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FGGE3b (sopl) F—%E:MRI. GCM—1I
Ial—YarviERrLBRLINXKBGERIL oW

KEBNIDE— Kico2WT
a8l n (SRS, &)
1. ¥
ABEHoOBZEKI->THMEIhhzAAAPCR., 18NcHEHETIHERI L. ¥
BRANTHET 2B 20T —-RABXABLTVWE., chbokBeEBLEE-F
(migrating thermal tides) At K. MR RARE DN T OB K-> TABLEEN L &
W=E® — K (non migrating modes) A{i B> h 5 (e.g.Chopman and Lindzen,1970).
ARMAFOLBIZHIARAWREFVMRL.GA-DR I 1 JJoMEALEH T, KX
MrmBurhwl BRNONET 58S LHETI2HRBIDE-FHABRLEIATWS
(Tokioka and Yagai, 1984). ZOWMMWE LT, Tokioka and Yagai(1987) 1k . W L2 Bk
BB ST I2MBRBEMIDODE -2 BB L, BV, oL nELT 5K
MEAHOERBENMK > TLRODE—-KABRMIZMBMINhdzZ e EiniLE. ULdadb.
ZTDE—KIX Kato et.al, (1982) THIR I Az, HAMWKBDERZHENARIK X S3non
migrating moded X R->TwnWa, BWHADOWILE Acos(d¢ +y)THRDT L.
(¢ :BE. A, v : B l1MloBaHd : J(Z,0)cos(ot+ ¢+ 8)
(= 0 M. Z s @E, t t0EM. o =2x/) solar day. § ! BH)
KE2>THU M Ji(z,0,¢,t) i
JI(Z,0,¢,t) = AJ(Z,0)cos(ot+ ¢ + §)cos(4¢ + v)
= A/2J(Z2,0) {(cos(ot+5¢ +8+ v)+cos(ot—39+35—1v))
Y, AT IHUS LEET I IHBMIDE-—FARAULART-CAGNZIHLS,
SEX. 19794 1T bW = FGGE : First. GARP (Global Atmospheric Research
Program) Global Experimentiz X dLeveldl F -2 5 RHF LT, TFNWMKBPLOHEEY
R3,

2. EF e F -4
EFNTCTHRLTWAZEHE. ROATIRS. KB, kTBALAVVoRAK. WER
E. tBRoBRE. HBOR. MRHNORIBIVEHRAOLBLSYIHARO ¥
vy 7 THhd3. BWIEARETFNOHES D %ExT. 100obk Y LORKETIL. ChapnaniK
BRENO-NO2H A I WREDBAV UV ERONEENILERBEOEF VN EN VT WS,
REREFTVTEBHNHKRD., IO NEHMLTAXAoNRBRLELEEXLD. =F
WREDPFy TRAHT ZABNRIFHERLOLLELTSY. ZOLDEFIVKAT
Xy H4e s, EFNVREREICAGT 2N 2B AHY . BHHAKBLiiko
AARRBHEBETTHABF -2 ULTEHEIXE., BTBFNVOKERTFMMBIZEBIE L
LREFWM O DWT—E (Ad=4", A2=5°)T. MBS 3 » AR LEHLE
EFNINKEROL1A1IBH»PS 1 ANHAZITCOIIHMERGCBMULE. F—309 v Ty v
JX 1 84® (002, 06Z, 127, 1872) T. ZOW. WO 2HMTREFNOY Y Ty v

TETok. BF WO kTokioka ct.al, (1984) % & K.

FGGE3BF—-—4%IXECMWTF (Europcan Center for Medium Range Wcather
Forecasts ) OB I L 2D 0EMWTEHEY ., MBI (first special observation
period : SOPI)D F — ¥ M 519794 1 HIOB~2J] 9 HDIHMEEMULE., F-—21.
BmMAE. Z. U. V. TOENXN, KEHTNHASs=A2=2.5" THLABhTEY.
BEFNEAMUMBIEDA" X 5° KEHLTHWE. F-30YyvFYyvIRkeFme
AC1HBA6DY. SEORBRHTTCR. KTEHHMOTFEYBREAAR. 2TEFVENWNDF
~ARHRKEDLDATWVWD., BMF-21%k. 10abHS51000abFTTCORMIICISH D D H.
BMEBEKET 3R NESIVHLROF -2 RBIMBOMUA» S 2. HBGREORNNF
3 NHEBEELLLB/LAMT2I20CT. SOOI TIEMMIC ML L.

-1-



3. RUN RO KM

B2EAKBHAETREZOS ZKBY 2 LEANMNCHET 220~k (f=- 2,
m=2)0KEMGERT. (T RBRHB(/day). mBEWHEN) 0T - K%K
YT /=, Tokioka and Yagai(1987) K L B UFM L WD T 4 N B — L JHVWT WD .
FGGEIBF — L EFNWVOMBRAVWHEERLTVWS. RABRWBOLM XS N—-10°
NOMIHd Y, BRMIXFGCEIBFT — & H1.20bT ' F IV IX1.0nb. LA MWI0° (404) =
FIKENBRh TS, BAfMil.2001. ChITCRABATWEMLE—KLTEY.
FEH. BHnwEz724 Vv -BEIRYTH-E2LERLTWSE., X. fHoXLvideF
NEBB YN BB ORI (L0F) RAKRSsTWS, 60° NIRRT
REAEEIPSHEFMIK BTNV LS ROLUAFIVTWS, X (W) BROE0° S
DT, WSRO REVWVEROE-KANNLEFVOFTH KIS, A BN
(0. 2ob)AEFNVODUERZVWH, BB ULEAEREEH->TWD., X. 1OHRAMNTH
T2 B10E-K (f=—1, m=1) OWBBHRETREKREY NS, TFUHRL
B mELTn 3,

MEREDOBRBM AT —ARI P NVERNADI L., WEHBRERE CH S R EET MG
LHETI2HBIDODE-IHRB IS (MIE) . 2° SRV >NETI2HBS 0X
7-REEFNTO(nb) k ¥2-DAY, MW CT 2. N. WikFT 2K ICTHEThEHhILIT
MUAMZw., BFNTREETIHUBMTICLIRBBIMNILE-I N O>A3H,. = hik
W BOMILILLD (Tohioka and Yagai,1987). X.,. IZITRIHBHAEHOF -2 25
B LEEDEABRMO R~ Hirh TN,

BAAR1BRANORAY —ARIFNVOMBEFTHUOELLERNRELDOTH 3. v it ¥
SHBS LHETIHBIOAI—RBEMBEOWEBRTREV{HERS., TEFUVERFAN
W E Y3 -5 KEn,

BETH2HBS50T-KERVET EDIL. BRI I -2 BMMKIEBERSR
LERREBSEKKRT . 60° N=-50° SOWMBTE=FNLAMIAIGELESENE
fioTw3, 20° SHEKE—-—2 55 (FNIZ0.40b, M WIZ0.20b). BE L itK
MAEROUMIZTES R AN, LLERD3 0° NARHTIREIKHE 2., 30° NI CIRRIC
<. THhIE. BiIBAo ot LTWYWS (Tokioka and Yagai,1087).

BOHBAERLAFTRTCREUE=-1,0=5)0K T/ HETHS. WHRTMWMThEH
MToRkaRo @b, TFLLERMMBERTCHIEAIROIASZ. T FNVEFH(9000b)
EMPOLEB 0L XBH X EOBALNMOFMEHSL. RIUGEDOER%E O
THWMHETRKEL, RO TR T 2T oM GEELTVWS,

MTEBMAMCL300mbDHRERT. 30° S—-30° NOMTEFNVERWARTHE %
fib, WAAFOOEHXHERCIRTRALEMULES, ERCEBICAIHL. WHEE
D REIXI4° SFECEF VI 2gpn. MW lgpn. TFNVORBUM OB O KRENN %
UCTWB A, FGEEIBD R B E OBV RERLLTWS,

BIRABHETIHBMIU=1,0=3)0WHNIECREAEN N LRT. 40° 5—10°
NTEFURRLAWREIHBLTWD, JAMUBZEFVAARNIS STO.5ab, B T2
2° SEXUHMTo.2ubDlE AR & 3.,

TO00bDWMEHLAROKFEHBEEBIBMICHET. 30° S—10° NTEFNVLELBMO G
ESCHIEARD>N DB,

1. MRrSBony

1 Non migrating thermal tides, (f=-—1,n=5), (f=1,a=3) » FGGEIB(SOP1) F —
B LHRI.GCR=IY 3 a b —yaviiRdroiliahik.

2 MWerriav-—varviR, HHAELHRBEOIARFT Y2 VT HAWHEN»D D,

3 u=—wa)wmmamﬁmu.uﬁ4mwmametm%mmmmm&mo.



4 (f=-1,0=5) OMALEME. LERCIA KB TFATHRME. LATHILHL.
X. WERTRELL BN,

5 (f=1,0=3) 4 0° SHULOMERTHRONS. (F-ArS5Y7KBOHFENY
BaowBeBRT ) '

THOMBE UT. SHNEH K OB voon nigrating nodesD BB 2 BMABT 201
EFNOHERBELLETI2DHEASS. —Ji. BlMoFCR, 1BAERLOKED
BWE2RHRAUWACBREBLINBETLEERDZ. MSTU-¥-RE2BO8MWL.
REBWBE XA ET HIE. non nigrating nodeflZ DD DAY LWMUEBRICLYVIES.,
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Competing Process of

Whistler and Electrostatic Instabilities in the Magnetosphere

AR 888 (EXx-I)

Competing process of whistler wmode and electrostatic mode
instabilities induced by an electron beam is studied by a 1linear growth
rate analysis and an electromagnetic particle simulation. In addition to a
background cold plasma, we assume an electron beam drifting along a static
magnetic field. We study excitation of whistler mode and electrostatic
waves in the direction of the static magnetic field. We first calculated
linear growth rates of the whistler mode and electrostatic mode
instabilities, assuming various possible parameters in the equatorial
magnetosphere. We found that the growth rate of the electrostatic
instabilities is always 1larger than that of the whistler mode
instabilities. A short simulation run with a moncenergetic electron beam
demonstrates that a monoenergetic beam can hardly give energy to whistler
mode waves as a result of competition with faster growing electrostatic
instabilities, because the beam electrons are trapped and diffused by the
electrostatic waves, and hence the growth rates of whistler mode waves
become very small.

A long simulation run starting with a warm electron beam demonstrates
that whistler mode waves are excited in spite of the small growth rates and
the co—-existing quasi-linear electrostatic diffusion process. The
diffusion of the warm electron beam is explained by three different
‘processes with different time scales. An electromagnetic diffusion follows
the electrostatic diffusion, causing pitch angle scattering of the beam
electrons to lower angles. As the third stage the diffused electrons at
high parallel velocities are further diffused down to a lower parallel
velocity range because of the enhanced electrostatic fluctuations. The
present simulation demonstrates that that a large number of grid points as
well as enormous number of time steps are required. to simulate two co-
existing instabilities with different time scales. Fewer grid numbers and
fewer time steps lead to misunderstanding of the involved physics.

