N and g, respectively at the altitude ranges of 83-93 km. The spectra for the
Kinetic energy are also plotted (solid line). The spectra was obtained by Fourier
transforming an auto-correlation function with & maximum lag value of 24 hours.
In the figure both the potential and kinetic energy show similar intensity with
similar exponential decrease with frequency as well. Large discrepancy at lower
frequency seemed to be caused by inertial gravity waves and atmospheric tides,
whose relation between i of wind and ions are not
subject to Eq. 1.5.

Note that we assumed 1 for the value of C in Equation 3.7. Tsutsumi et al.
[1994a] presented generally larger values for potential energy than kinetic energy,
which is because they adopted 1/2 for the value of C. In other words it can be
said that the present results ascertain that C=1 is a better solution. While, the
much larger potential energy in higher frequency range of Tsutsumi et al. [1994a]
seems to be attributed to contamination of overdense type meteor echoes which
raise the noise floor of the potential energy spectra.

Figure 4.9 showed potential and kinetic energy density at 88 km altitude for
observations conducted in 1993-1994. Both spectra showed similar values in a
period range shorter than 2 hours. The energy level was, however, highly variable
in period ranges longer than 12 hours possibly due to the large temporal variations
of atmospheric tides and also inertial gravity waves.
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meteor observations with the MU radar conducted on December 13-16,
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ame as Figure 4.8 except for 88 km altitude from observations
conducted in 1993 and 1994.
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4.3 Horizontal Propagation Characteristics

4.3.1 Seasonal Variations

Meteor echo observations with the MU radar often detected sinusoidal fluc-
tuations in vertical profiles of wind and temperature fluctuations with vertical
scales 5-20 km, which are most likely due to inertial gravity waves. In this
subsection we study the seasonal behavior of the propagation characteristics of
dominant gravity waves in vertical profiles adopting hodograph analysis [Tsuda
et al., 1990; Nakamura et al., 1993].

We used 12 observation periods from May 1990 to November 1992 listed in Ta-
ble 24. Wind velocity and T*/Ty were determined every hour and 1km alitude.
Since i and vertical of ing diurnal
tides were comparable to those of gravity waves, it was sometimes difficult to dis-
tinguish them. Therefore, the time series were band-passed with cutoff periods
at 5 and 20 hrs to exclude diurnal tide. Morcover, we compared the bandpassed
profiles with mean daily variations obtained by superimposing wind and tempera-
ture fluctuations into local time for each observation periods, which were thought
to represent tidal components. Then, we picked up gravity waves when sinusoidal
Buctuations were clearly seen for several hours only in the bandpassed profiles.

We analyzed hodograph for horizontal wind vectors of selected bandpassed
profiles, and an ellipse was best-fitted to the hodograph at successive 5-15 km
altitude. By using the polarization relation of gravity waves, Equation 1.2, intrin-
sic period was determined from the ratio between the major and minor axes of
the ellipse. Horizontal propagation directions were detected from Equations 1.2
and 1.5 using the same criteria employed in Section 4.1. Other parameters of
grevity waves such as horizontal wavelength and horizontal phase velocity were
determined using the dispersion relation of gravity waves. Center of the profiles
was at about 88 km on the average.

We detected 21 gravity wave events during the 12 campaign periods, and
successfully fitted an ellipse to 16 cases. Fifteen cases out of the 16 hodographs
exhibited clockwise rotations, while only one case, observed around 03-04LT May
23, 1990, showed anti-clockwise rotation, indicating that most of wave energy
propagated upward. Further, horizontal propagation direction was determined

14 events without ambiguity of 180°, except for the observations at 00-06LT
November 18, 1990, when temperature profile did not show clear phase relation
:z: wind profiles. Basic parameters of selected gravity waves are summarized in

le 4.1.

Resultant intriusic periods were distributed from 6.8 to 14.0 hr with a mean
value of 11.3 hr. Although the inertial periods in Shigaraki is 20.9 hr, the obtained




98

CHAPTER 4. GRAVITY WAVES IN THE MESOPAUSE REGION

DATE Pericd | X | M | Gach | Goacs | Direction
(vr) | (km) | (km) | (m/s) | (m/s) | (Azimuth)
(deg.)
20-MAY-1990 15-16LT | 68 | 90 | 776 | 317 | -0.37 [ 125
21-MAY-1990 14-16LT | 88 | 140 [ 1618 [ 514 | -0.44 | 164
23-MAY-1990 03-04LT | 9.7 | 120 [ 1576 [ 452 | 034 43
23-MAY-1990 19-20LT | 128 | 12.0 | 2317 | 50.5 | -0.26 24
09-AUG-1990 22-02LT - - - - -
10-AUG-1990 14-16LT | 12.5 | 16.0 | 2994 [ 66.5 | -0.36 -174
17-NOV-1990 10-12LT - -

18-NOV-1990 00-06LT | 14.0 | 16.0 | 3620 [ 71.8 | -0.32 -
16-MAR-1991 08-14LT | 12.3 | 130 [ 2373 | 536 [ -029| -35
17-MAR-1991 06-11LT | 124 | 140 [ 2595 | 580 [ -031| -31
19-MAR-1991 06-13LT | 119 | 138 [ 2381 | 557 | 032 | -51
08-JUN-1991 18-02LT 9.8 | 11.7 [ 1553 | 44.0 | -0.33 81
13-AUG-1991 22-02LT - - -
14-AUG-1991 19-05LT | 13.8 | 11.3 | 2509 [ 50.4 | -0.22 53
17-NOV-1991 14-17LT | 134 | 12.0 | 2498 [ 52.0 | -0.25 -157
18-NOV-1991 01-02LT - - - - - -
10-DEC-1991 20-8LT 134 | 133 | 2793 | 579 (-0.28 -2
12-DEC-1991 02-06LT | 7.7 | 11.0 | 1093 [ 39.4 | -0.40 -176
12-DEC-1991 22-24LT - - - -
17-NOV-1992 00-04LT | 11.1 | 13.0 | 2043 [ 51.1 (-0.33 -152
17-NOV-1992 23-02LT | 8.1 | 16.5 | 1752 | 59.7 | -0.56 178

Mean Values 113 [ 131 [2195 [ 529 [ -0.34

Table 4.1: Basic parameters of dominant inertial gravity waves in the
vertical profiles deduced using hodograph analysis. Intrinsic periods, ver-
tical wavelength (),), horizontal wavelength (Ax), horizontal phase speed
(cph-») vertical phase speed (cpu-,) and horizontal propagation directions
are shown. Horizontal bars indicate that values could not be determined.
Note that wind ing 03-04LT May 23, i-clockwi
rotation with increasing height, thus values in this period were not used in
calculating mean values shown at the end of the table.




4.3. HORIZONTAL PROPAGATION CHARACTERISTICS 9

Jongest period was limited to 14.0 hr, probably due to the bandpass filter of
5-20 hr in order to avoid the cffects of diurnal tides. Vertical and horizontal
wavelengths ranged from 11.3 to 16.0 ki and from 776 to 3620 km with a mean
value of 13.1 km and 2200 km, respectively.

Figure 4.10 shows the distribution of vertical wavelength as a function of
. trinsic period with solid circles. For comparison also shown with open circles
are the results by Nakamura et al. [1993), which studied dominant gravity waves
in vertical profiles with liodographs using turbulence echo observations with the
MU radar. Center height of their observations was about 70-75 km. There is a
clear tendency that present observations show larger vertical wavelengths than
Nokamura et al. [1993] which distributed from 4 to 15 km with a mean value
of 8.2 km. Note that the largest vertical wavelength of the present study seems
to be limited due to the fact that we selected gravity waves with vertical scales
clearly different from those of upward propagating diurnal tides of about 25-30
km.

Murayama et ol. (1992] reported dominant vertical scales of gravity waves
by means of the MU radar, rocketsondes and radiosondes, which were 2-5 km,
515 km and longer than 15 kim in the lower stratosphere, the upper stratosphere
and the mesosphere, respectively. The present results were fairly consistent with,
but slightly shorter than, their results in mesosphere, which might be due to
the limit of the present study stated above. Murayama et al. {1992] interpreted
the increase in the vertical scales with altitude in terms of the saturation of
upward propagating gravity waves. It is reported that wave damping due to
eddy diffusion, which increase with altitude, are also responsible for the change
of dominant vertical scale [Gardner and Voeltz, 1987; Nakamura et al., 1993].

Now we study horizontal propsgation characteristics of the dominant gravity
waves near the mesopause. Horizontal phase speeds of the present
were distributed from 31.7 to 71.8 m/s with a mean value of 52.9 m/s. Those
in middle mesosphere were reported to be about 30 m/s by Nakamura et ol
11993).” Tsuda et al. [1994] showed using radiosonde observations near equator
that typical horizontal ‘domi gravity waves in
stratosphere was 5-7 m/s and 12 m/s, respectively. These results indicate that
the horizontal phese speeds are larger at higher altitudes. This may be partly due
1o the height variation of dominant vertical scale of gravity waves discussed above

horizontal phase speed is basically proportional to vertical wavenumber.
Furthermore, ional filtering caused by mean winds might be responsible;
only waves with sufficient horizontal phase speeds can propagate upward without
being absorbed by mean winds.

The distributions of horizontal ion directi hown in Figure 4.11
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Gravity wave parapmeters at 60-100 km

8

VERTICAL WAVELENGTH (km)
T

0 0 *
INTRINSIC PERIOD (hrs)

Figure 4.10: A scatter diagram of vertical wavelengths versus intrinsic
periods of dominant gravity waves listed in Table 4.1 (solid circles). For
comparison results from turbulence observations in the mesosphere with
the MU radar by Natamura et al. [1993] are plotted with open eircles.
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separately for summer months (May-August) and winter months (November, De-
cember and March). In the figure there is a tendency that horizontal propaga-
tion directions tended toward east and west during summer and winter months,
respectively. These results show a fairly good consistency with the results for
‘mesospheric gravity waves by Nakamura et ol. [1993]. That is, prefered prop-
agation directions by Nakamura et al. [1993] were toward northeast and west
during May-August and November-December, respectively, although they were
rather isotropic during March-April, suggesting horizontal propagation directions
of dominant gravity waves are not significantly changed at 60-95 km.

Seasonal variation of propagation directions was attributed to llne directional
fltering of gravity waves by prevailing zonal winds (Ebel et al, 1987). In Fig-
wre 4.12 we show profiles of mean winds in each observation period. Since dura-
tion of each observation was not a multiple of 24 hr, we obtained mean winds by
decomposing the wind field into mean winds, semidiurnal and diurnal tides so as
10 exclude tidal effects.

Mean zonal winds were generally eastward throughout a year at altitude range
8-96 km, while mean meridional winds were generally smaller than the zonal
winds. However, Figure 4.12 suggests that mean zonal winds were quite different
between summer and winter months below 80 km. That is, a very large wind
shear recognized in summer indicates that mean zonal wind was westward below
80 km, while in winter the sense of vertical shear, although not very large in
general, was opposite to that in summer, suggesting that mean zonal wind was
eastward below 80 km. These features showed a good consistency with the mean
wind by the Kyoto meteor wind radar observations in 1983-1986 [Tsuda et al.,
1987] and CIRA 1986 model.

Below the meteor observation height a clear seasonal variation of mean zonal
winds at 60-80 km were reported by Nakamura et al. [1995) using turbulence
echo data in 1985-1988 observed with the MU radar as shown in Figure 4.13,
where mean zonal winds were ~40 m/s toward west in summer and ~60 m/s
toward east in winter at around 70 km, while mean meridional winds were much
smaller and around 10 m/s. Directions of these wind velocities shows an opposite
sense to those of the dominant gravity waves seen in Figure 4.11. Since these
2onal wind velocities were comparable to the observed horizontal phase speeds of
the dominant gravity waves, the seasonal variation of propagation directions of
these waves seemed to be related to directional filtering caused by the prevailing
20nal winds below the height range of meteor observations.

Note that below the mesopause horizontal propagation directions of domi-
nant gravity waves were not necessarily toward west in winter but they were to-
ward north-east during January-February, as revealed by Nakamura et al. {1993].
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Figure 4.11: The distribution of horizontal ion directions of dom-
inant gravity waves. Top and bottom panels correspond to summer and
winter months. The length of each vector indicates intrinsic horizontal
phase speed.
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Figure 4.13: The eastward (top) and northward (bottom) components
of mean winds observed with the MU radar using turbulence echo in
19851989, where shaded areas correspond to westward and soutbward
wind, respectively. [Nakamura et al, 1995)
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‘These results imply the possibility that source regions of gravity waves are not
isotropically distributed sround Shigaraki [Nakamura et al., 1993).

4.3.2 Simultaneous Observations with the MU Radar
and the Sodium Lidar

In this subsection, we present simultancous observations of mesospheric grav-
ity waves carried out by using the meteor observations with the MU radar in
Shigaraki (34.9°N, 136.1°E) and a sodium lidar observations in Hachioji (35.6°N,
139.4°E) [Namboothiri et al., 1994).

As the latest developments, lidars have proved to be quite powerful to measure
the mesoscale ions in the middle The fuctua-
tions and the sodium density fluctuations observed through the Rayleigh scatter
and resonant backscatter by the Rayleigh lidar and Sodium lidar, respectively
are found to be an important tracer of gravity waves. [e.g., Gardner and Voelz,
1987; Hauchecorne et al., 1987; Wilson et al., 1991; Beatty et al., 1992; Collins et
al, 1994]. Various important features of gravity waves such as individual wave
and spectral aspects of total gravity wave field etc

[eg., Shibata et al., 1986; Senft and Gardner, 1991; She et
al., 1991; Hostetler and Gardner, 1994).

Although there have been a few attempts for the comparison of simultaneous
lidar f densities and radar of horizontal winds [e.g.,
Ogawa et al., 1989; Franke et al., 1990; Kwon et al., 1990}, the radar and lidar
studies of the gravity waves mainly concentrated on individual stations so far.
Simultaneous observations at different locations are very important in order to
understand clearly the propagation details such as the horizontal extension [e.g.,
Meek et al., 1985; Manson et al., 1988]. This will also give some insights to
differentiate the various sources of gravity waves between the locations.

To this respect, collaborations between the Radio Atmospheric Science Cen-
ter (RASC) and Tokyo Metropolitan University (TMU) have arranged and made

i i using the meteor echo measurements
with the MU radar at Shigaraki and the sodium density measurements using the
Sodium lidar at Hachioji. These two locations are separated by a horizontal dis-
tance of 310 km, which is appropriate as far as the horizontal wavelength of a
large scale gravity wave is concerned. The neutral atmospheric density pertur-
bations can be inferred from the Na density measurements and in our study the
analysis mainly focuses on the neutral density fluctuations.

Experimental Setup
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We first present in Figure 4.14 the locations of the MU radar and the lidar.
Note that the bascline of the stations makes an angle of 14.5° with the zonal
direction.

‘The data used are from the 7 hours of observations on the night of December
15-16, 1993. Figure 4.15 shows profiles of the wind components and the temper-
ature perturbation 7*/T, observed with the MU radar during the period, where
time and height resolutions were 1 hour and 1 km, respectively. Note that in
the figure the time mean values were removed from each time series, and vertical
wavelengths longer than 4 km were extracted from each profile with a low-pass
filter. A clear wave induced fluctuation showing a downward phase propagation
was recognized, especially for the northward wind component as indicated by &
solid line.

‘The sodium lidar was installed recently and operated at the Tokyo Metropoli-
tan University. The lidar consists of a tunable dye laser pumped by a frequency
doubled Nd:YAG laser, receiving telescope, & photomultiplier tube and a com-
puter controlled data acquisition system. The signals from 2000 laser shots are
accumulated for each profile. Consequently, one profile is observed once in every
4 minutes with a height resolution of 100 m. The laser shot number is selected
10 assure an acceptable signal-to-noise ratio for each profile. The details of the
system specifications and the method of data analysis can be seen in a report
by Nagasawa and Abo [1994]. Figure 4.16 shows the Na density values messured
on December 15-16, 1993. The profiles are plotted on a linear scale at 8-min
intervals and have been low-pass filtered with a cutoff at 1.5 km. The downward
‘movement of the Na density peak seems to be affected by the gravity waves or
tides. A detailed description of the figure can be seen later.

The Na density measurements can be effectively used to deduce the atmo-
spheric density perturbations [Gardner et al., 1989; Beatty et al., 1992). When
the wind fluctuations are caused by gravity waves, the relative Na density fluctus-
tions are related to the relative atmospheric density perturbations. The following
is a short account on the steps involved in the calculation of atmospheric density
perturbations from the sodium density values. First, the sodium density is nor-
malized in the altitude range by the total column density for each profile, here
the altitude range considered is 80-105 km. Then the profiles are filtered a
low-pass filter with a cutoff equal to 1.5 km and an average profile for the sodium
density is produced from all the profiles. Now the sodium density perturbations
can be calculated and the sodium density to atmo-
spheric density perturbations. Here it is assumed that the unperturbed Na profile
is modeled by a Gaussian distribution, and then the relative Na density fluctua-
tions can be expressed in terms of atmospheric density fluctuations [Gardner et
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SHIGARAKI
(MU RADAR)
(349°N, 136.1°E)

HACHION
(SODIUM LIDAR)
(35.6°N, 139.4°E)

150°E.

Figure 4.14: Locations of the MU radar and Sodium lidar. The base line
and the horizontal make an angle of 14.5°. The big arrow indicates the
horizontal propagation direction of the gravity wave, which is 5.45° off
vertical to the zonal dircction [Namboothiri et al., 1994].
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Figure 4.15: Time-height variations of the Auctuating components of the
eastward (solid line) and northward (dashed line) wind velocities and the
normalized temperature (dot-dssh line) observed with the MU radar on
December 15-16, 1993. The region 80-90 km is marked to indicate that
the study focused on that height range [Namboothiri et al., 1994].
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al., 1989,
)= -—[1 - ""(‘ HE 20y - 42)
r{z.t) = 5/pi0 4.3)
Talz.t) = £ /pe0 (44

where 7 = ratio of the specific heat (~1.4)

H = atmospheric scale height (~6 km)

20 = centroid height of the unperturbed Na layer (~92 km)

0 = rms thickness of the unperturbed Na layer (~4.3 km)

7,/pw = relative Na density fluctuations
#./peo = relative atmospheric density fluctuations
‘The prime in g, and g, denotes the perturbation quantity, while the suffix 0
denotes the associated mean quantity.

Figure 4.15 indicates that the data from the altitude range 80-95 km are us-
able for the MU radar observations. While, the sodium lidar measurements are
available for a height range of 80-105 ki as seen in re 4.16. Although this is
the case, in the present study of the gravity wave induced neutral density pertur-
bations, we concentrated only the altitude region 80-90 km. From Equation 4.2 it
can be scen that the altitude dependent scaling factor vanishes near the Na layer
peak, 20, it is not possible to determine the atmospheric density perturbations in
the vicinity of zo [Senft and Gardner, 1991).

Hodograph Analysis of Gravity Waves

We performed a hodograph analysis to extract wave parameters from the data
obtained with the MU radar. Before presenting the results of our hodograph
analyses, it is appropriate to give a background on the data selected for the
detailed analysis. It was our mlerest to search l-rge scale gravity wave activities
and for this we have il i 5 nights of si data.
But unfortunately we could get only one nights (15-16 December, 1993) data
with less interference of waves. Hence we considered that data for our detailed
analysis. Again in the data considered itself, although we have the lidar data
for a period 1700-0600 LT we selected a period from 2200-0500 LT when the
overlapping of waves is not significant. From Figure 4.16 it can be seen the
dominance of monochromatic waves during the period 2200-0500 LT. Before and
after that period smaller scale variations dominated.
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In the present analysis, a wave period of 5-20 hr was considered and the data
were filtered accordingly. After the mean wind and linear trend were removed
from the vertical profile, with a vertical ngth greater than
7 km were extracted. The hodograph and the height profiles were constructed
with one hour interval starting from 2300 LT to 0500 LT. Figure 4.17 shows &
\ypical hodograph and height profile of the gravity wave of our interest. The
bodograph shown is for 0200 LT on December 16, 1993. In this example the
successive wind velocities in the height region 77-85 km were fitted by an ellipse.
We have tried to include all the possible data points especially in the height region
80-90 km, since in the present study we are more interested in that height range.
Unfortunately it was rather difficult to conduct a fit with all the desired data
points. In the height profiles the solid curve represents the northward component,
the dashed curve represents the eastward component and the curve with the solid
circles is the temperature perturbations.

As evident from the figure, the wind vector rotated in the clockwise direction
with the increase in altitude, indicating positive vertical group velocity. Also it
can be seen the dominance of a monochromatic gravity wave and such a wave
was observed in all the hodographs except the 0500 LT case. The 0500 LT
case is separately discussed below. The horizontal propagation direction was
found to be in the north-south direction and this is consistent with all the other

act direction can be ined by checking the
phase relations between the horizontal wind components and the temperature
perturbations and it was found that the wave propagated from north to south.
The arrow in Figure 4.17 represents the direction of propagation of the wave.

Figure 4.18 is the plot for the hodograph and height profile for 0500 LT. The
ellipse was fitted with the wind velocities in the height range 82-90 km. The
ellipse indicated by a dotted in Figure 4.18 also shows the horizontal and
vertical propagation directions to be identical to that of the 0200 LT case. How-
ever, one important feature of the hodograph to be mentioned is the departure
of the monochromatic nature of the gravity wave, the structure of the hodograph
in Figure 4.18 suggests that there may be a ing of two gravity waves.

Hodograph analysis scems to have certain inefficiency when there is a mixing
of two or more waves. In Figure 4.17 we presented one of the best cases and in
Figure 4.18 we showed the worst case that we have obtained. As mentioned above,
Figure 4.18 indicates a mixing of two waves and in this situation two ellipses may
be fitted to different altitude nngc: However, we took the ellipse fitted for the
82-00 km height range with ealier

‘Table 4.2 illustrates the values or the gravity wave parameters that we have
obtained from the hodograph analyses. It can be seen that the wave had an




112

CHAPTER 4. GRAVITY WAVES IN THE MESOPAUSE REGION

DEC-1993  2UT

Wavelength: 7.0~ 0.0km Period: 5.0~20.0he
T T T T T
wf ]
= %F 1
£ 3.
e 10~ - g |
¥ of 4 =
g nof ]
sl 3 =
—of ]
L L s L L A N
-0 ~20 o 20 4“0 - - ¢ B
Eastward Wind (m/s) Wind Velocity (m/s)

T
AR
T/To (0/200)

Figure 4.17: The hodograph and height profile obtained at 0200 LT on
December 16, 1993. The wave components with periods of 5-20 hr and
vrtical wavelength longer than 7 km were extracted. The numerals and
dsashed ellipse in the left panel indicate the height in km and lesst squares
6t to the hodograph, ‘The arrow indicates prop-
agation direction of the gravity wave. In the right panel the Auctuations
of northward (solid line), eastward (dashed) and temperature (dashed line
with solid circle) are given [Namboothiri et al., 1994].
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Figure 4.18: Same as Figure 4.17, but for 0500 LT [Namboothiri et al., 1994].
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Table 4.2: Wave parameters obtained from the hodograph analyses of
height profiles of wind velocity observed with the MU radar [Namboothiri
et al., 1994].

average intrinsic period of about 9 hr and a vertical wavelength of about 16
km. The inferred horizontal wavelength showed a variation between 1380 km
and 2120 km with an average value of 1750 km. To compute the horizontal
wavelength we assumed the value of the inertial frequency f as 1.33 x 10~ Hz
at the 35° latitude of the MU radar, corresponding to a period of 20.9 hours.
The propagation direction was found to be from north to south with an average
azimuth of -5°, an arrow in Figure 4.14 shows this direction of propagation. The
wave propagated not exactly perpendicular to the baseline of the stations and
this will result a timelag in the wave propagation.

It is very important to consider the possible contribution of tidal waves in
the profiles we considered here. However, our analysis indicated that there was
no significant contribution of 12 hr tides during the period of observation. A
tidal analysis was done with 4 days of the MU radar data of that campaign, that
is, December 13-16, 1993, including the period of observation considered in the
present study, and found that the average amplitude of semidiurnal tides was
~5 m/s in the 80-90 km region. Also climatological results [T'suda et al., 1988]
showed that the amplitude of semidiurnal tides in Kyoto (Shigaraki) are generally
less than 5 m/s during December in this altitudes. The effect of diurnal tides is
believed to be smaller considering the intrinsic wave period of 9 hr.
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Comparison Between the MU Radar and the Lidar

Our major interest here is to calculate the wave induced neutral density
perturbations from the gravity wave parameters obtained using the MU radar
data, and compare them with those obtained with the sodium lidar observations.
The derivation of the density perturbation was based upon the gravity wave dis-
persion and polarization relations. By applying the Boussinesq approximation,
2[peo = =T'/To, the density perturbation can be expressed using Eq. 1.5 as

ol _ Ny (45)
Pa0 9

Using Eq. 4.5, the atmospheric density perturbations were calculated for the
MU radar observations. A vertical wavelength of 16 km (average A,) was consid-
ered and in order to add the 90° phase shift, the profiles were height adjusted with
4km. Here we assumed that a sinusoidal variation was dominant and accordingly
the MU radar profiles were reconstructed. Figure 4.19 is a composite picture of
the density perturbations obtained for the MU radar and the lidar observations.
In the figure the continuous curve indicates the MU radar observations and the
dashed curve represents the lidar measurements. Since the horizontal propaga-
tion of the wave was in the north-south direction, the values of the northward
wind velocity were taken to determine the density perturbations for the MU radar
profiles. The profiles shown are for each one hour interval starting from 2300 LT
10 0500 LT. It should be mentioned that the comparison was stressed for the
beight range 80-90 km.

Comparison of the profiles reveals encouraging agreements between the two
observations. It can be seen that all the profiles, except for 0500 LT, show good
resemblance. The phase pattern observed has considerable si ies. It should
be remembered that there was a difference in the height resolution of observation
and also a time-series filtering for the lidar data was not being done due to the
limited hours of observation per night. Bearing this in mind, a smoothed pattern
of the lidar profiles will give even better agreements with the MU radar profiles.
Itis very important to note that the density perturbation values observed at both
the locations were quite similar with & maximum value of about 7%.