= published in J. Geophys. Res., vol. 92, 8649-8659, 1987,
Y. Omura and H. Matsumoto.
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CGRSHR DATA ( ) : DATATHEXh 37 ¥ 1 NV%DISP=SHR
T7ul—bTd5. BEOT—FYEHULUTIHERTF—Y%#BEALT EHHEERS,
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BFOaATYRIic&D. 57492 F—9BEEOT 57 1y JHHRBICHES L
B

(a) NLPOUT DATA(( ) OUTDATA ( )
MYAFLEDY 57497 FT—9%SYRATFTLONLPREBET S,

DATA : MYRFAEDISIT49Y  F—=¥T7 74 N&. HRE(HIZCCRAPH. DATA,
OUTDATA : SYAFALEEERINBZT—97 71 V&, HAE{HIXCCRAPH.DATA,
XATYEMEFTENRIL, MYRFLANESYRATFAANDTF—YHBEROY a 7HEHI
T. F—YOERINBRBLSYRAFLLET, 97497 - T—9%NLPREETSY =

THEBHEhB,

(b) VOUT DATA ( )
SYZRFAEDY 53T 49D - F—¥EMYAFLONR—YFyvITuy Y icBET 5,
DATA : SYRFALDYI749Y - FT—¥T774NE, HHE{HIZCGRPHS. DATA,

(c) REPB4 DATA(( )
YAFALAEDYS 749y« F—9%NLP (B4§) LBET S,

(d) REPA4 DATA ( ) _
YAFAEDYTT 4wy - F—F%ENLP (A4¥) HETS, BEOASZRB4
VAL ADBALY L ARRBMEIRhTHEZIRS,

(e) REPV DATA(( )
MYATFALEDYST749 Y F=9%0K—%Fwr . -TuvwditEET 3,

(f) REPTK DATA( )
YAFAEDYS T4 Y F=¥E2FI b0 2R4BOSSI T 49w IRBRITEET S,

(g) REP98 DATA( ) . ’
YRFAEDYSI T4y Y « F—H %1598 (ABBERERDOPCIBINIEHT ST 49 7 R)
DTS T49IBRIBET 5,

1) Figda vy I CGRHOD,CGRSHR, REPB4,REPA4,REPTK,REP98,REPY DS /NS X —F DA
TADZBEE{EIE. MY A5 A LTIZCGRAPH.DATA, S X5 A ETCIZCORPHS.DATAL 2> TW 3.
#2) fFEGER. FR6ICB 494X (34.5%26.5 ¢cn) 2T H5DMNAXLw, -

H3) VS 749IF-YOSRER 17100 co THHH. Zhix, PLOTSIL—F > DRJIZC
GRPUSIW - F V2R LI E > TEEIRTH 5.

CALL CGRPHS (N)
AREWR, VNcer TEEIN B,

-21-



M U L — & — JE ] Fi) ] 2 ¢
TR T AN & T 0D A

RES—MB. MEBKE. K F. ik &
(X - 88 8R)

HEBATHEREEMFREC > 2 -BEMUBRRMB /MUL—F—-111984F 114
KR (1) L19S8SEEIYVASGRARMMAMAMTRRZMBLE, 1 98 6%
ERHU3TOoOOKMOMUL— ¥ -l ORI YU THNE, ChiXEM
EXZ6NTVI3MOARV—S—fiNMsiie kL TEHHZSZN, MUV~ —D
ERBUEAHEZRIBDELTIABRIELLoETH S,

BOARL—SF—TFTUHRRVARTHR27RFFITNVECABL, ERATNOMBEINEELL
BhrcrbEIASHhTVWE, BVWEHMULV-F—RKACFELHALZETLODH
B3B3, Cho—ERHANGREOH S BOBMEADTHAZBLET W, M
UL—F—L A RSEABMER. —R® ( C-RUFK-NAYER) JIHAAKL — & —
CS3T4YVyF (RS 80-15) MMM, v xbOyEMMRELT (EPSON SH-10). BaAH
T (LAY RCT-3) . RRSER (KY-10) /B Y ¥ F (CBS-T-14) FbiirmpME L
TRATHAPENTWE., RECR>TREV—F—SHMHACRINZ ISR
ol HEWITR, B2 XRFHEEFS DR LBARKXANRBEEHR IS LBER
TS, HEMUBMBFEXEMUL—4—%th.i & LT Biddle atnosphere( M) & Upp
er atmosphere (U) MIRD—KhL & RB3TLEDELLEW,

LLFWR198741Axkdonit T Japanese Contributions to Middle Atmo-
sphere Program(MAP), (kDB LIEZHDTHSE, MUL—F—EKR2FEMrORR
BHRELARGNTWEDT, CHEHH>TRBEMRATZW,

’ ,." _,,.!"'

=X

2R < ”

Nt
AR M '

= ity i NP

:

N

@1, it cHron=zMUL—F—DRETHIA.
MUL—4#—-RBEBEAY¥COHDBYI KRR LI,

- 22~



—82 —

THE MU RADAR

Susumu K710 and Shoichiro Fukao

Radio Atmospheric Science Center, Kyoto University, Kyoto 611

1. INTRODUCTION

It is indeed during the MAP period (1982-85) that enormous progress has been
made in observing the middle atmosphere (the region between the tropopause and
approximately 100 km) using ultra-sensitive Doppler radars. This technique, which
is generally referred to as the MST (Mesosphere-Stratosphere-Troposphere) radar
technique, utilizes very weak scattering from atmospheric refractive index irregularities.
The energy spectrum of turbulence falls off rapidly with decreasing scale size in the

inertia subrange, and radio waves are scattered only from irregularities with a scale _

size which satisfies the Bragg condition. Accordingly, a higher sensitivity to the
turbulence scattering is achieved at the VHF/UHF bands than at the microwave fre-
quency band generally used for meteorological radars.

Wind velocities are measured through the mean Doppler shift of echo power
spectra obtained at a series of different heights. MST radars can be used to continu-
ously observe wind velocities during essentially all weather conditions and are thus
well suited to the investigation of wind systems and atmospheric waves on various time
scales in the middle atmosphere.

Radar determined. winds have been shown to compare favorably with winds
measured through conventional techniques such as rawinsonde ascents in the tro-
posphere and stratosphere and rocket flights in the mesosphere (Fukao et af,, 1985c;
TSuDA et al., 1985).

An MST radar operating in the VHF band was completed in 1984 at Shigaraki,
Japan (34.85°N, 136.10°E), by the Radio Atmospheric Science Center of Kyoto Uni-
versity (KATo et al., 1984). This radar has been named the “MU radar,” in reference
to the Middle and Upper atmosphere, since the system will also be used to investigate
various acronomical phenomena and dynamical processes occurring in the upper
atmosphere (the region above 100 km).

The construction of the MU radar system and the Shigaraki MU Observatory
started in April 1981, and a small portion of the in-house equipment was first made
in this fiscal year. Then, throughout the 1982 fiscal year, civil engineering was per-
formed in the hilly national forest in Shigaraki, Shiga to construct a concaved ground
structure in which to place the bottom plane of the aptenna array. Also, a two-floor
contro! building (Boor space: 1118 m®) as well as a one-floor visiting scientist quarter
(floor space: 421 m*) was built. At the end of that fiscal year three of the 25 antenna
and TR module groups together with all in-house equipment (see Section 2 and 3)
were completed, and short-term preliminary observations were conducted (Kato
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et al., 1984). The number of completed antenna and TR modules was expanded to
19 of 25 of the total system in the 1983 fiscal year, and finally the full system was
obtained in November 1984.

2. ACTIVE PHASED ARRAY SYSTEM

The most outstanding feature of the MU radar is its active phased array system
(FurAo et al., 1985b). In conventionzl MST radar systems a single high-power trans-
mitter feeds all array elements via an appropriate cascading feeding network. The
MU radar system, on the other hand, does not employ such a passive array connected
to & high-power transmitter. Instead, each element of its phased array is activated
by a separate low-power transmitter (“TR-module™), and all TR-modules are coherent-
ly driven by low-level pulses in order to produce the desired peak output power.

This system configuration enables very fast and continuous beam steering as
well as various flexible operations made possible by dividing the antenna array into
independent subarrays. Using these capabilities, we can expect various sophisticated
observations of the fast changing dynamical behavior of the middle atmosphere to
become possible.

3. SYSTEM OUTLINE

The operational frequency of the MU radar is 46.5 MHz and the nominal peak
and average radiation powers are 1 MW and 50 kW, respectively. A 1-us pulse width,
which provides an equivalent 150-m range resolution, is available.

The antenna is a circular array of 475 crossed 3-subclement Yagi's with an aperture
of 8330 m* (103 m in diameter). The nominal beam width is 3.6 degrees. Prior to
designing the MU radar antenna (FUKAO et al., 1985b), it was confirmed from the
theoretical point of view that neither the edge effect of the planar phased array nor the
effect of the antenna element structure provided degradation of either the element
properties or the array pattern (Fukao et al., 1986a, b).

The main beam direction of the MU radar antenna is calibrated by using the
radio star Cassiopeia A, and also by moon reflection. The angular error of the MU
radar beam direction is estimated to be at most 0.1 degree. Currently, the array
pattern is frequently being monitored by using the Japanese satellite OHZORA (Fukao
et al., 1985a). An array pattern along a2 plane which contains the satcllite orbit is
measured during one passage of the satellite. It is confirmed by this technique that
the main beam direction and gain are in close agreement with the theoretical values,
Sidelobe levels are also surveyed down to an elevation angle of about 20 degrees, the
first such accomplishment among existing large VHF array antennas (Fukao et al.,
1985a; SATO et al., 1986a, 1987).

Each Yagi antenna is driven by a solid-state TR-module with peak output power
of 24kW. The whole system can be divided into 25 groups (i.e., one group consists
of 19 Yagi antennas and 19 TR modules). The basic parameters of the MU radar
are as follows (FUKAO ef al., 1985b):

Radar system Monostatic pulse radar; active
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phased array system
Operational frequency 46.5 MHz

Antenna Circular array of 475 crossed Yagi's
Aperture 8330 m® (103 m diameter)
Beam width 3.6° (one-way; half power for full array)
Steerability Steering is completed in each IPP
Beam directions 1657; 0-30° zenith angle
Polarizations Lincar and circular

Transmitter 475 solid-state amplifiers

(cach with output power of
2.4 kW peak and 120 W average)

Peak power 1MW

Average power 50 kW (Quty ratio 5%)

Bandwidth 1.65 MHz (max)

(pulse width: [-512 us variable)

IPP 400 us-65 ms (variable)
Receiver

Bandwidth 1.65 MHz (max)

Dynamic range 70dB

IF 5 MHz

A/D converter 12 bits X 4 channels
Pulse compression Binary phase-coding

up to 32 elements; Barker and
complementary codes presently in use.

This system is composed of 475 array antenna elements and an identical number
of transmitter-receiver (TR) modules (KATO et al., 1984; FURAO ef al., 1985b). The
TR modules are housed in six booths in the antenna field. The whole system can be
divided into 25 groups (i.e., one group consists of 19 array antenna clements and 19
TR modules).