Considering the horizontal distance between the sites we should expect a con-
stant phase lag in the wave propagation. Using the wave parameters and the
geometry of the two locations we estimated the time lag to be 15 min. We as-
sume that the wave approached Hachioji first and then passed Shigaraki. Any
small differences in the phase pattern could be explained under these circum-
Stances. Also one has to consider the horizontal variation in the gravity wave
field.
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Figure 4.19: Time-licight variations of the atmospheric density perturba-
tions obtained from the MU radar and sodium lidar, for December 15-16,
1993. The solid and dashed curves represent the MU radar and lidar ob-
servations, respectively [Namboothiri et al. 1994).



44. DISCUSSION AND CONCLUSIONS n7

The 0500 LT case should be discussed separately, the deusity perturbations
obtained for the lidar measurements near 83 km shows relatively larger (8.8%)
perturbations. During morning hours the increase in temperature causes chemical
reactions and raises the sodium density. Also the meteoric ablation during dawn
will be high and hence results an increase in sodium density.

Another way to clieck the gravity wave response to the neutral density fiuc-
tuations is the variance analysis. Figure 4.20 depicts the time variations of root
mean square values of the variance derived for the MU radar and the lidar ob-
servations. The density perturbations obtained for the height range 80-90 km
were used in this analysis. There is a difference in the number of density valucs
considered for the variance analysis, that is, the sodium lidar which had a height
resolution of 100 m and hence a total number of 110 values were considered for the
lidar case, while the MU radar had 1 km height resolution and consequently only
11 values were averaged for the radar case. The density variance plotted for the
MU radar observations corresponds to the amplitude of the gravity wave induced
wind fiuctuations. 'n.e values of the wave amplitude and the corresponding den-
sity variances are also given in the Table 4.2. A remarkable agreement between
the two observations is well evident from Figure 4.20. Discarding the 0500 LT
case the time variations show identical response for both the observations and it
reaffirms that we saw the manifestations of the same gravity waves over Shigaraki
and Hachioji.

44 Di ion and Conclusi

In this chapter we studied characteristics of gravity waves near the mesopause,
taking advantage of the good time-height resolutions of temperature and wind
data obtained by meteor echo measurements with the MU radar.

We found that T fluctuations were clearly associated with wave-like structures
showing downward phase propagation with periods shorter than the inertial pe-
riod (21 hour in Shigaraki). We detected an inertial gravity wave with a period
of about 12 hr on December 10-11, 1991, which was observed very clearly as to
both wind velocity and 7¥/To, and their phase relation was reasonably interpreted
assuming the polarization relation predicted by the linear theory of gravity waves.

Kinetic and potential energy densities associated with gravity waves are the-
oretically expected to be equal when wave period is short enough compared with
the inertial period. Observed kinetic and potential energy densities calculated
from horizontal wind velocity and temperature fluctuations, respectively, coin-
cided well for periods longer than 2 hr. Both energy density showed considerable
variations between the campaigs in period range longer than 12 hr, which might
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Figure 4.20: Variance of the atmospheric density perturbations calculated
for the MU radar (solid line with open squares) and the lidar observations
(dashed line with solid circles) [Namboothiri et al., 1994].
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be due to large temporal variations of atmospheric tides and inertial gravity
waves.

Seasonal variations of horizontal propagation directions of dominant gravity
waves were studied using hodographs for 12 observation campaigns from May
1990 to November 1992. Dowiward phase progression was recognized for most of
the waves, indicating the upward energy transportation. Average values of wave
periods, vertical and horizontal wavelengths and horizontal phase speeds were
11.3 hr, 13.1 km, 2200 km and 53 m/s, respectively. Note that wave periods and
vertical wavelengths seemed 1o be slightly shifted to shorter values because we
selected gravity waves which had clearly shorter periods and wavelengths than
diurnal tides to avoid contamination.

Horizontal propagation directions were generally eastward in summer (May-
August) and westward in winter (November-December and March). These results
showed a good consistency with the results of the turbulence echo observations
in the mesosphere with the MU radar by Nakamura et al. 193], suggesting that
propagation directions of dominant gravity waves do not significantly change
in altitude range from G0 to 95 km. These propagation directions scem to be
related to the directional filtering by mean zonal wind below the height region of
the present study. Note that propagation directions were not necessarily toward
west in winter except for November and December in the mesosphere as reported
by Nakamura et al., 1993, implying that the source regions of gravity waves are
oot uniformly distributed around Shigaraki.

Comparison observations of mesospheric gravity waves were also conducted
by means of the MU radar in Shigaraki (34.9°N, 136.1°E) and the sodium lidar
in Hachioji (35.6°N, 139.4°E). We used 7 hours of the data collected simultane-
ously on the night of December 15-16, 1993. The dominant gravity wave and its
characteristics were delincated by using a hodograph analysis, which determined
that the wave propagated with an average vertical wavelength of 16 km, intrinsic
period of 9 hr and horizontal wavelength of 1750 k. We further detected that

the gravity wave showed upward energy ion, and that it from
north to south.

The study documented the effective use of gravity wave theory to calculate
the wave induced density The density

showed a maximum of 7% at the radar and the lidar locations. The observed
similarities are an indication of the same gravity wave influences at the observa-
tional sites. The variance analysis conducted for the density perturbations also
showed remarkable agreement in time variations and this is an additional point
that support the view that the radar and lidar saw the same gravity wave.
Finally, in this chapter, we showed that short period temperature and wind
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velocity fluctuations obtained by metcor echo measurements with the MU radar
were preferably interpreted by using a lincar theory of gravity waves. Then,
they were utilized to delineate a seasonal characteristics of dominant gravity
waves. Furtheninore, 3 gravity 1

through si at two ion sites, then of
gravity waves obtained at one obsermwry were proved to be valid. Through v.hen
studies sit and wind velocity

by meteor echo measurements mu. u-e MU radar were shown to be very effective
for study of gravity waves.



Chapter 5

Observations of Global
Structure of Planetary Waves

[& ive rader revealed istics of planetary waves
with periods ranging from one day to a few weeks in the upper mesosphere and
lower lhermospheu [Snlby‘ 1980; Jto et al., wu Vincent et al., 1984; Manson et
al., 1987]. Vs and tudies pointed out that planetary
waves affect mean winds and other waves through nonlinear interactions [e.g.,
Plumb at al., 1987; Riister, 1994; Teitelboum and Vial, 1991]. In the stratosphere
studies using satellite data clarified horizontal and vertical structure of planetary
waves and identified various normal mode Rossby waves [e.g., Hirota and Hirooka,
1984). However, global structure of most of long period oscillations near the
‘mesopause was not fully identificd yet. In this chapter we study characteristics
of long-period wind fluctu: s around the mesopause using data obtained at
radar stations spaced in latitude and longitude.

5.1 Long-period Waves in Middle Latitudes

Tsuda et al. [1988a] reported long-period oscillations in Shigaraki (35°N,
136°E) using the meteor radar observations conducted from May 1983 to March
1986. They showed oscillations with periods from 1.4 days to 20 days. However,
global structure of these waves was not delineated yet except for a wave with a
Pperiod of about two day (here after referred to as two-day wave'). In this section
we study global structure of planetary waves by additionally using two data sets
from Adelaide MF radar (35°S, 138°E) and Saskatoon MF radar (52°N, 107°W)
during May 1983-March 1986. Since there were small number of meteor echoes in
evening hours, meteor radar observations were not suitable to delineate continu-
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ous time series of wind velocity with a height resolution of 2-4 km. We obtained
single biliourly time serics by accumulating all the meteor echoes, assuming that
wind fields were invariant throughout the observation height range because most
of planetary waves are thought to be external modes, and thus have fairly long
vertical wavelength.

‘The center height of meteor echo distribution was around 95 km with a stan-

dard deviation of several km [Yamamioto et al., 1986]. For the MF radar ob-
servations biliourly time series at five heights, 82, 86, 90, 94 and 98 km, were
used.
We calculated mean frequency spectra by Fourier transforming auto correla-
tion functions on the time series from May 1983 to March 1986 with a maximum
lag of 30 days, as shown in Figure 5.1 (a), where maximum and minimum wave
periods are GO and 0.8 days, respectively. Conspicuous peak at wave period of 1
day is diurnal tide. For wave periods longer than 1 day, two-day waves showed
clear peaks at all the stations, being the largest at Adelaide. Peaks were also
seen at periods of 3-5 days and 5-10 days. For longer wave periods spectral
density showed fairly monotonous increase with periods, especially in the zonal
component.

Furthermore, latitudinal and hemispheric differences are recognized as well.
‘That is, wave activity was the largest in Adelaide and the smallest in Shigaraki
in general throughout the frequency range. For wave periods longer than 20 days
Saskatoon and Adelaide showed similar spectral densities. Note that a part of
small wave energy in Shigaraki might be due to the fact that we accumulated all
the data into single time series without considering height variations.

Spectra are plotted in an area preserving form in Figure 5.1 (b). For wave pe-
riods longer than 1 day two-day waves made the largest contributions, especially
in Adelaide.

Dynamic frequency spectra were calculated by Fourier transforming auto and
cross correlation functions on 90 day time series with a maximum lag of 30 deys
(£requency resolution, 0.0167/day), where the data window of 90 days was stepped
forward every 5 days. Five auto spectra of Adelaide and Saskatoon corresponding
to the five height layers were averaged to reduce estimation error. Resultant dy-
namic auto spectra are shown in Figures 5.2 and 5.3 for zonal and meridional wind
velocities, respectively. Note that these spectra were smoothed using a spectral
window of a raised cosine with a width proportional to frequency. In the figure
various oscillations can be seen, among which two-day waves showed remarkable
activity, appearing regularly in summer hemisphere at all the observation sites es-
pecially in the meridional component. It is noteworthy that in Saskatoon waves
with periods longer than § days showed clear enhancement in winter months.
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Figure 5.1: Frequency spectra (top) and area preserving spectrs (bottom)
of zonal wind (left) and meridional wind velocities (right) calculated using
data from May 1983 to March 1986. Results for Shigarak (solid), Adelaide
(dsshed) and Saskatoon (dot-dsshed) are shown.
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These may be due to normal mode Rossby waves, which were reported to show
large amplitudes in winter months from theoretical and observational studies in
the stratosphere [Salby, 1981b; Hirooka and Hirota, 1985; Hirooka and Hirota,
1989). In the other two stations such features were not &s clear as in Saskatoon,
possibly due to latitudinal difference.

Cross spectra between Shigaraki and Adelaide/Saskatoon were obtained by
averaging five cross spectra between the one layer data in Shigaraki and the five
height data in Adelaide/Saskatoon. Further, phase and coherence were calculated
from the auto and cross spectra, where estimation error of phase value was about
45°. We considered that planetary waves were simultaneously detected at two
radar sites when the following conditions were satisfied.

1. Clear peaks in auto and cross spectra were recognized at the same wave
frequency.

2. Fairly invariable phase values were recognized around the corresponding
wave frequency.

3. Clear peaks were recoguized in coherence at the corresponding wave fre-
quencies.

According to these criteria we extracted 6 waves between Shigaraki and Ade-
laide, and 14 waves between Shigaraki and Saskatoon. Unfortunately, none of
these waves satisfied the criteria for both zonal and meridional components at
the same time. Wave periods and observed dates are summarized in Figure 5.4.
Obtained wave periods ranged from 1.1 to 10.0 days. Many of these events cor-
responded to waves found by Tsuda et al. [1988a), especially for period ranges
longer than Sdays and shorter than 2 days. We could not detect waves with pe-
riods from 3 to 4 days, although waves in this period range sometimes enhanced
independently in Shigaraki (Tsuda et al., 1988a], Adelaide and Saskatoon as seen
in Figures 5.2 and 5.3.

It is noteworthy that we detected more cases for the comparison between
Shigaraki and Saskatoon than Shigaraki and Adelaide. A number of radar and
satellite observations and theoretical studies have indicated that amplitudes of
planetary waves show a significant seasonal variation with peaks in winter or
summer hemisphere depending on wave modes, thus planetary waves tend to be
observed only in single hemisphere [e.g., Hirota and Hirooka, 1984; Hirooka and
Hirota, 1985; Rodgers and Prata, 1981; Salby, 1981b). Considering that Shigaraki
and Saskatoon are in the northern hemisphere and Adelaide in the southern
hemisphere, the difference in detected number of waves seemed to reflect the
seasonal dependence of planetary wave activity.
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Figure 5.2 Dynamic power spectra of zonal wind velocity in Shi-
garaki (top), Adelaide (middle) and Saskatoon (bottom) from May 1983
to February 1986. Spectra were analyzed by Fourier transforming an
auto-correlation function on a 90 day data series, with a maximum lag
of 30 days, where the data window was sled every 5 days.
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Figure 5.4: Long-period waves observed simultaneously in Shigaraki and
Adelaide (closed symbols) and in Shigaraki and Saskatoon (open symbols).
Zonal and meridional components are presented with circles and triangles,
respectively.