The main constituents of the TR module are a solid-state transmitter, a receiver
preamplifier, a mixer, a T/R switch, and a digital phase shifter. The final power
amplifier stage is composed of four push-pull circuits operating in parallel mode,
employing eight high-power transistors (FURAO er al., 1985b).

Both the up-convert from and the down-convert to the intermediate frequency
(IF) of 5§ MHz are made inside the TR module. The signal is transferred at the IF
level between the control building and the remote TR booths. This way of frequency
conversion prevents instabilities in the power amplifier due to possible leakage of
output power into the input signal.

Each antenna element consists of two orthogonally crossed three-subelement
Yagi antennas pointed toward the zenith direction. Linear and circular polarizations
are available via a polarization-selection switch in the TR module.

Supervision of the overall operation of the MU radar is performed by a pro-
grammable radar controller (the main constituent is a desktop computer HP9835A)
linked with the 25 TR module controllers. Various timing signals for real time system
control are generated according to instructions from the radar controller. A variety
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of flexible operations are made feasible by sophisticated software of the radar con-
troller. For instance, it is possible to steer the antenna beam in each interpulse period
(IPP), viz, up to 2500 times every sccond, virtually to any direction within 30° of the
zenith. Moreover, it is possible 10 excite only a portion of the antenna array and
receive the echo by other portions and/or to steer separate-beams in different direc-
tions (FURAO et al., 1985¢).

A minicomputer (VAX-11/750) and an array processor (MAP-300) with a 2-MByte
RAM (random access memory) are the main constituents of the data processing sys-
tem. A fairly large amount of data (up to 1024 samples per IPP) can be processed in
real time. Before being processed by the computer, the echo signals are decoded for
pulse compression and then coherently integrated for data compression by special
purpose hardware.

Also, high reliability of the system is expected to be achieved by a network of
25 TR module controllers which monitor the TR modules during operation (Fukao
et al., 1985¢).

4, COLLABORATIVE RESEARCH

The MU radar is open to all collaborative scholars from both domestic and inter-
national universities and institutions in lower, middle and upper atmosphere physics,
radio sciences and radar technology. Twice a year the Radio Atmotpheric Science
Center receives and reviews proposals for collaborative research projects.

The full-scale collaborative observations started in April 1985, and currently
more than twenty abservations on various subjects have been performed. Some of
these subjects are

(1) Winds and waves on various time scales in the middle atmosphere.

(2) Radio wave scattering and reflection due to atmospheric refractivity fluctua.

tions and turbulence.

(3) Tropospheric meteorological disturbances and rain-drop size distribution.

(4) Ionospheric and thermospheric structure and field-aligned irregularities.
Also a few technical problems related to the MST radar technique have been investi-
gated based on the MU radar data.

The MU radar has proved so reliable that continuous operations over many days
are possible. Approximately 3000 hours of data were collected during the 1985 year,
However, the data analysis still remains very primitive and rather fragmental, and
more extensive analysis is expected to be finished soon. In the following some frag.
mentary observational results will be presented.

5. TROPOSPHERIC METEOROLOGICAL DISTURBANCES
AND RAIN-DROP SIZE DISTRIBUTION

Microwave meteorological radars have been standard tools for the study of
precipitating atmospheres, and by using this type of radar many studies have been
made. However, microwave radars can only detect echocs from precipitation particles,
but they cannot directly measure the ambient air motion. This sometimes has been a
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serious obstacle in estimating precipitation parameters, especially the rain-drop size
distribution. This is because the vertical air motion is an important factor in deducing
these parameters accurately.

VHF Doppler radars such as the MU radar have a unique feature in that they
can detect precipitation echoes simultaneously with the echo from the ambient air.
The radar equation by which the atmospheric reflectivity is related to the radar system
parameters indicates that for a frequency band higher than UHF the echo from pre-
cipitation particles becomes absolutely dominant, masking the echo from refractive
index fluctuation of air. On the other hand, both echoes have a comparable intensity
in the 50 MHz band. The two echoes can be discriminated by using the difference
of Doppler speeds. This makes it possible to detect the precipitation echo and the
air echo simultaneously.

FUKAO ef al. (1985d) detected for the first time a typical aititude variation of the
Doppler spectra obtained during a period with measurable precipitation on the surface,
The spectra were bifurcated, the minor spectral component with large downward
Doppler shift was due to precipitation whereas the major oae with near zero Doppler
shift was due to atmospheric refractive index fluctuations.

Measurement of the size distribution of precipitation is imporant in studies of
the growth of precipitation, cloud modeling and the propagation of centi- and milli-
meter radio waves, and many works have been presented for estimating the size dis-
tribution from vertical incidence microwave Doppler spectra.  However, these radars
cannot directly measure the vertical air motion; this is the most serious obstacle in
estimating the size distribution.

By using the MU VHF radar spectra, WaKAsUOI ¢f a/. (1986b) proposed a direct
method in deriving parameters of size distribution, They incorporated the effects
of both the mean vertical velocity and the fluctuations due to turbuleace in the rela-
tionship between the normalized Doppler spectrum and the size distribution.

WARASUG! et al. (1987) further discussed the method especially with respect to the
spectral broadening effect and the relation of parametric and non-parametric methods
in deducing drop-size parameters, and then applied it to Doppler spectra obtained
during the seasonal rain front (Bai-u front) observation.

The MU radar is also a powerful tool in investigating mesoscale meteorological
phenomena in the troposphere. WARASUG! et af, (1985, 1986a) showed the capability
of the MU radar to study of a cold frontal passage. Three-dimensional components
of air and precipitation motion were directly measured using the modified VAD
technique of beam steering. Resolutions in altitude and time obtained were 150 m
and approximately | min, respectively, unequalled by conventional instruments (e.g.,
rocket sondes and rawinsondes).

Also upper-tropospheric three dimensional air motions have been continuously
observed for two days during the Bai-u front passage in June, 1984 (FURAO et al,
1987d). The following results were obtained on the air motion over the Bai-u front:
First the observed mean meridional motion is upward and northward as expected, but
deviates upward from the frontal surface and pseudo-isentropes. Secondly, the upper-
tropospheric mesoscale wind variations are not strongly correlated with the lower-
tropospheric frontal activity such as precipitation. Finally intense updrafts of 0.5-
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1 ms™! appear at an interval of approximately 22 h. This interval suggests that the
updrafts may be caused by the neutral symmetric motion.

Although the MU radar has several advantages for tropospheric meteorological
observations over the conventional tools, simultancous observations with the MU
radar and the conventional instruments are expected to provide more detailed informa-
tion on the tropospheric phenomena. Fukao er al. (1985¢) have already tried this
kind of observation. They made a multi-frequency observation of the precipitating
atmosphere by using the MU radar and the microwave C/Ku-band radar. The
observational results showed an enhanced VHF echo, and its intensity depended on
precipitation structure. This suggests a potential importance of the multi-frequency
observation for the study of the scattering mechanism and detailed precipitation
structure,

6. RADIO WAVE SCATTERING AND TURBULENCE

Morphology of the mesospheric and stratospheric turbulence has been studied
by making use of the high altitude and time resolutions of the MU radar observation
(SATO et al., 1985; TSUDA et al., 1986; Fukao et al., 1986¢; YAMAMOTO et al., 1987).
Turbulence echoes are not distributed uniformly with altitude, but rather occur iater-
mittently in both height and time. Strong echoes, however, may persist from given
height ranges for periods on the order of tens of minutes to hours. The echo pro-
perties seem to vary considerably from scason to season. A standard feature found
is that strong aspect sensitivity is associated with stable layer structures throughout
the troposphere, stratosphere, and mesosphere, despite the possible difference in the
mechanism which causes the aspect sensitivity in the stratosphere and mesosphere
(SATO et al., 1985; TsuDA et al., 1986).

FURAO et al. (1986¢c) found a relatively large horizontal fluctuation in the vertical
wind, with a variance tea times larger than the mean value, in a small horizontal ex-
tent within 10 degrees from the zenith. This result calls for caution when using the
conventional three beam method to discuss short term fluctuations of the wind mo-
tions. Also, sixteen beam VAD observations based on the fast beam steerability
revealed advection propertics and spatial variability of echoing regions in the tropo-
sphere. These results demonstrate new possibilities for this system in the investiga-
tion of the three dimensional structure of turbulence.

It was discussed by YAMAMOTO ef al. (1987) that in the mesosphere the Richardson
number would be significantly modified by inertial gravity waves, which give varia-
tions in both wind and temperature fields, They presented several different cases
where the inertial gravity waves played an important role in producing turbulent
scattering layers, When the modification of the Richardson numbsr is relatively
small, that is, when the minimum Richardson number is larger than I, the inertial
gravity waves themselves are not saturated, but they produce narrow altitude regions
with Richardson numbers smaller than those in the surrounding altitudes. Smaller

scale gravity waves superimposed on the inertial gravity wave give further modifica-
tions of the Richardson number, and generate turbulent regions by dissipating them-
selves through shear or convective instabilities. On the other hand, the Richardson
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pumbers induced by the inertial gravity waves sometimes becomes smaller than the
critical values for instabilities. In this case the inertial gravity waves themselves secem
to be saturated through the shear instability, dissipating into turbulence.

The fast beam steerability of the MU radar was utilized for investigating the
aspect sensitivity of the VHF backscattered echo power in the troposphere and lower
stratosphere (TSUDA ei al., 1986). In the stratosphere, large aspect sensitivity occurs
in the entire altitude region, and is clearly correlated with the echo power received in
the vertical direction and also with the zenith angle dependence of the spectral width.
In the troposphere, on the other hand, fairly large aspect sensitive echoes are received
from intense reflection layers, but their time-height variation is large.

The spectral width of the scattered echoes can be used to estimate the atmospheric
turbulence parameters, since it is directly related to the kinetic energy contained in
the turbulence. According 10 SATO ef al. (1986b) the energy dissipation rate is pro-
portional to the 3rd power of the spectral width. Based on the MU radar data ob-
tained on four consecutive days they estimated the energy dissipation rate to be on the
order of 53 10* m* s~* below the tropopause level. This method is straightforward
and provides accurate values when the horizontal wind is weak, but it is not applicable
when smearing of the spectral shape due to the beam broadening effect becomes

- seriously large for large wind velocities.

7. WINDS AND WAVES IN THE MIDDLE ATMOSPHERE

The MU radar-deduced winds have been often compared with the results of other
well-established techniques of wind measurement. In the troposphere and the lower
stratosphere the radar-deduced winds are favorably compared with the results of
rawinsonde balloons, while they are consistent with the results of rocket sonde ob-
servations in the mesosphere (FUKAO er al., 1985¢; Tsupa et al., 1985; Kato et al.,
1985, 1986). A comparison observation was also carried out at the meteor heights
(85-110 km) by using the MU radar and the Kyoto meteor radar (Tsuba et al,, 1985).
The general agreement seems 10 be excellent between the two.  The MU radar receives
not a small number of meteor echoes which are utilized to infer horizontal wind ve-
locities in this height range, as has been done at other MST radars (Tsupa ef al,, 1985).

The Kyoto meteor radar can continuously monitor the wind field at the meteor
height at a relatively low cost compared with the MU radar operation, although the
time-height resolution is worse than the MU radar. Thus, even in coming years, the
metcor radar observations will continue to be complementary to the MU radar ob-
servations in that they provide the fundamental state of synoptic scale wind motioas,
such as mean winds, planstary waves, and atmospheric tides (TSUDA er al., 1985).

It is beyond doubt that in the near future the MU radar will contribute greatly
to the study of various atmospheric waves. To our regret, the data analysis has yet
made little progress, and only a few fragmentary results have been presented so far.
KaTo0 et al. (1984) detected a gravity wave with a period near to Brunt-Viisili period
that was considered to be generated within the typhoon rainbands, Also an intense
intermittent oscillation with a period of approximately 9 min was observed in the
mesosphere (KATo ¢f al., 1986; YAMAMOTO ef al., 1987). The phase and amplitude
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profiles agree with the characteristics of the Kelvin-Helmholtz instability. It was
considered that this wave was generated in situ via the shear instability excited by
saturated inertial gravity waves.

From a one-day observation made in December 1984, Hirota and Niki (1986)
found that the subtropical westerly jet generated inertial gravity waves with vertical
wavelength of 2-3 km around the tropopause level and directed the wave energy up-
ward into the stratosphere and downward into the troposphere,

Unfortunately, the MU radar is not sensitive enough to observe the altitude range
of 25-60 km, so that we cannot show directly that the inertial gravity waves pro-
pagate upward from the tropopause level into mesosphere. However, YAMAMOTO
et al. (1987) have shown eivdence that inertial gravity waves propagating upward
from below saturate in the upper mesosphere, and play an important role in depositing
their energy into turbulence by shear or convective instabilities.

The vertical flux of horizontal momentum in the upper troposphere and the lower
stratosphere was measured exploiting the rapid steerability of the MU radar by Fukao
et al. (1987c). Two methods have been compared; the one using threc beams, one
vertical and two oblique, and the other using four beams, two pairs of oblique beams
symmetrically offset from the vertical. It was pointed out that the three-beam flux
agrees with the four-beam flux only for long-period fluctuations. For shorter periods
a systematic error is caused by vertical wind variations due to horizontal fluctuations
with wavelengths that are comparable with the separation between the beams (2-7
km). In this study, performed during summer at 35°N Iatitude, it was found that the
momentum flux due to long-period fluctuations is caused primarily by synoptic-scale
or mesoscale disturbances, while the short-period flux is caused primarily by convec-
tive air motion. Thus, during these observations, the contribution of gravity waves
was unimportant below the lower stratosphere,

8. TEMPERATURE PROFILING OF THE TROPOSPHERE
AND THE LOWER STRATOSPHERE

In the standard technique of atmospheric radars, the radar backscatter results
from electrical refractive index fiuctuations due to natural phenomena such as tur-
bulence and precipitation. In the radio acoustic sounding system (RASS), the radar
backscatter results from periodical refractive index variations due to density/tempera-
ture variations imposed on the atmosphere by an ecoustic wave artificially generated
in such a way that the acoustic wavelength is half the radar (electromagnetic) wave-
length. This “Bragg condition™ is necessary for sufficient backscattering. The back-
scatter echo of the RASS is affected by the Doppler frequency shift arising both from
the speed at which the longitudinal acoustic perturbations propagate (the sound
speed), and from the radial bulk velocity in the common volume of the atmosphere—
the latter can be measured by the standard technique of turbulence scatter, The
observed sound speed is reduced to give the Jocal atmospheric temperature. MATUURA
et al. (1986) reported an experiment using the MU radar with a mobile high-power
acoustic transmitter, and gave the first experimental proof of the possibility of tem-
perature profiling in the troposphere and stratosphere up to an altitude of at least about
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20km. The accuracy and vertical resolution are comparable to the rawinsonde
technique, and the RASS technique has an additional advantage of a possible rapid suc-
cession of measurements and a comparably low cost of operation. The RASS tech-
nique cffectively complements the capabilities of VHF radars, such as the measurement
of winds, waves and turbulence, and other techniques to retrieve temperature profiles
from such radar measurements by using the measured vertical echo power profiles.

9. A SYSTEMATIC OBSERVATIONAL ERROR

Effects of poor height resolution, time resolution, and broad antenna beam should
be carefully considered when interpreting the observed data. Smearing of the spectra
due to beam broadening as well as a wind shear effect is sometimes fatally serious.

It has been pointed out that wind measurement by MST radars is accompanied
by a systematic error dus to a finite range volume effect which works when a thin tur-
bulence layer is simultaneously located in several adjacent range volumes (Fukao
et al., 1987a, b). The finite range volume effect appears as a false vertical shear of
horizontal wind on a vertical scale on the order of a few hundred meters, even if the
ambient wind field is uniform. The false wind shear sometimes exceeds 40 ms=*
km=*! in magnitude, or the critical value to induce the Kelvin-Helmholtz instability.
Also the effect leads to a false temporal variation of the wind measurement, although
the wind field does not change at all. A false wind shear with a magnitude less than
the critical value cannot be discriminated from a true ons in the observed data. It
seems hard to indicate directly that the finite range volume effect appears as theore-
tically conceived. However, this effect is not a phenomenon that is rarely found but
seems to appear quite frequently in the actual atmosphere, judging from wind velocity
and echo intensity data obtained by the MU radar. Small vertical scale wind shears
as well as the temporal variations found only at a specific range should be treated with
a great care except for cases of weak ambient wind velocity less than approximately
10 ms=* and/or for an antenna beam width less than one degree, where the finite range
volume effect is not so important.

Also, due to aspect sensitivity of the backscattered echo power the effective zenith
angle of the antenna beam becomes smaller than the boresight angle, so that the
horizontal wind velocity cannot be estimated correctly from the radial wind velocity
measured at small zenith angle (Tsupa ef al., 1985). These results strongly suggest
that we should be careful in interpreting MST radar data.

The altitude smearing jnvolved in MST radar measurements with low altitude
resolution is also discussed (SATo and Fukao, 1982). The smearing is of great con-
cern in the case where the altitude resolution is as poor as 3km. The wind velocity
deduced with the 3-km resolution is biased from the true velocity where the wind
shear is large. A bias on the order of 10 ms=! may persist for hours. Moreover,
there appear spurious velocity fluctuations which do not correspond to any of the
fluctuating components in the true velocity variation. Fortunately, the MU radar
with 150-m altitude resolution is free from these errors.
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10. CONCLUDING REMAKRS

The success of the MU radar shows that it is possible to realize an active phased
array system in the VHF band using available commercial equipment and devices.
The observations conducted so far show that the MU radar is living up to the high
standards of performance specified by the design. The MU radar is regarded as a
great innovation in the MST radar technique. However, extensive data analysis
has just been started, and the assessment of its contribution to the atmospheric sciences
should be made in the future, although its capability scems promising at present from
the fragmentary results presented in this report.
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Errors in wind measurements generated by thin scattering layers
Peter Thomas May, Shoichiro Fukao, Toshitaka Tsuda, Toru Sato and Susumu Kato

Radio Atmospheric S8cience Center,
Kyoto University, Uji, Kyoto 611, JAPAN

Introduction

Recent work by Fukao et al [1987a,b] has shown that the presence of thin
scattering layers in the atmosphere may cause a quasi-systematic error in the
determination of horizontal wind vectors by the MST (Mesosphere-Stratosphere-
Troposphere) Doppler radar or wind profiler technique. This error, termed the
finite range volume effect, arises because only a fraction of the radar pulse
volume is filled by these layers and in the case of tilted radar beams the
effective center of the scattering region within the pulse volume may be centered
at some angle other than the mean tilt angle of the antenna beam (Fig. 1}. In
addition to this effect, it is well known that the layers of the high reflectivity
may cause errors in the determination of the wind where there is a large wind
shear [e.g. Sato and Fukao,.1982].

Convincing observational evidence for the reality of the finite range volume
effect has also been shown [see Fig. 4, Fukao et al, 1987a), but it is not clear
from these studies how important the effect will be for routine observations and
how much consideration should be given to this effect in the design of MST
radars. In order to answer these guestions a simple model has been developed in
which the magnitude of this effect can be observed for various radar parameters.
A radar experiment is also described to illustrate the importance of these
effects.

For the purposes of the discussion only one component of the wind will be
considered and a positive wind shear will be one where the magnitude of the wind
component is increasing with altitude. The wind component normal to the radar
beam will affect the spectral width of the measured signal but not the mean
Doppler shift, which is the main subject of the paper.

Finite Range Volume Effect

Turbulence in the troposphere and stratosphere has been observed to occur in
layers of the order of 50 metres thick and to have a much larger horizontal extent
[e.8. Rottger and Schmidt, 1979}. The observed layering of the scattering
regions, together with the finite beamwidth and the effect of wind shear may
introduce significant errors. The affect of these factors on the mean Doppler
shift of the signal has not been fully investigated, although some studies have
been performed [(Atlas et al, 1969; Hocking, 1983}]. Fukao et al [1987a,b)
considered the importance of the layering in some observational results and
numerical simulations and found that the errors induced into wind profile
estimates could be important. If there is an intense scattering layer located at
an altitude such that it intersects the pulse volume only in one corner (e.g. Fig.
1, volume A), then the measured line-of-sight wind velocity is the projection of



the horizontal wind component at that height, U(2), along the angle (8g+n0/2).
This leads to an erroneously large wind estimate for that particular range with a

maximum error of U(z)sin(ao+A9/2)/sin(oo). Similarly the wind estimate for volume
C will be biased towards a lower value than the volume "average" wind velocity.

Thus there will be an apparent positive wind shear produced in the data, even if
the wind is uniform with height. These errors may be large. For examples of the
typical artificial structure in the wind profiles which is produced by this effect
see Fig. 3a-c. Note also that the worst possible case is not affected by the
thickness of a layer or pulse length in this simple model since a given pulse
volume may still intersect the layer in just one corner.-

If there exists a real wind shear with height the situation becomes more
complex, as then there are errors produced by the windshear as well as by the
finite range volume effect. The wind shear error arises because the measured
Doppler sghift will be for the horizontal wind at the altitude of the scattering
layer, and not the height of the center of the pulse volume. This produces a
distorted wind profile, but these "wind shear” errors do not produce the kind of
structure which is generated by the finite range volume effect. Simple geometric
considerations show that the wind shear effect will tend to decrease the
importance of the finite range volume effect if the true wind is increasing with
height, but will make the situation even worse if the true wind shear is negative
as then the errors will have the same sign.