‘We now attempt to identify global suucmre of these waves by comparing
phases of cross spectra with theoretical predi Table 5.1 shows theoretical
prediction for phase difference among Shigaraki, Adelnd: and Saskatoon for prin-
cipal normal mode Rossby waves in no background mean wind condition, where
‘0’ and ‘m’ indicate zonal wavenumber and meridional index. Waves with odd
and even numbers of ‘n-m' have symmetric and antisymmetric global structure
about the equator, respectively [Salby, 1981b]. Since each normal mode Ross!
wave is known to appear with a fairly fixed wave period [e.g., Hirota and Hirooka,
1984), we categorized observed waves into 5 groups according to their periods.
That is, we selected 1.1-1.4days, 1.6-1.8days, 2.1-2.2days, 4.6-5.5days and 6.7-
10days, which correspond to periods range of (1, 0), (2, 0). (3, 0), (1, 1) and (1,
2) (or (2, 2)) mode Rossby waves, respectively.

Figures 5.5 and 5.6 show vector plots of phase values for the first 4 wave
periods, where observed phase values are plotted with solid lines, referring to
Shigaraki. Clockwise rotation indicates that phase of Adelaide/Saskatoon led
Shigaraki. Length of each vector presents wave variances integrated in & frequency
band centered at wave period with & half width of 0.0167/day. In the figures
theoretical prediction at Adelaide/Saskatoon is also plotted with dashed lines,
where length of each vector has no meaning. In Figures 5.5 and 5.6 several waves
showed fairly good consistency with the theoretical prediction except for the
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Saskatoon | Adelaide
leads

Mode leads

Shigaraki | Shigaraki
(degree) | (degree)
(n, n-m) (Period) N |E|N
0) (1.24-1.250) 2] 2
1) (4.4-5.7d) 2 182
.2) (8.3-10.6d) 82| 2
3) (11.1-20.0d) 2 182
2 [2e3 283 [Ted 4
A 243|243 | 4 | 184

[(22 [243] 243 | 184
3, [351 | 351 [186] 6

Table 5.1: Theoretical phase relation between 3 observatories for normal
mode planetary waves in no background mean wind condition. 'E' sad 'N*
indicate eastward and northward components, respectively. 'n’ and 'm’
present zonal wavenumber and meridional index. Theoretically predicted
period ranges are taken from Salby [1981b].
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period range of 1.6-1.8 days. Some discrepancy between observations and theory
seems to the effect of background mean wind. That is, theoretical study by Salby
(1981b] indicated that global structure of a planetary wave s significantly affected
by the mean wind. The discrepancy might also be attributed to estimation error
caused by fairly small wave variances ranging from 2 to 10 m?/s? as seen in
Figures 5.5 and 5.6, that is, from 1 to 3 m/s in terms of wave amplitude, except for
two-day wave event in January 1084 when a significant wave variance of 50.8 m?/s?
was detected in Adelaide. This two-day wave was found to have antisymmetric
structure about the equator, and was interpreted as (3, 0) mode by Tsuda et al.
(19888). The antisymmetric feature was reconfirmed in Figure 5.6 (a).

Figure 5.7 shows results for the period range of 5-10days. Although some
cases revealed phase values very similar to the theoretical predictions of (1, 2)
and (2, 2) modes, observed phase values were rather random and did not show &
clear tendency. Since this period range of 5-10 days is not necessarily dominated
by a single wave activity [e.g., Hirooka and Hirota, 1985), superposition of waves
may be possible. Further, global structure of waves with longer periods are more
sensitive to background wind motion due to their smaller horizontal phase speed.
Therefore, it is not easy to identify the global structure of planetary waves with
fairly long periods.

In this section we studied behavior of planetary waves around the mesopause
in middle latitude using data obtained from cooperative radar observations. We
detected waves which implied the existence of (1, 0), (2, 0), (3, 0), (1, 1), (1,
2) and (2, 2) normal mode Rossby waves. However, wave amplitudes were not
very significant except for two-day waves which appeared with quite a large am-
pltude in summer hemisphere. We investigate global structure of two-day wave
in more detail using wind and conducted
at Shigaraki and Jakarta in Section 5.3.

5.2 Waves in Equatorial Region

‘The equatorial middle atmosphere is characterized by mean circulation which
are not annual in character unlike extratropical latitudes, moreover, it contains
unique waves such as equatorial Kelvin waves and Rossby-gravity waves [e.g.,
Andrews et al., 1987). In the lower stratosphere below about 35 km the zonal
wind velocity is chnru:unud by a qnnsl-blenma.l ascillation (QBO). While, in
the upper oscillation (SAO) becomes
dominant, which was ﬁrsl discovered by Reed [1965) using radiosonde and rock-
etsonde measurements. Hirota (1978] and Hamilton [1982] showed that SAO
consists of two separate oscillations centered at the stratopause (SSAO) and the
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Figure 5.5: Vector plots of phase values of cross spectra between Shigaraki
and Adelaide (Sl-A) and Shigaraki and Saskatoon (Sh-Sa), where clock-
wise rotation indicates leading phase. 'Sh', 'A’ and 'Sa’ at the tip of each
vector stand for Shigaraki, Adelaide and Saskatoon, respectively. Length
of each vector presents wave variance integrated in a frequency band cen-
tered at wave frequency with a half width of 0.0167/day. Results of period
ranges of (a) 1.1-1.4 days and (b) 1.6-1.8 days are shown. Dashed lines
indicate theoretical phase values at Adelside and Saskatoon calculated re-
garding Shigaraki as a reference, where assumed wave modes were (1, 0)
and (2, 0) for (a) and (b), respectively.
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mesopause (MSAO) with an amplitude minimum near 65 km, and an approxi-
‘mate out-of phase relationship between the mesopause and stratosphere maxis
As suggested by the generation of eastward winds at the equator and hence the
production of angular momentumn per unit mass greater than that of the carth,
these oscillation are thought to be driven by the momentum deposition asocmed
with breaking or dissipating Kelvin waves, Rossby-gr waves,

tide, and gravity waves [e.,, Lindzen and Holton, 1968; Hirota, 1978; Dunkerton,
1962, Andreus et al., 1987).

However, the study of the equatorial atmosphere mainly relied on balloons and
rocket sounding at limited locations with supplement of satellite measurements
below 70 km so far, thus the dynamics around the mesopause has not been well
understood. Recent MF radar observations in Christmas Island (6°S, 107°W)
at 65-100 km revealed MSAO as well as Kelvin-like waves [Vincent and Lesicar,
1991; Vincent, 1993a; 1993b]. Moreover, we have obtained mesospheric wind
fields with meteor radar observations near .hhm In this secuon we investigate
mean winds and planetary waves in the
observations by Jakarta meteor wind ndu and Clmsunu lsland MF radar.

Annual Mean Frequency Spectra in 1993

Figure 5.8 shows frequency spectra of wind velocity at 90 km observed with
the meteor radar in Jakarta and the MF radar in Christmas Island in 1993. The
range of wave periods is from 6 hr to 60 days, where spectra were calculated by
Fourier transforming an auto-correlation function on 365 day time series with &
maximum lag of 30 days. Since original frequency spectra had closely spaced
data points at higher frequencies, these spectra were smoothed using a spectral
window of a raised cosine with a width proportional to frequency.

Figure 5.8 (a) indicates existence of various waves over a wide frequency range.
Clear peaks were recognized for tidal components at 24 br, 12 hr and 8 hr as
well. Spectral density of diurnal and semidiurnal tides was larger for meridional
component than zonal component by a factor of about 2. Note that there also
existed 16 hr oscillation. Spectral density at periods shorter than 1 day, other
than the tidal components, decreased with frequency with a logarithmic slope
of about -2 for the meridional component, suggesting that these components
were due to superposition of gravity waves. While, spectral density for the zonal
component revealed a much more gradual decrease with frequency. Note that
& noise floor at periods shorter than about 12 hr was recognized for the zonal
component. Because the observations was done with antennas steered to north-
south direction, meteor arrival directions were concentrated within about 30°
from north ( or south), resulting in better estimation for the meridional wind
velocity than the zonal one.
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Remarkable peaks were seen near 2 days in the meridional component and
3-4 days and 6-7 days in the zonal component. The two-day wave seemed to
be (3, 0) mode of mixed-Rossby-gravity wave, which was enhanced at low and
middle latitude in summer hemisphere [e.g., Vincent, 1984, Tsuda et al., 1988a).
At periods longer than 10 days the zonu.l component had larger energy than the

[1993] reported similar variations
in the zonal component from the MF ndu obscrvmons in Christmas Island, and
interpreted them as an effect of time-varying mean wind rather than long period
Kelvin waves.

Frequency spectra in Figure 5.8 at the two locations revealed a similar feature
with peaks at tidal components, near two days, 3-4 days and 6-7 days. However,
there are some marked differences as well. It is noteworthy that spectral density
was generally greater in Jakarta at periods shorter than 4 days for both zonal and
meridional components by a factor of 1.5-2.5. Part of this discrepancy may be
explained by larger wave cnergy generated by the active cloud convection over &
‘maritime continent around Indonesia [Andrews et al., 1987). For tidal components
the difference could be due to latitudinal difference of the two stations. For
the two-day wave spectral density for the meridional component was almost the
same at the two sites, but largely different for the zonal component. Considering
that Christmas Island is closer to the equator, tlns dlﬁemu:e might nﬁecl the
meridional f (3, 0) mode, which i ainst
the equator [Salby, 1981a]. The behavior of this wave is mvsugned "o more detal
in the next section.

Spectral peaks at 34 days and 6-7 days in the zonal component were clearly
seen at both sites. Vincent and Lesicar [1991] and Vincent [1993a; 1993b] also
reported prominent wave activity at 3-10 day wave period from observations
in Christmas Island, which appeared only in zonal component with & seasonal
variation, showing the strongest activity in January-March and July-September.
They interpreted these waves as equatorial Kelvin waves, similar to those iden-
tified by Salby et al. [1984] in the stratosphere by satellite temperature obser-
vations. However, their global structure have not been identified yet because of
a lu:k of observations in equnoml mesopause ng-on Fortunately we detected

f these in Jakarta and Christmas Island
in July-September 1993.

In the followings we first investigate the characteristics of mean winds com-
paring the results between Jakarta and Christmas Island, then we attempt to
identify a global structure of the waves at periods of 3-4 days and 6-7 days.

Mean Winds
Figure 5.9 shows prevailing zonal winds observed in Jakarta and Christmas
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Pigure 5.8: Frequency spectra of zonal (solid) and meridional (dashed)
wind velocity at 90 km from January 1-December 31, 1993. Results in (a)
Jakarta and (b) Christmas Island are shown.
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Island from November 1992 to August 1994 after low pass filtering with a cutoff
period at 30 days. Since it was sometimes difficult to obtain wind values in the
evening due to relatively low meteor echo rate for the meteor observations in
Jakarta, simple average of observed winds would yield a significant offset due
to tidal component. Therefore, we calculated a mean daily variation of wind
velocity by superimposing 10 days of data into local time to get sufficient number
of meteor echoes even in the evening hours, then we estimated mean winds by
sliding the 10 days window every one day, which was a similar procedure adopted
by Tsuda et al. [1987).

In Figure 5.9 semi-annual oscillation (SAO) with westward maxima at equinaxes
was clearly seen at the both sites throughout the observed height region. In 1993
the westward peak in the vernal equinox (March) was larger, being generally
consistent with earlier rocket observations [eg., Hirota, 1978]. It is notable that
significant year to year variations were also found in Jakarta. That is, wind ve-
locity at the vernal equinox in 1993 showed a peak value of as large as 70 m/s
toward west at 80-82 km, while that in 1994 reached only about 20 m/s at 76
km, being smaller than a third of the peak value in 1993. Moreover, wind veloc-
ity at the vernal equinox in 1994 was almost 0 m/s or even eastward above 86
km. Considerable year to year variations of MSAO have been reported | Vincent,
1993a; 1993b; Palo and Avery, 1993], but the difference between 1993 and 1994
was strikingly larger than that reported so far.

‘We now compare the mean zonal winds between the two radar sites. General
features were quite similar, that is, SAO was dominant at the both sites and
most of minor westward and eastward perturbations also coincided with each
other. Instantaneous peak westward velocities at the vernal equinox were as
large as 70 and 80 m/s at 82 km in Jakarta and at 86 km in Christmas Island,
respectively, which were observed almost at the same time at the beginning of
April 1993, After the maximum westward velocities were recognized, they were
followed by a rapid change to eastward wind. This feature was also reported
from observations in 1990-1992 in Christmas Island [Vincent, 1993a; 1993b]. It
is interesting that phase of MSAOQ often showed downward phase propagation,
analogous to the structure of QBO.

There were considerable difference between the two sites, however, especially
around the vernal equinox when large westward wind velocity was observed. Fig-
ure 5.10 shows 10 day mean height profiles of zonal mean wind velocity centered
on April 5, 1993. Above the peak heights westward wind showed rather gradual
decrease with height in Christmas Island, maintaining more than 50 m/s even at
98 km. In Jakarta, however, it showed more rapid decrease and reached nearly
0 m/s at 98 km. While below the peak heights, quite a large wind shear, about
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Figure 5.9: Mean zonal winds at Jakarta (top) and Christmas Island (bot-
tom) from November 1992 to August 1993. Periods longer than 30 days
have been extracted using a low-pass flter.
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Figure 5.10: Profile of 10 day mean zonal wind velocity centered on April
5, 1993 in Jakarta (solid line) and Christmas lsland (dashed line).

8 m/s/km, was observed in Christmas Island and westward velocity was smaller
than 10 m/s at 78 km. In Jakarta, however, wind shear was not so large, and
westward flow was still about 50 m/s at 76 km.

Earlier observations have pointed out the existence of large longitudinal and
latitudinal variations of SAO [Reddy and Redd: [1986]). Asymmetry of SAO about
the equator has been also revealed [e.g., Hirota, 1980]. Recent satellite (Upper
Atmosphere Research Satellite, UARS) observations of the zonal mean zonal wind
showed the maximum at 80 km in the vernal equinox of 1993 occured at about 5°S
[Lieberman et al., 1993], being qualitatively consistent with the present results.

Next we investigate mean meridional winds in Jakarta and Christmas Island
(Figure 5.11). Meridional winds were generally much weaker than the zonal
winds, and were characterized by an annual oscillation, flowing from summer
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to winter hemispheres. We performed & harmonic analysis and found that am-
plitudes of annual oscillation in 1993 were about 5 m/s at the both stations
throughout the observed altitude range. Annual mean northward wind in 1993
were fairly small, ranging ~2-0 m/s and 0-3 m/s in Jakarta and Christmas Island,
respectively.

However, we found a large difference between the two sites as well. Figure 5.12
presents time series of meridional winds every 2km altitude, where fluctuating
components with periods longer than 30 days were extracted. During February-
July 1993 meridional wind velocity above 88 km showed oscillating variations
which was almost anti-phase between the radar sites. Particularly, during March-
April 1993, when a large westward wind velocity was observed, the meridional
winds were southward and northward with amplitudes of 10 m/s at Jakarta and
Christmas Island, respectively.

Some theoretical and i rks pointed itudinal diffe
of mean meridional wind near equatorial mesopause. Miyaharu et al. [1991]
showed using numerical model that dissipating diurnal tides and gravity waves
could generate cellular structure in the meridional circulation. Lieberman et al.
11993] reported using UARS observations that during February-June 1993 at 80
km the flow from summer to winter hemisphere was interrupted at low latitudes
by cellular motion in the opposite sense. Further, oscillating feature in Figure 5.12
might be related to long period wave motions.

Kelvin Waves

‘We now focus on the behavior of waves with periods of 3-4 days and 6-7
days seen in the annual mean frequency spectra for the zonal component shown
in Figure 5.8. These waves were often observed in Christmas Island, which are
thought to be responsible for eastward acceleration of SAO [Vincent and Lesicar,
1891; Vincent, 1993; 1993b}, although esstward propagating gravity waves are
also required to account for all the eastward acceleration |R. A. Vincent, 1994,
private communication].

We calculated moving power spectra by Fourier transforming an auto corre-
latior. function on & 40 day data series of zonal wind with a maximum lag of 20
days, where the data window was sled forvard every 5 days. Frequency reso-
lution is 0.025 /day. We obtained spectra at tlm.udes from 80 to 98 km every
4 km, then we averaged 5 spectra as i re 5.13. In Jakarta conspicuous
wave activity was seen during .Vuly—Sepltmber, 1993 at around 0.325/day (3.1
day) and 0.150/day (6.7 day). It is noteworthy that corresponding clear peaks
were also observed in Christmas Island, indicating that these waves were of plan-
etary scale. Other peaks were also recogni during January-April, 1993 in
Jakarta, and in December 1992 in Christmas Island. However, these waves were
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Figure 5.13: Dynamic power spectra for zonal winds at Jakarta (top) and
Christmas Island (bottom) from November 1992 to September 1993. Fre-
quency range from 0.1 to 0.4 /day, corresponding period range from 10 to
2.5 day, is plotted.

not si observed at the ions. This fact might be qualitatively

explained as the effect of zonal mean wind below the observation height. That is,
if source region of these waves was limited in a fairly narrow longitudinal
and horizontal propagation directions of these waves were opposite to prevailing
zonal wind, their vertical phase velocities would increase, therefore, these waves
could quickly propagate upward and be observed only in fairly limited longitudi-
nal range. For further discussion it is necessary to know their horizontal phase
velocities by identifying their zonal wavenumber, their source region and also the
‘mean zonal wind below the present observation height. In the followings we fo-
cus on the simultaneously observed waves in Jakarta and Christmas Island during
July-September, 1993.

Figure 5.14 shows band-passed time-height section of eastward wind velocity
with cutoff periods at 3 and 4 days using data from July 10 to August 18, 1993.
Similar downward phase propagation was scen at the both sites with a fairly long
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vertical wavelength above 85 km altitude. In Christmas Island phase value below
84 km did not show a smooth propagation from the higher altitude unlike in
Jakarta, probably due to smaller amplitude in the lower altitudes in Christmas
Island. Wave amplitudes were maximized at the end of July 1993 simultaneously
at the two stations, reaching a peak value of about 20 m/s. Note that in Jakarta
s)me enhancement was also recognized in meridional component in this period
range, although correlation with the zonal component was not very good, sug-
gesting that the enhancement for the meridional component was due to a wave
activity different from that seen in the zonal component. While, in Christmas
Island no enbancement was observed for the meridional component.

Figure 5.15 shows time-height sections of zonal wind after extracting compo-
nents of 6-7 day perturbations using data from August 21 to September 30, 1993.
Similar wave pattern was seen at the both sites with a peak amplitude of about
15 m/s and a vertical wavelength longer than 60 km. However, at the first stage
of this event the wavelength was somewhat longer in Jakarta than Christmas
Island s seen in Figure 5.15. During this period no corresponding structure was
recognized in the meridional component at the both sites.

We calculated cross spectra by Fourier transforming cross correlation func-
tions obtained using 40 days of wind velocity data centered at July 29, 1993 and
September 7, 1993, around which the maximum wave activities were seen for 34
and 6-7 day waves, respectively. Dominant wave periods were determined to be
3.1 days (0.325/day) and 6.7 days (0.15/day) from Figure 5.13. The resultant
phase values at altitudes from 82 to 98 km are displayed in Figure 5.16 every 4
km, where positive phase value means that Jakarta led Christmas Island.

For the 3-4 day wave the phase was fairly constant, except for 82 kin where
the wave amplitude was small in Christmas Island as shown in Figure 5.14. Mean
phase value from 86 to 98 km was 104°. Since observed wind velocity variations
were concentrated to the zonal component at the both stations located near the
equator, we can assume only symmetric modes as candidates. Considering the
longitudinal difference of 95° between the two sites, possible zonal wavenumber,
s, was 1.1 £ 3.8n with n a natural number, where positive value corresponds to
eastward phase propagating mode. Assuming that this was an eastward prop-
agating wave, namely, a Kelvin wave, the smallest s is 1 (the exact estimate is
1.1, n=0). Horizontal phase speed of this wave is estimated to be about 150
m/s, which seems to be fast enough to reach the mesopause region not being
trapped by mean zonal wind. While, eastward propagating waves with larger s
bave much smaller horizontal phase speeds of less than 30 m/s. In equatorial
stratosphere a Kelvin wave with a period of 3.5-4 days and a zonal wavenumber
1 has been detected in the stratosphere from satellite observations [Salby et al.,
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Figure 5.14: Band-passed time-height section of eastward wind velocity
with cutoff periods at 3 and 4 days on July 10-August 18, 1993. Results
in Jakarta (top) and Christmas Island (bottom) are shown.
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1984]. Therefore, provided that our wave was a Kelvin wave, zonal wavenumber
1 is most likely.

On the other hand, assuming that this wave was a westward propagating wave,
the smallest [s] is s=-3 (-2.7, n=-1). One of symmetric normal mode Rossby
waves with s of -3, (3, 1) mode, is theoretically expected to have a wave
period about 4 days [Salby, 1981b). If wave period of (3, 1) mode becomes 3.1
days, its horizontal phase speed is estimated to be about 50 m/s, which might be
cnough to reach the mesopause region, although most of the normal mode Rossby
waves reported so far had s of 1 or 2 except for (3, 0) mode, which is so called
“two-day wave'.

While, for 6-7 day wave the phase values were quite invariable throughout
the observed height range as seen in Figure 5.16, where 8 mean phase value was
284°, indicating that possible s was 3.0 £ 3.8n. If this wave was a westward
propagating wave, value of s should be -1 (0.8, n=-1). However, we can not find
8 wave with a period around 7 days and s of -1. Although (1, 1) mode, so called
5 day wave, has the nearest period, it was reported to be observed with a period
of 5 days in Christmas Island [Vincent, 1993b), therefore (1, 1) mode might be
discarded for a candidate of the 6-7 day wave. While, assuming that this wave
was an eastward propsgating wave, a Kelvin wave with a zonal wavenumber 3
(n=0) seems to be most likely. However, its horizontal phase speed was inferred
t0 be only about 20 m/s. Furthermore, observed vertical wavelength was longer
than 60 km, being quite longer than a theoretical value which is shorter than
10 km assuming a Kelvin wave to be a two dimensional gravity wave [Vincent,
1993b] At present we can not pve relevant explanation to these problems.

it Jakarta and Christmas Island we attempted
to identify waves in period range of 3-9 days in the equatorial mesopause region.
‘We found that very clear phase relations existed between the two stations. To
fully identify the global structures of these waves at least one more radar station
is required. Complementary observations using a satellite like UARS are also
desirable.

5.3 Two-day Wave

Two-day wave is one of the the most dominant planetary waves near the mes-
opause in late summer months (Vincent, 1984). From cooperative radar studies
this is thought to be a westward propagating wave with a zonal wavenumber 3
[Muller and Nelson, 1978). Satellite measurements of temperature also showed
similar longitudinal structure [Rodgers and Prata, 1981], where the amplitude of
temperature fluctuation was about 0.5 K near the mesopause in the southern
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Figure 5.16: Phases of cross spectra between Jakarta and Christmas Island,
where Jalarta led Christmas Island by the phase values. Results for 3-4
day wave on July 9-August 17, 1993 (leRt) and 6-7 day wave on August.
18-September 26, 1993 (right) are shown.
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hemisphere during January 1976 and 1977.

Although the two-day wave is normally confined to the summer hemisphere,
its leakage into the winter hemisphere was sometimes observed [Craig et al., 1983].
Tsuda et al. [1988a) further revealed the anti-symmetric structure of the wave
from simultaneous observations between Shigaraki (35°N, 136°E) and Adelaide
(35°S, 138°E). These observational findings supported the theoretical study by
Salby [1981a], predicting that the wave is a Rossby-gravity normal mode with &
zonal wavenumber of three.

Radar meteor echo observations were recently developed for simultancous
measurements of both wind velocity and temperature fluctuations [Tsutsumi et
al., 1994a), which is useful to identify the structure of a two-day wave. In this
section we report observations with two radars, i.e., the MU radar at Shigaraki,
Japan (35°N, 136°E) and the meteor wind rader, in Jakarta, Indonesia (6°S,
107°E).

‘Wind velocity and ined in a time-height bin of 1 hr x
2km, and 4 hr x 4 km, for the MU radar and Jakarta meteor radar, respectively.
However, variations of T'/T; for Jakarta meteor radar was delineated only in
a single height range centered at 90 km, since the standard deviations of the
determinations were rather large at other height ranges due to low meteor echo
rates. We first calculated a time mean profile of Dy, which was used to determine
D’/ Dy for each meteor echo, then the resultant [’/ Do wes averaged every 4 hours
in the height range from 85 to 95 km, and converted to T/T; using Equation 3.8.

In the followings, we describe two events of the two-day wave enhancement
in July 1993 and August 1992, where the former is examined by comparing the
results between Shigaraki and Jakarta. Seasonal variation of the two-day wave
at Jakarta is presented for about one year observations from November 1992 to
September 1993.

5.3.1 Coordinate Observations of Two-day Waves

Comparisons between Shigaraki and Jakarta in July 1993

Figure 5.17 shows f eastward o', northward
 and T'/Ty at 90 km simultaneously observed in Shigaraki and Jakarta on
July 12-19, 1993, where the mean daily variation during this observation period,
obtained superimposing raw time series into local time, was removed from each
series. A low pass filter with a cutoff period of 8 hr was applied to Figure 5.17
(a) for smoothing.

In Figure 5.17 (a) fairly similar time variations were seen between v, / and
T'/To. Tn wind fields very clear variations with a period of two day were dom-
inantly observed, especially for ' with maxima roughly around 00 LT on odd
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days. It is notable that two-day varistions were also detected in T*/T, where
shorter periods of variation were also seen, which were thought to be caused by
aertial gravity waves. Instautancous maximum amplitudes of the two-day oscil-

ion were about 40 m/s, 60 m/s and 0.1 for v/, /, and T*/To, respectively. The
litude of 0.1 for T'/Ty corresponded to 18 I provided To was 180 K [CIRA

1¢36).