It has been observed that these intense, thin scattering layers may exist for
considerable periods in the atmosphere [e.g. Yamanaka and Tanaka, 1984]. While
the cause of this persistence is clearly beyond the scope of this discussion it is
worth noting that the errors induced by the effects described above will therefore
also be persistent and will, in this sense, constitute a systematic bias in the
observed wind field so that an appreciation of the magnitude of the errors is
important. From the above discussion we can make the following conclusions.
Errors due to the effects will be greatest in regions of large wind speed and
negative mean wind shear, but the finite range volume effect may be important even
in the absence of shear. The magnitude of the errors will be a function of
beamwidth and tilt angle, so that the importance of the effect is amenable to
testing by using observations with several beamwidths. These conclusions have
also been supported by the results of numerical simulations.

Radar Observations with 3 Beamwidths

The most drastic errors due to the finite range volume effect occur when wide
antenna beamwidths are used. This may be of particular importance for a number of
recently built ST radars which are using comparatively wide beamwidths (of the

order of 4-5 * half-power beamwidths). In order to test the predictions of the
model the MU radar, located at Shigaraki, Japan has been used. This radar is a
modular array, that is the large array (103m diameter, with a 2-way_3dB beamwidth
of 2.6°) is made up of 25 smaller sub-arrays. The system has been designed so
that any combination of subarrays can be used for transmission and reception (see
Fukao et al [1985a,b) for a discription of the radar). Thus experiments can

easily be performed with a variety of beamwidths.
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Ranges between 5.01 and 24.21km were sampled with 150m range resolution. The
experiment consisted of three soundings of the wind profile, with just an eastward
pointing beam, for each of three antenna beamwidths of 2.6, 3.6 and 5.1° with a
tilt angle of 10° on October 31, 1986. The wider beamwidths were acheived with
groups of 13 and 7 antenna subarrays respectively. As well as producing a wider
beam the peak power is reduced as each antenna has a separate transceiver under
uprocessor control. For this experiment a single beam direction was used and it
is assumed for simplicity that the vertical motions will not be important, so that
the line-of-sight Doppler shift is considered to be proportional to the projection
of the eastward wind component along the center of the antenna beam. The maximum

1 were observed at altitudes between 11 and 12.5 km.

wind speeds of about 60 ms~
The strong layering of the intense echoes is seen on the power profiles in Fig.
2a-c. These strong echoes persisted at about the same height for the whole of the

observing period.

Fig. 2a-c shows one of the raw wind profiles for three beamwidths and a 10°
tilt angle. These profiles have fluctuations of a similar character to the small
vertical scale oscillations seen in the model profiles (Fig. 3a-c). it is clear
in these diagrams that the magnitude of the oscillations becomes very large for
wide antenna beamwidths. These fluctuations 1in the wind profiles are
significantly larger than the random error in the determination of the Doppler
shift. The random errors in the horizontal wind estimates are much less than the
observed fluctuations in the wind profile. Furthermore, the structures are
persistent, so that averaging the profiles will not improve the results. A
smoothed curve is also plotted for reference. The most important pieces of
evidence that suggests that the fluctuations are generated mainly by the finite
range volume effect are that: (1) the fluctuations in the measured wind occur at
the about the same altitudes in all three of the wind profiles, and these
altitudes correspond to peaks in the echo power profile, so that random effects
are elliminated, (2) the fluctuations are larger when the wind shear is negative,
and most importantly, (3) the magnitude of the oscillations is roughly
proportional to the beamwidth, which strongly supports the hypothesis that these
fluctuations are a result of the effect. It may be possible to explain (1) and
(2) by mechanisms such as wave generated shear and turbulence but, it appears that
(3) can only be explained by the finite range volume effect. The presence of
strong scattering layers may imply intense wind-shears with small vertical scale,
80 that some of the observed fine structure is probably real, but separating this
from the artificial fluctuations in the wind profile is impossible.

A Simple Model

In order to examine the importance of these effects for wind observations
with MST radars a simple model has been constructed. This model uses a wind
profile of the form sinusoid plus a linear trend between the altitudes of 5-15
km. The heights of the scattering layers are produced from a population of random
numbers with a uniform distribution. The density of the random numbers gives some
average distance between layers, which have a thickness of 50m.

The Doppler shift of the returned signal is found by calculating
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ry 69
f j P(r-rg)T(8)R(z)U(z)dedr
ry &

u(ro) = -
ry 8
I I P(r-ro)T(a)R(z)dadr
ry &

where rg is the center of a given range gate, r and ¢ are the range and angle from
the zenith respectively and z is the altitude for a given r and 8. The range
weighting funtion, P(r-ro) is dependent on the pulse shape (and receiver response
in a real experiment) and T(g¢) is the polar diagram weighting function. Both of
these weighting functions have Gaussian profiles in the model. U(z) is the
horizontal velocity for an altitude z. R(z) is the reflectivity weighting which
is unity within a layer and zero outside. The region bounded by ryy Tos 04 and 8o
is where P(r-ro) and T(#) have significant values. The term pulse length will
refer to the half-power full width of the range weighting function. The model
also allows an adjustable "volume scatter" component with no bias and which was
set such that the scatter in from the layers was about 10dB above the background,

consistent with the previous observations.

1t is seen in Fig. 3a-c that the errors in the simulation are qualitatively
similar to the short vertical scale structure in the radar observations.
Furthermore, the magnitudes of the errors are comparable to the scale of the
fluctuations from the smoothed curve. In most cases the errors in the simulation
are a little larger than the percentage differences in the smoothed curve and the
raw curve of the radar data and this is probably due to the fact that the
smoothing of the actual data only partially removes the finite-range volume
effect. It can be seen in Figure 2 that the smoothed curve still follows the raw

curve to some extent.

Overall the good agreement betuween the magnitude of the oscillations observed
in the simulations and those ohserved by the radar gives strong support to the
idea that a large amount of the small vertical scale oscillations observed by the
radar is artificial. Furthermore, this indicates that the model is useful for
assessing the importance of the finite range volume effect for real radar

observations.
Piscussion and Summary

The presence of these errors due to the layering of the scatterers is an
important consideration in the design of MST radars. It has clear bearing on the
argument about whether it is better to increase the antenna size or transmitter
power in order to improve the performance of a given radar system. For radars

with narrow beamwidths (i.e. of the order of 1°) the errors due to the finite
range volume effect will be less than, or of the order of, the Doppler shift

measurement errors (Fig. 4). On the other hand the effect is most serious for
radar measurements with wide beamwidths, which argues strongly for the use of

large arrays.

Using larger tilt angles for the wind measurement may improve the reliability
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of the wind measurement, both from the point of view of decreasing the finite
range volume effect and increasing the magnitude of the observed Doppler shift,
thus decreasing the relative error in the wind determination.  However, in
practice this will result in a larger statistical errors because of the decrease
in signal levels [e.g. Tsuda et al, 1986], errors due to the small scale wind
variability may be important [Strauch et al, 1984) and wind shear errors will
increase since the height range occupied by the pulse will be larger. However,
since the magnitude of the errors due to the finite range volume effect are
proportional to the cotangent of the tilt angle for the simple model it is
expected that the errors will be approximately halved in going from a tilt angle
of 10*° to 20°, so that this is an alternative which may be considered although the
above mentioned effects limit the improvement.

There are a number of other possible ways of dealing with the errors due to
the finite range volume effect. Two possibilities are the use of two (or more)
beamwidths or beam tilt angles and making use of the proportionality of the errors
with respect to the beamwidth and the cotangent of the tilt angle respectively.
However, this approach has a number of difficulties because the proportionalities
are not exact, the height range occupied by the pulse increases with beamwidth and
tilt angle and random errors become extremely important. Alternatives such as
simply using longer pulses or using successive pulses staggered in range have some
possibility but wind shear errors may be severe (Sato and Fukao, 1982). More
complicated alternatives such as oversampling in range and using the power
information as well as the Doppler shifts are possible but this involves a
deconvolution which is subject to large errors and may not give unique results. A
practical alternative is to retain the short range resolution and then use a low
pass filter on the height profiles in order to remove the short vertical scale
fluctuations due to the finite range volume effect. This of course implies =a

poorer height resolution.

One fortunate circumstance is the fact that the errors due to the finite
range volume effect are partially cancelled by windshear errors when the wind is
increasing with altitude. Thig includes most of the altitude region below the
tropopause, which is of most concern for the applications of the "wind profilers”
for routine operational wind observations, which often have large antenna
beamwidths. Model calculations with the same wind profile as considered in Figs.
3 and 4 show that errors of the order of 5-10% may be expected for radars with a
5* heamwidth for altitudes up to about 2km below the wind maximum. Since the
finite range volume effect is proportional to the wind speed (neglecting shear)
the smaller wind speeds which are generally observed in the troposphere will also
decrease the magnitude of the errors. Another consideration is the fine structure
which the finite range volume effect applies to wind profiles. This must be
considered for observations of vertical wave-number spectra, of the type which are
used in wave studies. It has been shown that errors arising because of the finite
beamwidth are important for practical observations and that the use of radars with
narrow beams is desirable. A more complete discussion of this subject is given in
May et al (1987).
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IONOSPHERIC INCOHERENT SCATTER MEASUREMENTS WITH THE MU RADAR
W. Oliver, S. Fukao, T. Sato, T. Tsuda, S. Kato
RASC, Kyoto University, Uji
A. Ito, I. Kimura
Department of Electrical Engineering, Kyoto University, Kyoto
INTRODUCTION

The Middle and Upper atmosphere (MU) radar was constructed at Shigaraki (34.85
degrees N, 136.10 degrees E) during 1981-1984, with observations commencing with a
partial system in 1983. The basic concepts and descriptions of the completed system
are described by Kato et al. (1984) and Fukao et al. (1985a-b). Kato et al. (1984,
1985, 1986) have described the first results obtained with this system for observing
turbulence, winds, and related quantities {n the middle and lower atmosphere. These
reported uses have relled upon the strong coherent echo mechanisms occurring in the
middle and lower atmospheric regions. The MU radar was also designed to have a
secondary capability to observe the very weak incoherent scattering originating from
the free electrons in the ionosphere. This paper reports the implementation of such
an lonospheric incoherent scatter radar capability with the MU radar. We begin our
presentation with a description of the radar system and compare its sensitivity for
incoherent scatter detection with those of other existing incoherent scatter radars,
then we exhibit several typical examples of results obtained with the system. We end
with a discussion of some of the interesting gecophysical phenomena observed to date.

DESCRIPTION OF THE MU RADAR SYSTEM

We present here a brief outline of the aspects of this system of particular
pertinence to ionospheric incoherent scatter observations.

The MU radar is a monostatic radar with an active phased-array system. The
operational frequency is 46.5 MHz and the maximum peak and average radiation powers
are 1 MW and 50 kW, respectively. The antenna is a circular array with a diameter of
103 m. The nominal beamwidth is 3.6 degrees. A 1.65-MHz frequency band is allocated
in Japan exclusively for MU radar operation. Thls allows interference-free reception
for pulse transmissions as short as 1 g#s. The radar site is located in a hilly
national forest, further protecting it from radio noise interference. Some of the
basic parameters of the MU radar are given in Table 1.

TABLE 1. Basic Parameters of the MU Radar

R e B = e e e P S R D = S W e - = - D = - - — - - - = - - = = an -

Parameter Yalue
Location Shigaraki, Shiga, Japan (34.85 degrees N, 136.10 degrees E)
Geomagnetic parameters Field strength: 0.0402 mT
(300 km altitude) Declination: 3.8 degrees W
Dip angle: 48.3 degrees
Dip latitude: 29.3 degrees N
Radar system Monostatic pulsed radar, active phased-array system
Operational frequency 46.5 MHz
Antenna Circulgr array of 475 crossed yagis
aperature 8330 m
beamwidth 3.6 degrees (oneway, half power) (full array)
Steerability 0-30 degrees off zenith, any azimuth,
steering possible each IPP
partitioning 25 modules of 19 elements each, each separately driveable
Transmitter 475 solid-state amplifiers (one for each antenna element),
2.4 k¥ peak (120 W average) power each
peak power 1 MW maximum
average power 50 kW maximum
pulse length 1-512 pus
bandwidth 1.65 MHz maximum
1PP 400 us to 65 ms

The most outstanding feature of the MU radar is its active phased-array
antenna. In conventional radar systems a high-power transmitter feeds all array
elements via a cascading feeding network. For the MU radar system, on the other
hand, each element is fed by a separate low-power amplifier, and all of these
amplifiers are coherently driven by low-level pulses to produced the desired output
power. The MU system configuration allows very fast and almost continuous beam
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steering as a result of the low signal levels at which the phase shifting and signal
division/combination are carrjed out. This allows, in effect, simultaneous
observation in multiple directions, a major advantage of the MU type system. Dish
antennas, on the other hand, require mechanical motion to change pointing direction )
and hence can observe in different directions only sequentially, with associated time
differences between observing directions and possible lost observing time during
antenna transfer between these directions. The antenna array is divided into 25
groups of 19 elements each. Each of these antenna groups may be driven separately,
and each antenna element may be driven independently. This allows multiple-beam and
interferometry operation of the radar.

SENSITIVITY FOR 1ONOSPHERIC INCOMERENT SCATTER OBSERVATIONS

We wish now to compare the sensitivity of the MU radar for lonospheric
incoherent scatter (1.S.) observations with the sensitivities of the other existing
1.S5. radars. We will investigate the signal-to-noise ratio (S/N), which is the
critical factor for MU radar 1.S. observations. The basis of our calculations is the
“radar equation”, which relates the transmitted and received signal strengths in
terms of the radar characteristics, the geometry of the observation, and the "cross
section” of the scattering medium. We refer the reader to the review of Evans (1969)
for a discussion of the equations given below.

The received signal strength is given by the relattion

P5 = ( 0.88 Pt LeTANGOG) / (16 x Rz ) 1
where P, is transmitter power, L is a system loss factor, ¢ is the speed of light, T
is tran&mitter pulse length, A is antenna collecting area, 1 Is radar wavelength, N
is electron density, ¢ is the scattering cross section per electron, and R is range
from radar to the scattering volume. The constant 0.88 in this equation is a factor
resulting from the integration of the antenna gain over the beam shape. Evans (1969)
gives a value of 0.76 for a typical parabolic antenna. We will use 0.88 consistently
in our calculations. The scattering cross-section o is a function of the ratio T of
the electron and fon temperatures, ¢ = oe (1 + Tr)' where oe is the scattering crsss
section of an independent electron.

The received noise strength is given by

Pn = kB Tsys (2)
vwhere k Is Boltzmann's constant, B is receiver bandwidth, T is system (or noise)
temperature. We must choose a receiver bandwidth wide enouﬁxsto enclose the spectral
width of the received signal. Signal spectral broadening is caused by two effects,
(1) the spectrum of the pulse waveform and (2) the Doppler broadening caused by the
thermal motions of the scattering medium. In the calculations below we will use a
single long pulse of 500 gs length. To mateh this assumed 500 #s8 pulse, we need a
filter width of 1/50028 = 2 kHz. The spectral broadening caused by the lonosphere is
about four times the Doppler shift caused by an ion approaching the radar at mean
thermal speed (Evans, 1969)

B = 4Af1 = (4f/c) (8kT/m /2 (3)

where f is the radar operating frequency and T and m are the temperature and mass_gf
"the lon., For the predominant O +ion of the F reglon at T = 1000 K, B=2.72 x 10

f. When we computle equation (3) for the various operating 1.S. radars, we find that
the ionospheric spectral broadening is larger than the waveform spectral broadening
for all radars except the MU and the Jicamarca radars.

We may then express S/N as

29 2

S/N = Ps/pn = 3.80 x 10 ( Pt LTANGO®)/ (B ‘l'sys R® ) (D

For our comparison of the MU radar with the olher routinely operating 1.S.
ra?grs,awe will make calculations of S/N for the case of an electron density N of
10 m at a range R of 300 km altitude using a pulse length T of 500 us, a loss
factor L of 0.75 (applicable to the MU radar), and a temperature ratio T_ of unity.
For this case our S/N formula reduces to S/N = 0.0790 P, A/ B T . Table 2 lists
the pertinent parameters for each facility and the S/N éompuled $8nm equation (4).
Millstone Hill and EISCAT have multiple listings owing to the multiple antennas at
these facilities.

On a relative S/N basis, we can see from this table that the MU radar is much

less sensitive than existing 1.S. radars, being comparable only with the small
Millstone antenna, which is not used for routine ionospheric observations because of
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the presence of much more sensitive systems at that facility.

TABLE 2. Comparison of the MU Radar with other Existing [.S. Radars

1.S. Facility Freq. Ps (MW) A Teys B S/N

e tunz)  (pedk/ave.) (M) (k) __(kMz)_________
Jicamarca 49.9 6.0 / 0.4 84100 10000 2 2000
Arecibo 430 2.0/ 0.1 70700 150 11.6 6500
Millstone Hill A 440 2.5 / 0.125 3530 150 12.0 390
Millstone Hill B 440 2.5 / 0.125 1640 150  12.0 180
Mitllstone Hill C 1295 2.5 / 0.125 515 150 35.2 20
Sondrestrom 1295 5.0 / 0.12 1640 150 35.2 130
Saint Santin 935 0.15%/ 0.15 8000 150 25.4 500
EISCAT A 933 6.0 / 0.5 804 150 25.4 100
EISCAT B 224 5.0 / 0.6 4800 150 6.0 2100
MU 46.5 1.0 / 0.05 8330 10000 2 33

s - = ————— - " Y P S W - - - S W 4 S Gm A8 B B m e e e -

®* - Our radar equation applies to a pulsed radar. To compare with
the CW system at Saint Santin we have simply used equation (1)
with P, = 20 x average power = 3 MV,

Note: Some values in Lthis table are estimates.

- — - - - - - V" " - - - - S TS W WS LA e m e -

On an absolute S/N basis, however, Table 2 shows that all of the listed
facilities are highly capable of making an incoherent scatter measurement for the
assumed ionospheric conditions. The uncertainty in an incoherent scatter power
measurement, after noise subtraction and integration over K transmitter sweeps is

AP/P)2 = 17K <1 + (N/$)%) + (/$)2> (5)

from which we can see that the pover uncertainty does not improve greatly as S/N
increases above unity but then depends largely on the number of independent samples
(radar sweeps) averaged. In this sense, all of the radars listed in Table 2 are
equally capable of making the designated ionospheric backscattered power
measurement.

The long-pulse power measurement considered above is useful for monitoring the
large-scale spatial structure of the ionospheric density behavior. To obtain the
very important dynamical information {(drift velocity, temperature, collision
frequency, and additional deduced quantities), however, we must make spectral
measurements of the backscattered signal. Such a spectral measurement requires the
transmission of a waveform at least as long as the correlation time of the probed
medium and is most efficiently implemented by a multi-pulse experiment (Farley,
1972). A 5-pulse experiment with 100-#s sub-pulses (recall from Table 1 that the
total transmission time for each radar sweep is limited to 512 z#s on the MU radar)
will yield 10 lag positions to provide adequate definition of the spectrum. This
reduction by a factor of 5 in the sub-pulse length requires that we increase the
bandwidth of our receiver by a factor of 5, and we can see from equation (4) that the
combined effect of a reduced T and an increased B results in a decrease in S/N by a
factor of 25. This reduces our S/N for the ionospheric case examined above (Table 2)
to about 1.3. An additional deteriorating factor incurred Iin multi-pulse
transmissions Is that of "self-noise”, owing to the fact that each receiver sample
contains scattered returns from each transmitted pulse (coming from different
altitudes). In our case, this would further reduce our S/N to about 0.2. This value
of 0.2 is adequate for such spectral measurements but applies only for our assumed
ionospheric condition of a rather high electron density. 1In practice we find that
the MU radar signal strength for multjpulse spectral measurements is often reduced to
a few percent even at the F region peak, and long integration times are hence
required to extract geophysically useful spectral information.

MU RADAR 1.S. EXPERIMENTS

Several types of 1.S. experiments have been implemented on the MU radar
according to the type of ionospheric parameter desired to observe. Because low S/N
is the main limitation In these experiments we have generally used long pulses or
pulse tralns to make effective use of the 5% duty cycle capability of the
transmitter, sacrificing fine-scale resolution for improved signal strength. 1In some
cases finer height resolution has been regained through the use of pulse
compression. The experiments nominally use four beam positions (magnetic north,
east, south, and west at 20 degrees zenith angle) to allow reconstruction of vector
velocities.

A 7-bit Barker code with a 64-2s sub-pulse has usually been used for power
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profile measurements. This ylelds electron density measurements in the E and F
regions. Multipulse transmisstons have been used for spectral measurements to
measure F region thermal and drift motions. These have included 2-, 3-, 4-, and 5-
pulse measurements, yleldlng, respectively, 1, 3, 6, and 10 lags on the
autocorrelation function (acf) of the scattered signal. The 2-pulse experiment,
measuring only one lag on the acf, is essentially a Doppler drift measurement,
allowing the ionospheric drift velocity to be obtained. The 3-, 4-, and 5-pulse
waveforms yield the additional spectral information required for temperature
determination. The number of lags calculated and the lag spacing determine the
spectral resolution, and hence the quality, of the temperature determination.

An intrinsic timing difficulty occurs at the retatively low operating frequency
of the MU (and the Jicamarca) radar. The incoherent scatter correlation times are
relatively long, being between 1 and 2 ms in the F region. If we transmit a pulse
waveform of this length to define the acf, we find that the first receiver sample
possible after transmission comes from an altitude well into the F region. This
timing difficulty means, of course, that the E region is completely unobservable by
any experiment in which an entire pulse waveform must be transmitted before receiver
samples are collected. The alternate technique of transmitting an evenly spaced
train of pulses and collecting receiver samples between transmissions results in
ruinous range aljasing owing to contamination of the wanted E region signals by F
region signals from previously transmitted pulses. These intrinsic difficulties in
designing an incoherent scatter experiment at the MU radar operating frequency has
precluded our observation of the E region temperature or drifts.