In Figure 5.17 () two-day variation was clearly observed for v'. It is note-
worthy that a remarkable two-day oscillation was also seen for T%/To, and showed
anti-phase relation with /. While for u’, temporal variations were generally
smaller than those of v/, and two-day variations were not very clear. Instanta-
neous maximum amplitudes were about 50 m/s aud 0.1 for v* and T/To, respec-

tively.
Similar two-day variations as in Figure 5.17 (a) and (b) were also recognized
throughout the height range from 75 to 100 km.

Periodogram Analysis

A periodogram analysis was applied to time series to estimate the dominant
wave | ~riod, which was determined for both v/ and 7"/T; as 45-47 hrs in Shigaraki
and 48-50 hrs in Jakarta, where the wave periods were fairly stable throughout
the observed height region. However, the period for u’ at Jakarta was not clearly
defined, probably due to small amplitude. The slight difference in the periods
. 3ht be due to Doppler frequency shift caused by different time evolutions of
background mean winds in the two sites after the generation of the two-day wave.
Some contamination of other periods of waves is also a possible reason for the
difference. For comparison of the profiles between Shigaraki and Jakarta, we fixed
the wave period 10 be 48 hrs, and plotted the amplitude and phase profiles in
Figure 5.18.

Amplitudes of u' in Shigaraki ranged from 5 to 16 m/s with the maximum
value at 86 km. In Jakarta they showed increase with height from 5 to 14 m/s.
Amplitudes of ¢/ in Shigaraki were similar to those of u’ ranging from 5 to 16 m/s
though the peak amplitude was obtained at 90 km, which was higher than that
of ' by 4 km. While in Jakarta amplitudes of v/ were larger than in Shigaraki
throughout the observed altitude range with the maximum value of 22 m/s at 86
km. Note that these amplitudes are smaller than the instantaneous amplitudes
seen in Figure 5.17, since we assumed monochromatic sinusoidal variations here.

Amplitude of 7¢/T in Shigaraki monotonously increased with increasing height
ranging from 0.015 t0 0.045. In Jakarta amplitude of T*/Tp, determined only at 90
km as mentioned in the previous section, was 0.055, which was about twice larger
then in Shigaraki. Corresponding 7" was from 2.7 to 8.1 K in Shigaraki and 10.5
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Figure 5.17: Fluctuating components of eastward (solid line) and north-
'ward wind velocity (broken line) together with the normalized temperature
(chained line) observed on July 12-19, 1993 at 90 km, where mean daily
variation during this period was removed from each time series. Results are
shown for (a) the MU radar measurements in Shigaraki (35°N, 136°E), and
(b) the meteor wind radar in continuous operation near Jakarta, Indonesia
(6°S, 107°E).
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Figure 5.18: Height profiles of amplitudes and phases of u’ (top panel), v/
(middle panel) and T*/To (bottom panel) of the two-day wave observed on
July 12-19, 1993, where phases were defined ss the time when fluctuating
components had its positive maximum values. The phase value 0 corre-
aponds to 00 UT of even days of July 1993. The wave period was chosen to
be 48 hrs. Results at Shigaraki and Jakarta are shown by solid lines with
open squares and broken lines with solid circles, respectively. Horizontal
bare represent the confidence intervals.
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K in Jakarta by assuming To to be 180 K and 190 K [CIRA 1986, respectively.
Relative amplitude relation between the observed v and T/Tp showed a fairly
reasonable correspondence to that of the numerical study of the two-day wave by
Hagan et al. (1993] although since global structure of the two-day wave i strongly
affected by background wind condition [Salby, 1981a; Rodgers and Prata, 1981;
Hagan et al., 1993] it is not very easy to strictly compare the relative amplitude
relation with existing theoretical works.

General structure of the phase profiles for v/ was fairly similar between Shi-
garaki and Jakarta, showing downward phase propagation, that was also recog-
nized for u’ except for Jakarta below 86 km, where the corresponding amplitudes
were rather small. However, such progression was not clear for T%/To.

Here we compare the values of T of present study with those of satellite study
by Rodgers and Prata [1981). The values of T in the present study showed fairly
larger values compared with the satellite observations, where the representative
value of " was about 0.5 I at 85 km in January 1976 and 1977 between 16°S and
32°S. This considerable difference between them might partly due to the differ-
ence of the observation time and latitudes. Further, the differences between the
observation techniques and analysis methods are also responsible, although they
still do not seem to account for all the observed difference. First, the values of T
in the present study were for the conspicuous two-day wave event of only 1 week,
and seemed to correspond to the instantaneous peak value, while the satellite
study were based on monthly values. Second, the satellite measurements ex-
tracted waves assuming both zonal wavenumber and frequency, while the present
study does not need to assume wavenumber as a premise, thus, can recognize
two-day wave even if longitudinal structure of the wave is not purely sinusoidal
but somewhat modified by local background winds. Although some contribution
from higher wavenumber modes is possible for the satellite measurements, they
are relevant to be excluded because of their very great phase speed [Rodgers and
Prata, 1981). Therefore, only pure two-day wave seems to be extracted for the
satellite measurements. Third, the height and spatial resolutions of the satellite
observations were not as good as the radar observations; for example, the width
of the weighting functions at half height was as large as 24 km at the peak height
85 km [Rodgers and Prata, 1981]. Since two-day wave generally showed down-
ward phase propagations, an average over such s wide height range will reduce
the coherence of received signal, and result in the smaller T".

One of the major advantages of the present study is that we can observe phase
relations between T", u' and v’ of waves, which will give us a useful clue to infer
the global structure of atmospheric waves. In Shigaraki phase of v’ led that of
u' by 61° to 158° with the mean value and standard deviation of 89° and 27°,
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respectively, indicating a clockwise rotation and upward energy transportation
in northern hemisphere. On the contrary, the mean phase profiles at Jakarta,
averaced over the entire height range, indicated that ' led v’ by 82°, with a
stanc.rd deviation of 48°, being consistent with an anti-clockwise rotation and
also i%e upward energy propagation in southern hemisphere.

The phase of T¥/Tp led that of v/ by 94° to -43° in Shigaraki, with the mean
value and stendard deviation of 31° and 44°, respectively, indicating in-phase re-
lation. On the other hand, the difference in Jakarta was 164° at 90 km, showing
anti-phase relation. These phase relations showed consistency with the prediction
of the simple theory of Rossby-gravity waves with no background mean wind con-
dition [Holton, 1992], although Salby [1981a] theoretically predicted that global
structure of the two-day wave is significantly modified in the realistic background
condition.

‘We now estimate the zonal structure of the two-day wave from the phase delay
between Shigaraki and Jakarta. The phase of v/ at Shigaraki preceded Jakarta by
the mean value of 80°, with a quite small standard deviation of 9°. While, that
for u' was estimatvd as 98°, with a considerable deviation. Since the difference
iu longitudes between Shigaraki (136°E) and Jakarta (107°E) is 20°, the phase
difference of 80° gives & zonal wavenumber of 2.76 £ 12.4n, with n 2 natural
number, where positive value means westward phase propagating mode. Note
that we assumed an anti-symmetric mode. Thus, a possible wavenumber seems
to be 3, which is quite consistent with the early findings of observational and
theoretical studies of the two-day wave.

Observations in August 1992 in Shigaraki

Next we investigate another two-day wave event observed in Shigaraki on Au-
gust 3-13, 1992, then the meteor radar had not started observations in Jakarta.
Figure 5.19 shows height profiles of amplitude and phase for this event, where
wave period was determined to be 49 hrs from a periodogram analysis. Ampli-
tudes of v’ ranged 16-36 m/s with the maximum at 84 km. The u’ amplitudes
were generally much smaller than v, showing a slight increase with height from
410 10 m/s. While, thase for 7*/T; was 0.02-0.06, showing a similar height vari-
ation to that of v'. The corresponding T" was 2.7-8.1 K provided T was 180 K
[CIRA 1986).

Phases of ' and v/ showed quite clear downward progressions, corresponding
to a vertical wavelength of about 80 km. But, they were almost out of phase,
although the phase lag is theoretically predicted to be 90° in the northern hemi-
sphere. That is, the phase of v led that of u’ by 160°-204° with the mean and
standard deviation of 182° and 13°, respectively.

While phase profile of 7*/T; showed similar structure to that of ¥/ below
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Figure 5.19: Same as Figure 5.18 except for the observations on August
3-13, 1992 with the MU radar at Shigarai. By using a periodogram, the
wave period was best-fitted as 49 hr.
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92 km, though the reversed progression with height above that. Phases of v/
preceded T*/T, by ~17° to 46° with the mean and standard deviation of 16° and
18, respectively, indicating that they were nearly in phase.

Investigating the results in Figures 5.18 and 5.19, the former was fairly con-
sistent with & two-day wave frequently observed with earlier studies. While, it
may not be straightforward to understand the case in Figure 5.19 by assuming
the manifestation of the same two-day wave. The cvent in August 1992 was con-
spicuously observed in the northern hemisphere, and has been studied through
global redar network. Meek et al. [1994] showed that its horizontal wave num-
ber was more likely to be 4 instead of 3. A numerical study also suggested that
the period of such a wave with zonal wavenumber 4 can be around two-day in a
realistic condition [private ication, Hagan, 1094).

5.3.2 S 1 Behavior in E sa1 M. h

In this section we investigate the seasonal characteristics of the two-day wave
in the equatorial mesopause region using a moving power spectra. Spectra were
analyzed by Fourier transforming an auto-correlation function on a 30 day data
series of u', v/ and also T"/T, at 90 km, with 8 maximum lag of 10 days, where
the data window of 30 days was stepped forward every 5 days (Figure 5.20).
The mean daily variation was not removed from each time series in the spectral
analysis. Resultant frequency resolution is 0.05/day. Note that in Figure 5.20,
spectra of g/N-T"/To, that is, the potential energy, are shown by adopting the
values 27/300 rad s~' and 9.55 m s~2 for N and g, respectively.

Diurnal tide was evidently recognized in Figure 5.20 (a) and (b) throughout
the year with larger amplitude in v/ than . Diumnal variations of T'/Tp were
also remarkable as seen in Figure 5.20 (c), which, however, may not be solely
interpreted as the effects of propagating tides [e.g., Tsutsumi et al., 1994a).

Here we focus on 2 day oscillation. In Figure 5.20 (a) spectral values for u’ were
not very significant around 2 day in general. While those of v/ in Figure 5.20 (b)
exhibited clear enhancement throughout the year. Especially the 2 day oscillation
was magnified after solstices, i.e., in January-February 1993 and July-August
1993, coincident with summer months in the southern and northern hemisphere,
respectively, where the event was more conspicuous during the former period.
Spectral values for T%/Tp also showed a marked enhancement around 2 day ss in
Figure 5.20 (c) with a seasonal varis similar to that seen in Figure 5.20 (b).
During the end of February to the beginning of March 1993, however, the value of
T'/T, showed non-monochromatic structure with two peaks near two day, which
was not recognized for v'.

In Figure 5.20, periods of two-day wave seem to reveal a remarkable seasonal
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Figure 5.20: Dynamic power spectra of (a) u', (b) v’ and (c) ¢/N-T"/To
observed at 90 km in Jakarta, where the wave frequency ranged 0.2 to
1.1/day, corresponding to wave periods from 5.0 to 0.9 day. Spectra were
analyzed by Fourier transforming an auto-correlation function on a 30 day
data eries, with a maximum Iag of 10 days, where the data window was
sled every 5 days. Frequency resolution is 0.05/day.
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Figure 5.21: Monthly averaged periods of the two-day wave at 90 km in
Jakarta from November 1992 to September 1993 calculated using s complex

ion analysis with the ing frequency of 1/48 hr~! and
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variations. To precisely investigate the seasonal variations of the wave period we
employed a complex demodulation technique [Harris and Vincent, 1993; Harris,
1994). First, frequency domain bandpass filter with cutoff periods at 40 and 60
br was applied to the time series, then, the time series were demodulated with
a complex sinusoid of the demodulating frequency 1/48 hr", and time series of
amplitude and phase were obtained. Time differential of the phase corresponds
to the frequency difference between the demodulating frequency and the observed
wave frequency. Monthly mean wave periods were calculated using data for times
when the amplitudes exceeded 10 m/s for v’ and v’ and 0.01 for 7/T; and are
shown in Figure 5.21.

During summer months in each hemisphere wave periods were fairly similar
among u', v' and T*. During January 1993 to February 1993, i.e., summer months
in the southern hemisphere, when the two-day wave was the most active during
the observation period, the wave periods were confined around 47 hr, revealing
another evidence that the two day oscillations seen in the wind fields and temper-
ature fields were based on the same atmospheric phenomena. While during June
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1993 to September 1993, i.e., summer months in the northern hemisphere, wave
periods showed larger values centered around 49 hr. The periods of the two-day
wave were larger in northern hemisphere summer months, which was consistent
with the earlier findings [Muller and Nelson, 1978; Craig and Elford, 1981; Tsuda
et al.,, 1988a; Harris and Vincent, 1993; Harris, 1994).

On the other hand, the wave periods during April 1993 e: ited a consid-
erable scatter compared with other months. During this period the dynamic
spectra of u' showed an enhancement at periods clearly longer than that of v/ as
seen in Figure 5.20 (c), implying that the enhancements in u' might be related
with different wave activities from v/. Therefore, this non-monochromatic feature
seemed to be responsible for the large scatter.

We calculated the variances of the wave energy by integrating the moving
power spectra from 0.35-0.65 /day, that is, 69-37 hrs, being wide enough to
cover a major part of the two-day wave, and investigated seasonal variations of
the two-day wave energy (Figure 5.22 (a)). We also calculated the moving cross
spectra between v/ and T"/T, at 90 km, and plotted the phase values in Figure
5.22 (b) at frequency of 0.45, 0.5 and 0.5 /day, corresponding period of 53.3, 48
and 43.6 hrs, respectively. Note that T%/T; led v/ in the phase values.

In Figure 5.22 (a) the variance for ¥ showed enhancement during summer
months in each hemisphere, and also a minor event during March and April 1994.
‘The seasonal variations of the variance for potential energy was remarkably sim-
ilar to that for v' with corresponding clear peaks at January and July-August
1993. The potential energy was comparable to or slightly smaller than the vari-
ance of v by a factor 1/2 to 1. While, variance for u’ also showed similar seasonal
variations to that of v/, where the u' variance was 1/10-1/2 of the u' variance.
Note again that the relative amplitudes between ', v and T"/T, are not very
easy to compare with theoretical predictions because they are strongly affected
by the background conditions.

Another peak in the potential energy existed from the end of February to
March 1993, to which no corresponding large peaks were seen for /. As mentioned
earlier not only a single wave seemed to be responsible for the peaks of T'/To
during this period. The origin of these peaks can not be identified at present.

In Figure 5.22 (b) the phase values were very stable when large variance
was observed in v/, That is, the values were confined around 180° in January,
March, April, June, July and September 1993, indicating v/ and T"/T, were almost
always anti-phase. This phase relation was again consistent with the theory of
Rossby-gravity waves with no background mean wind condition [Holton, 1992).
During February to March 1993 when only T%/T, was magnified the phase values
were unstable as in Figure 5.22 (b), suggesting again that this event was not
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Figure 5.22: (a) Variances of two-day wave component observed in Jakarta
at 90 km. Values for u' (solid line), v/ (broken line) and g/N - T'/To
(chained line) were obtained by integrating dynamic auto spectra shown
in Figure 5.20 from 0.35 o 0.65 /day, corresponding period of 69-37 hrs.
(b) Phase of dynamic cross spectra between ' and g/N - T'/To at the
&equmnu of 0.45 (solid line), 0.50 (broken ine) and 0.55 /day (chained

), corresponding periods of 53.3, 48 and 43.6 hrs, respectively, where
r/ra led ' by the phase values.
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solely associated with the same two-day wave frequently observed in the summer
‘months of the northern and southern hemisphere.

5.4 Di ion and Conclusi

In this chapter we studied global structure of planetary waves by means of
cooperative radar observations scparated in both latitude and longitude.

In Section 5.1 planetary waves in middle latitudes were studied on the basis
of simultancous observations from May 1983 to March 1986 by the meteor radar
in Shigaraki and MF radars in Adeclaide (35°S, 138°E) and Saskatoon (52°N,
107°W).

Mean frequency spectra during the observation period showed that two-day
waves were the most conspicuous planetary waves in the mesopause region. Using
dynamic frequency spectra we picked up planetary scale waves simultaneously ob-
served at the radar sites in period range of 1-10 days. We detected 6 wave events
between Shigaraki and Adelaide and 14 between Shigaraki and Saskatoon. This
difference may be due to seasonal dependence of planetary wave activity caused
by zonal mean winds, as reported for stratospheric planetary waves, because
Shigaraki and Saskatoon are located in northern hemisphere, and Adelaide in
southern hemisphere.

By comparing observed phase differences between the radar sites with theo-
retical phase differences assuming motionless atmosphere, we found that several
waves could be interpreted as normal mode Rossby waves such as (1, 0), (3, 0),
(1, 1), (1, 2) and (2, 2). However, there were also cases that the observed and
theoretical phase differences showed considerable discrepancies. A part of these
differences seemed to be attributed to modification of global structure of plane-
tary waves due to prevailing zonal winds and latitudinal temperature gradient.
Further, fairly small amplitudes of these waves might cause a large estimation
error. Superposition of waves also seemed to make it difficult to identify global
structure of waves.

In Section 5.2 we analyzed long period wind motions in equatorial mesopause
region using meteor radar observations in Jakarta from November 1992 to August
1994 and MF radar in Christmas Island (G°S, 107°W) from November 1992 to
December 1993.

Annual mean frequency spectra in 1993 at 90 kin revealed the existence of
waves with various periods such as tides (24hr, 12hr, 8hr), two-day wave and also
2zonally concentrated 3-4 day and 6-7 day oscillations at the both sites. Spectral
density for period range shorter than 1 day showed a logarithmic slope of about
-2, suggesting that these components were due to superposition of gravity waves.
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Further, spectral density were generally larger in Jakarta at periods shorter than
4 days by a factor of 1. , part of which may be explained by larger wave
energy generated by active cloud convection over Indonesia.

Prevailing winds were dominated by semiannual oscillations with westward
maxima in equinoxes for zonal component and an annual oscillation flowing from
summer to winter hemisphere for meridional component at the both stations.
However, significant differences between the stations were also found for both the
zonal and meridional components, especially when large westward winds were
observed at the vernal equinox of 1993. Large year to year variations were also
found. Obtained results showed a reasonable agreement with those of UARS

observations.

Waves with periods of 3-4 days and 6-7 days u\'ulcd marked enhancements
for the zonal during July-S b 1993 at the
two stations. They showed quite clear phase d:«errnces between the two sites,
being fairly constant throughout the observed altitudes, from which the 3-4 day
and 6-7 day waves could be interpreted as equatorial Kelvin waves with zonal
wavenumbers of 1 and 3, respectively, although there were ambiguities of their
zonal wavenumbers because we had data from only two observatories. Observed
vertical wavelength of longer than 60 km for the 6-7day wave was largely dif-
ferent from a theoretical value of less than 10 km, to which we can not give an
appropriate explanation at present. We will determine global structure of these
waves without ambiguities by employing, at least, one more radar observatories.
Complementary satellite observations is also n

In Section 5.3 we studied the behavior of twod-y waves near the mesopause,
through the si; wind and taking advan-
tage of radio meteor echo measurement with the MU radar in Shigaraki (35°N,
136°E) and the meteor wind radar in Jakarta (6°S, 107°E).

Simultaneous observations in Shigarak Jakarta on July 12-19, 1993 re-
vealed a conspicuous two-day oscillation in both wind and temperature fields,
where the values of T%/T, were 0.015-0.045 at height range 80-96 km in Shigaraki
and 0.055 at 90 km in Jakarta with the corresponding T" of 2.7-8.1 K and 10.5 K,
adopting Ty from CIRA 1986 model atmosphere. These temperature values are
considerably larger than the satellite observations of 0.5 K reported by Rodgers
and Prata (1981). However, the discrepancy could be caused by the difference in
observation techniques and analysis methods between the two techniques. It is
notable that the phase of v’ and T"/T; showed in-phase and anti-phase relations
in the northern and southern hemlsphem‘ mp ly, which agreed well with
the theoretical prediction for Rossby-g1 wes. The phase diffe between
Shigaraki and Jakarta suggested that the \nm plopignud westward with a zonal
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wavenumber of 3 (the exact estimate is 2.76).

For another two-day wave event on August 3-13, 1992 observed in Shigaraki,
temperature fluctuations was similar to those in the July 1993 event. Phase
relation between v and T*/T, also satisfied the theoretical prediction. However,
this event was shown to be associated with a wave with zonal wavenumber 4
instead of 3, which was found through cooperative radar study [Meek et al.,
1994).

Slnsond variations of the two-day wave in Jakarta were examined by using
data collected from November 1992 to September 1993. Two-day wave exhib-
ited similar enhancement in both wind and temperature fields during summer
months of the southern and northern hemispheres with larger values during the
former period. Since the two-day wave is known to be enhanced in the summer
hemisphere, the enhancement of the latter period on July-August 1993 would be
@ leakage from the northern hemisphere to the southern hemisphere. Potential
energy estimated from 7*/T, showed somewhat smaller value than kinetic energy
for v/ by a factor of 1/2 to 1. While kinetic energy for u’ was much smaller than
for v/

‘Wave periods, estimated using a complex demodulation analysis, were fairly
stable between ', ' and T'/T; when conspicuous wave activity was observed in
v'; they were ammd 47 and 49 hrs during summer months of the southern and
northern When wave activity was seen in
o/, phase of T*/T, exceeded that of v/ by 180-225°, ing the anti-phase
relation.

Other marked enhancements were also seen in 7'/T; during the end of Febru-
ary to the beginning of March 1993. However, no corresponding enhancements
were recognized in v’ and they were interpreted to be associated with different
wave activities.

‘These observational results are quite consistent with the early observational
and theoretical studies that the two-day wave frequently observed near mesopause
is (3, 0) mode of Rossby-gravity wave.




Chapter 6

Summary and Conclusions

‘This thesis is devoted to the study of atmospheric dynamics near mesopause
region by means of newly developed simultaneous wind and temperature obser-
vation techniques by utilizing radio scattering from ionized meteor trails.

Ia Chapter 2 we described development of observation techniques using meteor
echoss. Since meteors appear quite randomly and sporadically in a large spatial
area, special experimental setup is required for meteor echo observations. First,
an antenna with a wide radiation pattern is prefered to survey a large horizontal
area. Second, an interferometer in reception is essentially important for accurate
determination of meteor echo arrival direction and reflection height. Third, a
sophisticated real-time processing software is required to extract only meteor
echoes from received signal.

A meteor wind radar was constructed in 1977 in Shigaraki (35°N, 136°E),
J::pan, equipped with fundamental functions to realize the above stated require-
ments. The radar was operated until 1986 in Shigaraki. We transported the
radar to an observatory (6.4°S, 106.7°E) near Jakarta for observations of equa-
torial atmosphere after replacing a transmitter, system-installed computer and
antennas. Substantial auto-recovery functions were also provided in order to con-
tinue unmanned observations for a long period. Observations were continued
since November 1992.

‘We realized a sophisticated meteor observation technique utilizing the versa-
tility of the MU radar. We designed a broad radiation pattern of a transmitting
antenna by controlling phases of each antenna, which was proved to be effective
to collect larger number of echoes than a pencil-like pattern that is normally used
for MST observations. An interferometer with four receiving antennas was com-
posed in the MU radar, whose accuracy was about 0.3-0.6 km in altitude at a
zenith angle of 30°, being sufficient enough for studying minute vertical structure
of wind fields and diffusion coefficient.
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Further, we proposed an improvement for meteor observation technique with
the MU radar by equipping external receiving antenuas, a meteor detection hard-
ware and a personal computer, which enables us long-period meteor observations
in parallel with normal observations of the MU radar.

Distribution of meteor echoes as a function of zenith angle, horizontal distance,
height and local time was investigated. Meteor echoes were found to be widely
distributed in zenith as large as 70° and 50° for the meteor radar and the MU
radar observations, respectively. Most of meteor echoes were detected at 70-
110km and 70-105 km with a peak height of 92 km and 88 km for the meteor
radar and the MU radar observations. Meteor echo rate showed a very clear
diurnal distribution with a peak at 4-5 LT for the meteor radar observations.
‘While, that of the MU radar exhibited a much smoothed daily variations due
to an omnidirectional antenna pattern, which reduced a ratio between maximum
and minimum number of hourly meteor echoes.

Number of echoes per day for the metcor wind radar in Jakarta ranged from
500 to 1200. While, that of the MU radar observations was as much as 3000~
5000. Owing to the fairly high echo acquisition rate we can determine wind
velocity and ambipolar diffusion coefficient with a good time-height resolution
of about 1 hrx4 km and 1 hrx1 km, for the meteor radar and the MU radar
observations, respectively.

In Chapter 3 we studied a theoretical relation between temperature, T, den-
sity, p, and ambipolar diffusion coefficient, D, inferred from & decay time constant
of meteor echo intensity. Employing a theory of ionic diffusion, we obtained &
relation, D o T/p. Since T is fairly constant near the mesopause, observed D
profile with the MU radar showed an exponential increase with a scale height
almost identical to that of atmospheric density. Further, using a Boussinesq ap-
proximation, we found a relation between the normalized D and T fluctuations
s T[T, = 1/2D'/ Dy.

Observed T/T, involved fiuctuations with various periods, showing coherent
structure between different altitudes, among which diurnal variations were inves-
tigated in this chapter. In Shigaraki typical amplitude of diurnal variations of T
‘was about 10 K throughout a year from campaign observations with durations of
2-7 days. In summer phases were fairly constant along height at 04-0SLT, which
was in contrast to downward phase propagation seen in wind field. The stand-
ing phase structure could imply a manifestation of an evanescent diurnal tides
or in-situ heating due to solar radiation. On the other hand, in winter months
phase of T" often exhibited clear downward phase progression. A typical example
showed wavelength of about 25 km in both the wind and temperature fields with
phase relations preferably interpreted as a manifestation of S, mode diurnal
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tide. While, in Jakarta monthly mean amplitude of diurnal variations of T* was
about 10 K. Phases often showed downward propagations, being interpreted as a
. 1anifestation of vertically propagating diurnal tides.