SAMPLE MU RADAR I1.S. RESULTS

In this section we show several examples of results obtained with the
experimental procedures discussed above. We will show here the post-integrated 4-
minute power data and 45-minute spectral data. Figure 1 shows a typical power
profile contour plot. The power data are interpreted in terms of electron density by
normalizing the profile at the F layer peak to the peak density measured by an on-
site ionosonde. Figure 2 gives several curves of electron and ion temperature at
different altitudes versus time during another experiment. Figure 3 gives results
from a 2-pulse experiment, showing the velocity components parallel and northward
perpendicular to the magnetic field direction, computed from the four line-of-sight
velocities measured during the experiment. The quality of the results shown in
Figures 1-3 are very typical of electron density results obtained at a few minutes
time resolution and spectral results obtained with one-hour time resolution with the
MU radar. Some of the interesting geophysical features of Figures 1-3 are discussed
below.

SOME GEOPHYSICALLY INTERESTING RESULTS

In this section we wish to present some selected MU radar 1.S. observations
showing interesting geophysical phenomena and speculate on their geophysical causes.

1) 6-10 February 1986 geomagnetic storm

Table 3 lists the Kp and Ap geomagnetic Indices observed during the 6-10
February 1986 geomagnetic storm period.

TABLE 3. Geomagnetic Parameters for the 6-10 February 1986 Storm

Kp Three-Hourly Indices Ap

Day 1 2 3 4 S 6 7 8
6 0+ 0+ 1 1 3+ 3+ 3~ 4 11
7 3 4- 3+ 6- 6~ 8- 7- 8- 82
8 7 7 7+ 7- 8 8- 9 9- 202
9 9- 8- 5+ §- 5 6+ 5+ 4 100
10 3+ 2 1 2 1 2-3 3+ 10

MU radar operation commenced at 1314 UT (2214 LT) on February 6 and terminated
at 0053 UT (0953 LT) on February 8. Thus, operations commenced near the time of the
Kp index jump from low levels of 0+ to 1 to moderate levels of 3- to 4 for the next
seven 3-hour periods. The radar was in operation through the sudden lncrease in Kp
from 3+ (6-9 UT) to 6- (9-12 UT) on February 7 and during the large Kp values of 8-
occurring later on that UT day (the following morning LT), but terminated operation
prior to the occurrence of the peak Kp values of 9 reached the next morning.

The MU radar conducted a power profile experiment during this period, using a 7-
bit Barker-coded pulse with a 64-gs sub-pulsc length (9.6-km range spatial
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resolution). A four-position (geographic north, east, south, and west at 20 degree
zenith angle) experiment was used. Figure 1! shows the contour plot of electron
density versus altitude and time as observed during this period. The four beams have
been added for this display. Data were recorded every 12.5 seconds during this
experiment, and we show the results post-integrated to 4 minutes resolution.

Several interesting features are observed In these data. First, the density
structure seems normal and well-behaved throughout most of the first 24 hours of the
experiment, except possibly for an anomalous rise in the layer peak height around
sunrise. The effects of the early low to moderate geomagnetic activily appeared to
have had little effect on the ionosphere above the MU radar. Around 10 UT (19 LT) on
February 7, coinciding well with the sharp increase in geomagnetic activity from 3+
to 6-, however, we observe the beginning of fluctuations in F layer density and peak
height that continued all night and led, during the following daytime, to ionospheric
behavior much different than observed the previous day. Here we see from about 19 to
03 LT perhaps five cycles in the density structure with a period of about 100
minutes. Since this allernate increasce and decrease of electron density occurred at
night, when sources of new ionizatlon production were most probably absent at this
fairly low latitude station, we speculate that the cause of this phenomena must
represent a transport of ionization from other regions, either as a lateral motion of
an ionosphere having a substantial latitudinal gradient or as a flux of ionization
coming into the top of the ionosphere. Evidence of a latitudinal gradient in
electron density is available from ionosonde measurements of the F region peak
density at various latitudes in Japan, clearly indicating a much high density to the
south of the MU radar (not shown in this brief report). Because of this evidence of
very high densities to the south of the MU radar, we speculate that this region was
the source of the increased ionization observed by the MU radar.

The results discussed thus far have been on the basis of the four combined radar
beam pointing positions. We wish now to examine the differences in density behavior
observed in these four beams. While the absolute density levels of these four
observations were very similar, we observed important time lags between them. Figure
4 shows the correlation between the north and south beam observations for several
altitudes for the time period from 1911 LT on February 7 to 0302 LT on February 9.

We will pay attention here to the altitudes of greatest signal strength, near 300 km,
as the poorer statistical quality encountered at other altitudes substantially
degrades their correlation results. We note that the correlation curve is very well-
behaved and exhibits two peaks, one at 500 seconds and the other at 108 minutes lag.
The 500-second period represents the lag between the observed behaviors in the two
beams, and thus concerns the phase speed at which the wave is propagating in the
north-south direction. The 100-minute difference between the two peaks represents
the period of the large-scale periodic structure seen in Figure 1. We have performed
a similar analysis with the east-west beam pair, finding correlation lag peaks at 170
seconds and 103 minutes. From these we calculate (1) a direction of travel & of
tan(d) = 170/500, or & = 18.8 degiees wesﬁ of soyth. (2) a correlation lag T along
the direction of propagation of T® = (500 + 170%) s, or T = 6528 s, (3) a wave speed
of 218.4 Km / 528 seconds = 414 m/s (the diagonal beams are 218.4 km apart at 300 km
altitude), and (4) a horlizontal wavelength 2 of (414 m/s)/100 minutes = 2480 km. We
have also crosscorreliated the densities at different altitudes obtaining a vertical
wavelength of 488 km.

After the periodic wave-like motion seen in the 19-03 LT time period of February
7-8, we observed some even larger excursions in F layer peak height until about 07 LT
on February 8. This was followed during the cnsuing daylight morning period by the
development of very large peak electron densities and a fow and decreasing peak
height until observations terminated at 0953 LT. The simul taneous density increase
and layer peak height decrease observed at Shigaraki forms an interesting geophysical
problem. Normally, when a neutral wind or electric field forces the F layer downward
in a daytime equilibrium ionosphere, the pcak density decreases owing to the
increased rate of chemical loss. We Lhus believe that the observed morning density
increase must have been supplied by an external flux (we ignore the possiblility of
energetic particle ionization at this low latitude) and suggest again that this was a
flux of equatorial plasma mapped northward by the equatorial fountain (the Dst index
was at a high magnitude of about -100 nT and the Kp index was near 7 or 8 during this
period). The very high electron densities seen from ionograms above Okinawa and
Yamagawa (not shown) are consistenl with this effect. This flux of thermal plasma
would not serve to lower the F layer pcak height, but we suggest that the layer
lovering may have been the result of the northward plasma flow downward along the
field line, aided by a northward wind dragged into motion by this plasma flow,.

2) F Region dynamo observations

We often observe the ionospheric plasma to drift largely horizontally over the
MU radar during nighttime. In these cases, the vertical projections of the drift



components parallel and perpendicular to the magnetic field are not necessarily small
but are observed to cancel each other. We suggest that this is a self-cancelling
reaction generated within the upper-atmosphere/ionosphere system by the drag forces
occurring when the ionized and neutral gases attempt to move through each other.
Rishbeth and Garriott (1969, and references cited therein) explain how the drag
action of a plasma, set into motion by an electric field, will force a neutral wind
motion which, in steady state, will then force the plasma along the magnetic field
line so as to cancel the vertical motion of the plasma originally forced by the
eleclric field. Analogously, Rishbeth (1971) explains how the drag action of a
neutral wind upon a plasma will generate a polarizalion electric field which, in
turn, will then force the plasma perpendicular to the magnetic field lines so as to
cancel the vertical motion of the plasma forced by the neutral wind. This latter
case has been termed the "F region dynamo" and operates only when there is no means
of discharging lhe eleclric field, such as at night when the E region conductivily is
small. The means of distinguishing between these two effects lies in their time
constants. The time constant is inversely proportional to the collision frequency of
the gas being forced into motion, or equivalently, to the number density of the gas
doing the forcing. Baron and Wand (1983) have shown that the time constant for the
in?a lgssct the neutrals into motion is about 38 T}““EES for an ion concentration of
10 m but 6.25 hours for a concentration of 10 m “. Because the neutral
concentration is several orders of magnitude larger than the ion concentration, the
time constant for the neutrals to set the ions into motion is on the order of
seconds. It is our observation of essentially instantaneous correlation between the
parallel and perpendicular components of the ion motion that lead us to support the F
region dynamo process as the cause of the horizontal plasma flow over the MU radar at
night.

Figure 3 shows the F region plasma flow measured by the MU radar during the
nighttime of 2-3 December 1986. Here we see an extremely high and almost
instantaneous correlation between the parallel and north-south perpendicular drift
components (the components capable of forcing vertical drifts) and a resulting
vertical drift of essentially zero.
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Figure 1. The electron density measured above the MU radar during the 6-10 February
1986 geomagnetic storm period.
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Figure 2. The electron and ion temperatures measured above the MU radar during 5-6
November 1986.
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Figure 3. The parallel and northward perpendicular ionospheric drift veloclties
measured at 252 km altitude above the MU radar during 2~3 December 1986.
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Figure 4. The cross-~corrclation of the electron densities observed in the north and
south beams by the MU radar during the 6-10 February 1986 geomagnetic storm period.
The time lag is given in units of 255 seconds.
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Interpretation of the Structure of Mesospheric Turbulence Layers
in terms of Inertia Gravity Waves

Mamoru Yamamoto, Toshitaka Tsuda, Toru Sato, Shoichiro Fukao and Susumu Kato
(Radio Atmospheric Science Center, Kyoto University)

Abstract

MU radar observations with good time-height resolution
have found that inertia gravity waves play an impor-
tant role in producing turbulence layers in the meso-
sphere. When the Richardson number modified by the
inertia gravity wave was larger than 1, the inertia gravity
wave confined the altitude region with relatively small
Richardson number, where smaller scale perturbations
superposed on the wave seemed to make the Richardson
number smaller than the critical values for instabilitics,
and produce turbulence. Scattering layers showed a de-
scending motion at a vertical phase velocity of a mono-
chromatic ‘inertia gravity wave, and appeared at the al-
titude of the minimum Richardson number modified by
the wave. A mixture of several layers with different de-
scending motions was observed when wind fields con-
sist of several gravity waves with different vertical wave-
lengths and phase velocities. On the other hand, when
the Richardson number modified by the inertia gravity
wave became as small as 0, the wave itsell seemed to
be dissipated through instabilities, and produce thicker
turbulence layer than that in other cases. The radial
wind velocities showed large fluctuations with a period
of 9 min, which showed a phase reversal near the alti-
tude of minimum Richardson number. The fluctuation
seemed to be attributed to the shear or convective insta-
bilities induced by the saturated inertia gravity wave.