In Chapter 4 characteristics of gravity waves near the mesopause were studied,
taking advantage of the good time-height resolutions of temperature and wind
observations with the MU radar.

‘We found that T fluctuations were clearly associated with wave-like structures
showing downward phase propagation with periods shorter than the inertial pe-
riod. Phase relations between observed T"/T; and wind velocity fluctuations were
consistent with polarization relation predicted by a linear gravity wave theory.
Further, we examined amplitude relation between kinetic and potential energy
densities calculated from horizontal wind velocity and temperature fluctuations,
respectively. The two energy densities coincided well for periods longer than 2
hr, being consistent with the gravity wave theory.

Seasonal variation of horizon:al propagation direction of dominant gravity
wavcs was studied from campaign observations in 1990-1992 by means of hodo-
graph analysis. Most of the waves showed downward phase propagations, indi-
cating the upward energy transportation. Mean values of obtained wave periods,
vertical and horizontal wavelengths and horizontal phase speed were 11.3 hr, 13.1
km, 2200 km and 52.9 m/s, respectively. Obtained horizontal propagation direc-
tions were generally esstward in summer (May-August) and westward in winter
(November-December and March), which were fairly consistent with the results
of the turbulence echo observations with the MU radar in the mesosphere cen-
tered at 70-75 km altitude [Nakamura et al., 1993]. The seasonal variation seems
0 be related to directional filtering by prevailing zonal winds.

We also conducted comparison observations of mesospheric gravity waves by
means of the MU radar in Shigaraki and a sodium lidar in Hachioji (35.6°N,
139.4°E), which are horizontally separated by 310 km. A monochromatic gravity
wave was simultaneously observed on the night of December 15-16, 1993. Ob-
served similarities in amplitude and time evolution are an indication of the same
gravity wave influences at the observation sites.

In Chapter 5 global structure of planetary waves were investigated by means
of cooperative radar observations spaced in latitude and longitude.

Planetary waves in middle latitudes were studied by using meteor radar ob-
servations in Shigaraki and MF radar observations in Adelaide (35°S, 138°E) and
Saskatoon (52°N, 107°W). Planetary waves were detected in period range of 1-10
days, where several waves could be interpreted as normal mode Rossby waves
from their phase differences between the radar sites, although global structure of
waves sometimes seemed to be affected by prevailing zonal winds. Further, most
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of the wave amplitudes were not significant compared with the two-day wave
which showed conspicuous activity in summer hemisphere.

Long period waves in equatorial mesopause region were analyzed using meteor
radar observations in Jakarta and MF radar in Christmas Island (6°S, 107°W).
Prevailing winds were dominated by semiannual oscillations with westward max-
ima in equinoxes for zonal component and an annual oscillation which flew from
summer to winter hemisphere for meridional component at the both stations.
Significant differences between the stations were also found for the both compo-
nents, especially a large westward wind was observed in the first equinox in 1993.
Considerable year to year variations of prevailing winds were found in Jakarta
as well. Waves with periods of 3-4 days and 6-7 days simultaneously revealed
marked enhancements for the zonal cmnnonenv.s -v. Jakarta and Christmas lslnnd
during July-Sept Ph d between the
implied thn these waves were oq\ntona.l Kelvin waves with zonal wavenumbers
of one and three, respectively, although there still remain ambiguities. More-
over, observed vertical wavelength of the 6-7 day wave was much longer than the
theoretical prediction.

We studied two-day wave using sit wind and T"/To ions in
Shigaraki and Jakarta. Observed wind and T%/Tp exhibited conspicuous two day
oscillations, where meridional component and 7°/T, showed in-phase and anti-
phase relations in Shigaraki and Jakarta, respectively. Phase difference between
the two stations indicated that this wave was a westward propagating wave with
& zonal wavenumber of three. Seasonal variations of two-day wave in equatorial
mesosphere was also investigated, where both the wind and T/T, showed clear
enhancements during summer months in each hemisphere. These results strongly
support that the two-day wave near the mesopause can be interpreted as the (3,
0) mode of & Rossby-gravity wave.

In conclusion, we studied atmospheric dynamics near the mesopause in mid-
dle and equatorial latitudes by means of radio meteor echo measurements with
the meteor radar and the MU radar, together \vllll other radar and lidar ob-
servations. We conducted si of wind and
fluctuation using meteor echoes, which were proved to be very useful to investi-
gate the behavior of atmospheric waves such as gravity waves, atmospheric tides
and planetary waves.




Appendix A

Comparison Experiment
between the MU Radar and the
Meteor Radar

‘We present here comparison experiment between meteor measurements with
the meteor radar and the MU radar conducted in Shigaraki before the meteor
radar was transported to Indonesia.

After the meteor wind radar system was improved for the observations in
Indonesia, we started test operation of the radar from April 1992 and collected
fairly large amount of data in August 1992 using northward pointing antennas.
While, we carried out meteor echo observations with the MU radar on July 31 -
August 1, August 3-8 and August 10-13, 1992, which were compared with the
simultaneous measurements with the meteor wind radar.

In order to select the identical meteor echoes from the data obtained with
the two radars, we picked up 1142 meteor echoes that appeared within 3 seconds
of time difference for both radars, and less than 3 km in the ranges during the
simultaneous observation periods. Figure A.1 shows the comparison of azimuth
angles for the 1142 echoes. Most of the echoes were aligned near the line y = z
within the difference of £10°. However, some of the echoes showed fairly large
discrepancy ranging as much as 100°, which seems to be caused, at least partially,
by the ambiguity of the interferometer of the meteor wind radar. Further the
contamination of echoes from different meteor trails might also be responsible,
because the preferable directions to detect echoes are different between the two
radars due to the difference of the transmitting and receiving antenna patterns.

Since we are interested in the accuracy of the angle determination itself, and
‘moreover, the most of the ambiguities can be removed by utilizing other echo
characteristics such as decay height, we discarded data which showed more than
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Figure A.1: Top: A scatter diagram of the azimuth angles measured by
the MU radar and the meteor radar for simultaneously observed meteor
echoes during July, 31 - August 13, 1992. Bottom: Histogram of the
azimuth angle differences between the two radar measurements.
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20° difference. Then, we considered only the statistical error and found the mean
difference and standard deviation of 0.56° and 6.5°, respectively, showing fairly
good correlation.

Similar comparison was also done for elevation angle measurement. By select-
ing echoes within 20° elevation angle difference we obtained the mean difference
and the standard deviation of C.94° and 5.25°, respectively.

As for the radial wind velocity, comparison was conducted for 807 meteor
echoes whose azimuth and elevation angle differences were within 20°, as shown
in Figure A.2. We conducted a least square fitting to the data and found the best
fitted line given by y = 0.96z — 0.7 with & correlation coefficient of 0.82 shown
s dashed line in Figure A.2. The mean difference and standard deviation were
-0.26 m/s and 8.59 m/s, respectively.

Figure A.3 shows comparison of northward wind velocity between the meteor
wind radar and the MU radar on August 3-8, 1992 every 2 km altitude with a.
time resolution of 2 hours, where typical standard deviations were 20 m/s and 15
m/s, respectively. Similar temporal variations were recognized with each other
slthough the wind velocity by the meteor wind radar was difficult to be obtained
in the evening hours due to lower echo rate.
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Figure A.2: Same as Figure A.1 except for radial wind velocity measure-
ments. Meteor echoes whose azimuth and zenith angle differences between
the MU radar and the meteor radar were less than 20° are plotted.
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Figure A.3: Time series of northward wind velocity observed on August
3-8, 1992 in Shigaraki. Results for the MU radar and the meteor wind
radar are shown by solid and dashed lines, respectively.



Appendix B

Receiving Antenna of the
MU /Meteor Monitor

In Section 2.2.3 we briefly described that a dipole antenna is advantageous to
the Yagi antenna in the MU radar in receiving & large number of meteor echoes
‘wider spatial area. In this appendix we present numerically calculated
radiation patterns of receiving antennas and also the results of comparison ex-
periments between the dipole and Yagi antennas.

‘The three-element crossed Yagi antenna used in the MU radar has the radi-
ation pattern with its maximum gain at § = 0 as shown Figure B.1. While, the
radiation pattern of a dipole antenna significantly varies with the antenna height
from the ground, thus we designed a preferable antenna pattern for meteor ob-
servations. The antenna directivity of horizontally polarized component is given
for horizontally arranged dipole antenna with the height, h, as

D(¢) = sin(khsin(9)) (B.1)

where k is wave number, and ¢ is zenith angle. The antenna patterns for h of
1/8A, 1/4), 3/8A and 1/2) are shown in Figure B.2. We employed the dipole
antennas at the height of 3/8), which has the maximum gain at the zenith angle
of around 45°.

We conducted an experiment on December 3-4, 1990 using a crossed dipole
antenna at the height of 3/8) from the ground for the receiver chanel 4, where
three out of four receiver channels (channels 1-3) were connected to the internal
Yagi antennas of the MU radar, constructing an interferometer. The maximum
sample range was set to 183 km. The range distribution of meteor echoes is
shown in Figure B.3 for each receiver channel. Distribution for channels 1-3 had
a peak around 100 km and rapidly decreased in number with range. The echo
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Figure B.1: Computed radiation pattern of the optimized 3-¢lement Yagi's
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curves, and chain are for the directions of 0° (x-z plane), 45°,
and 90° (x-z plane), respectively Sato, 1981].
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Figure B.2: Computed radiation patterns of x-aligned dipole antennas for
the direction of x-z plane. Four figures correspond to the antenna heights

of 1/8), 1/4), 3/8X and 1/2), respectively.
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numbers were 4645, 4266 and 4671 for channel 1, 2 and 3, respectively. While, the
distribution for channel 4 did not show a clear peak but quite a gradual decrease
with range. Total echo number was 4909, which was 1.05-1.15 times larger than
those of channels 1-3. In this experiment maximum sample range was restricted
to 183 ki due to system limit, arising from the size of main memory of the MU
radar. However, for the MU/Meteor monitor we can enlarge the sample range
without such a limit, indicating that number of echoes will further increase.

The ratio of echo power received with the dipole antenna to the average echo
power received with the three Yagi antennas is plotted in Figure B.4 for echoes
received with all of the four antennas. Note that the zenith angles were deter-
mined with the interferometer using channels 1-3, and were estimated by decay
height method for echoes with the range smaller and larger than 127 km, re-
spectively. The ratio clearly increased with zenith angles as seen in Figure B.4.
At the zenith angles larger than about 40° the echo power of the crossed dipole
antenna became larger than that of the Yagi antenna. These results indicate that
the dipole antenna takes an advantage of the Yagi antenns in receiving & large
number of echoes for a larger zenith angles.
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Figure B.3: The range distribution of meteor echoes obtained by the ex-
periment on December 3-4, 1990. (s), (b), (c) and (d) correspond to the
receiver channel 1, 2, 3 and 4, respectively. The channels, 1, 2 and 3, were
connected to the internal Yagi antennas of the MU radar. The channel 4
was connected to the crossed dipole antenna located at the height of 3/8)
from the ground level.
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Figure B.4: The ratio of echo power received with the dipole antenna.
to the average echo power received with the three Yagi antennas. The
zenith angles were determined with the interferometer using channels 1-3,
and estimated by decay height method for echoes with range shorter and
longer than 127 km, respectively.



Appendix C

Effects of Local Topography to
Radiation Pattern of the Jakarta
Meteor Radar

In this appendix we discuss the irregular zenith u\;le distributions found for
the meteor radar observations in Jakarta [Fujioka, 1993].

Figure C.1 presents zenith angle distribution of meteor echoes obtained with
the southward antenna beam on De.ember 1-31, 1992, where echoes were widely
distributed from 10° to 75°. Note that irregular enhancements were superimposed
on the zenith angle distribution, which seems to be caused by a modulation of
antenna radiation pattern due to an interference between the direct and reflected
radio waves by the local topography. Figure C.2 schematically shows the situa-
tion, where , 8 and h are the wavelength, zenith angle and antenna height from
the reflector (ground). When the following relation is satisfied, the direct and
reflected radio waves become in phase and antenna gain should increase.

2l.sinv=(%+n),\ (1)

where n is a integer. In the case of h = 40 m, which roughly corresponds to
the surrounding topography of the site, the solutions for 8 are indicated in Fig-
ure C.1 by thick vertical lines, which agree quite well the enhancements in the
distribution.

These enhancements, however, are not preferable when we investigate true
spatial distribution of meteor echoes. Therefore, we have altered the antenna
beam direction to northward since June 9, 1993 after conducting experimental
operation with the northward antenna beam during March 11-17, 1993.
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Figure C.1: Zenith angle distribution of meteor echoes observed in Jakarta
‘with the southward antenna beam on December 1-31, 1992.
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Figure C.2: Schematic figure showing antenna interference, where 3, 8
and h are the wavelength, clevation angle and antenna height from the
reflector.
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