1 Introduction

MST radar observations performed at VHF have re-
vealed that mesospheric turbulence regions are dis-
tributed discontinuously in time and space [Harper and
Woodman, 1977; Czechowsky et al., 1979]. By the
SOUSY radar observations with height resolution of 150
m, various structures of turbulence regions have been
classified into blobs, sheets and layers [Rottger et al.,
1979] although the mechanisms to produce the different
structures is not explained. Also, it is observed that the
height intervals of the scattering layers are associated
with the half of the vertical wavelength of the wave-
like structure in the wind field, and the maximum echo
power appears around the altitude of the maximum ver-
tical wind shear [Riister, 1984; Riister and Klostermeyer,
1985]. Observations in the mesosphere [Manson et al.,
1979; Vincent and stubbs, 1977; Vincent, 1984] have

shown that gravity waves are dissipated through dynam-
ical or convective instabilities [Fritts, 1984; Fritts and
Rastogi, 1985). It is theoretically expected that gravity
waves in the upper mesosphere are saturated, and pro-
duce turbulence. In this paper, we have investigated a
relation between gravity waves and scattering layers by
using the MU radar.

2 MU radar observations

The MU radar (35°N, 136°E) completed in 1984 is de-
scribed in detail by Kato et al. [1984] and Fukao ef al.
[1985a, b]. We have observed the mesosphere in two ob-
servational periods on the 8 February 1935 and on the
13 and 14 February 1986. Fundamental observation pa-
rameters are listed in Table 1. The major differences
between the two observations are range resolution and
number of beam directions. The range resolution was
300 m in the first observation, while it was 600 m with
300 m oversampling in the second observation. We have
observed only four oblique directions at a zenith angle of
10° in the first observation, and vertical and four oblique
directions in the second observation. Echo power, radial
wind velocity and spectral width are determined by a
least square fitting of Doppler spectra. Horizontal wind
velocities are calculated from a pair of radial wind ve-
locity measurements in the opposite beam directions.

3 Results

From MU radar observations of the mesosphere, we have
frequently found evidence of inertia gravity waves with
periods around 10 hr and vertical wavelengths ranging
from 4 to 20 km. Inertia gravity waves significantly
modify the Richardson number profile through modifica-
tions of both wind shear and temperature profiles {Fritts
and Rastogi, 1985; Tsuda et al., 1985]. We have stud-
ird relations between structure of scattering layers and
Richardson number profiles modified by inertia gravity
waves. In the calculation of the Richardson number pro-
file, we have assumed the wind fields as a superposition
of inertia gravity waves on a linear background shear.
Perturbation of potential temperature due to gravity
waves is estimated by using the linear polarization equa-
tion of gravity waves between wind velocity and tem-
perature variation [Fritts and Rastogi, 1985). We have
adopted the CIRA 1972 model as a background potential
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Observation period 3 February 1935 13,14 February 1936

Observation range 60-93.1 km 60-98.1 km
Beam directions Northward (0=10°) Vertical
(6: Zenith angle) Eastward (6=10°) Northward (0=10°)

Southward (0=10°) Eastward (6=10°)
Westward (0=10°) Southward (0=10°)
) Westward (6=10°)

Range resolution 300 m 600 m
(sampled every 300 m)

Time resolution 120 s 150 s

Inter pulse period 730 us 730 ps

Pulse compression 16 bit complementary 38 bit complementary

Coherent integration 30 times 20 times

Incoherent integration 10 times 6 times

Table 1: Observation parameters with the MU radar
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Figure 1: Wind profiles (top) and echo power contour (bottom) observed on 13 February 1986. Dots in the top panel show
eastward wind profiles each of which is a 2-hr average determined every 1 hr. Dashed lines show a vertical linear trend of the
wind profile averaged over the whole observation period. Thick curves denote wind profiles after low-pass filtering with a cutoff
wavelength of 6 km. A chained line indicates a phase line connecting points where filtered wind profile go across the linear trend.

Two pairs of arrows in the bottom panel correspond to the phase lines with vertical spacing of half of the wavelength of the
inertia gravity wave,
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temperature profile.

3.1 A monochromatic gravity wave
with Richardson number > 1

Figure 1 shows eastward wind profiles determined in
every 2 hr at each altitude accompanied with a back-
ground linear trend averaged over 8-16 LT and smoothed
wind profiles obtained by removing fluctuations with
wavelengths smaller than 6 km by a low-pass filter. A
wave-like structure with a vertical wavelength of approx-
imately 18 km is recognized in the filtered wind pro-
file, which suggests a manifestation of an inertia gravity
wave. A phase line, which is determined by connect-
ing points where the profiles go across the linear trend
wind, clearly shows a downward progression of phase.
The vertical phase velocity is estimated as 0.6 km/hr.
Figure 1 also shows that intense scattering layers at the
70-75 km altitudes distribute discretely in height with
thickness of a few kilometers, and propagate downward.
The upper pair of arrows in the echo power contour at
72-77 km altitudes indicates locations of the phase line
drawn in the wind profiles. The lower pair of arrows
are shifted downward by half of the vertical wavelength
of the gravity wave. The progression of the structure of
the scattering layers at 70-75 km is almost parallel to the
the downward propagation of the wind fields. The other
intense scattering layer at 63-68 km centered at noon
appears around the phase line indicated by the lower
pair of the arrows, but does not show clear downward
motion.
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Figure 2: A polar plot of the wind fields observed in 12-14 LT
on 13 February 1986. Cross symbols show determinations of
wind vectors at each altitude. Vertical linear trend of the
wind profile is extracted. The smoothed curve is obtained by
using the low-pass filter with a cutoff wavelength of 6 km. The
open and solid triangles on the solid line indicate the lowest
(60.2 km) and highest altitudes (77.5 km). Circular symbols
are plotted at 65, 70 and 75 km.

In order to investigate the polarization of the wave,
a wind velocity vector is calculated by averaging the
eastward and northward components during 12-14 LT.
Figure 2 shows a hodograph of the wind vector after
subtracting the vertical linear trend of the wind. The
tip of the wind vector moves clockwise with increasing
height. By removing components with vertical wave-
length smaller than 6 km, the wind vector shows an
elliptical rotation, although contaminations by smaller
scale fluctuations are still recognized. This shows that
the wave is an inertia gravity wave propagating upward
[Gossard and Hooke, 1975). From the ratio between the
long and short axes of the ellipse, the intrinsic period of
the wave is estimated to be 9.7 hr. The direction of the
long axis shows that the wave propagates horizontally
either to the north-west or the south-east. In order to
calculate the Richardson number modified by the gravity
wave, we need to determine the propagation direction.
According to the polarization equation of gravity waves,
the vertical wind component is almost in-phase with the
horizontal component along the propagating direction
[Gossard and Hooke, 1975). Unfortunately, the vertical
wind velocity in 12-14 LT was not systematic enough to
determine the profile. However, the sign of the vertical
wind velocities obtained before and after the wind vec-
tor determination have suggested that the gravity wave
may have propagated to the north-west.

By using the characteristics of the inertia gravity
wave in 12-14 LT listed in Table 2, a corresponding
Richardson number profile is calculated as shown in
Fig. 3. It has minimum values of 3.2 and 1.8 at 67 and
73 km altitudes, respectively. Note that the altitudes
of the minimum Richardson number do not necessar-
ily agree with those of the maximum wind shear, be-
cause the Richardson number profile is also affected by
the temperature gradient which has a phase shift to the
wind shear profile [Fritts and Rastogi, 1985; Tsuda et al.,
19385]. Enhancements in the echo power profile detected
at 67 and 73 km altitudes coincide with the minima of
the Richardson number profile. Also, the minimum of
the echo power profile at 69 km corresponds to the al-
titude of the local maximum of the Richardson number.
A vertical profile of spectral width has peaks at around
65 and 75 km, and a broad minimum of about 0.5 ms-!
at around 70 km.

As shown in Fig. 3 (a), the wind profile averaged over
2 hr is well described by the model wind field which is a
superposition of the monochromatic inertia gravity wave
on the vertical linear trend. The amplitude of the wave
does not seem to increase with altitude. This implies
that the wave is saturated. However, the minimum value
of the Richardson number associated with the wave and
mean flow is not small enough to excite either convec-
tive or shear instabilities [Fritts and Rastogi, 1985). It
is likely that the inertia gravity wave produces regions
with relatively simall Richardson number, where it may
become smaller than the critical values due to the possi-
ble superposition of smaller scale fluctuations, and thus
turbulence layers are easily produced.
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Observation period

13 February 1936

14 February 1936

8 February 1985

Inertia gravity waves 1 181
Intrinsic period (hr) 9.7 8.9 9.0 8.0
Vertical wavelength (km) 17.60 12.50 3.0 5.6
Propagating direction 58° west from  53° west from westward  7° east from
the north the north the north
Amplitude® (ms-1) 30.00 29.40 6.0 19.00
Mean background wind
Northward wind
shear (ms-'km-!) 0.9 2.2 3.7
velocity (ms=!) at 70 km —16.000 —3.00 —14.000
Eastward wind
shear (ms~'km~!) 33 0.4 4.4
velocity (ms~?) at 70 km 1.0 25.00 13.00
* Maximum wind velocity a]ong the long-axis of the ellipse
Table 2: Parameters for the Richardson number calculations.
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F:gum 3: Vertical profiles of (a) wind fields, (b) wind shear, (c) Richardson number, (d) echo power and (e) spectral width observed
in 12-14 LT on 13 February 1986. Dots and cross symbols in (a) correspond to northward and eastward wind components averaged
over 2 hr, respectively. Solid and dashed lines in (a) shows northward and eastward components of the model wind which is
obtained by assuming the linear trend and the inertia gravity wave listed in Table 2, respectively. Dots in (b) correspond to
intensity of vector shear of the observed wind velocities shown in (a), and a solid line to that of the model wind. The Richardson
number profile is obtained by using the model wind.
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Figure 4: The same as Fig. 1. except for the observations on 14 February 1986. Two kinds of phase lines with downward phase
velocities of 0.8 and 0.4 km/hr are indicated as chained and doubly-chained lines (top), and thick and thin arrows (bottom),

respectively.

3.2 Superposition of gravity waves with
Richardson number > 1

A similar observation to case 3.1 has been made on 14
February 1986. Wind fields shown in Fig. 4 indicate
an inertia gravity wave with a vertical wavelength and
downward phase velecity of 12.5 km and 0.8 km/hr, re-
spectively. A polar plot of the filtered wind fields is
shown in Fig. 5. The elliptical motion of the wind vec-
tor indicates that the inertia gravity wave has an intrin-
sic period of 8.9 hr, which is slightly shorter than the
inertia gravity wave detected on the previous day. The
propagation direction of the wave was determined as in
the case 3.1 and was in the north-west direction. This
suggests that we have observed the same inertia grav-
ity wave on two consecutive days. However, echo power
profiles, also plotted in Fig. 4, show a much more com-
plicated structure than in Fig. 1. Although the over-all
structure of intense scattering regions shows downward
progression, which seems to agree with the phase line of
the inertia gravity wave as indicated by the pair of thick
arrows in Fig. 4, the scattering region has fine structures
with various time-height scales.

In the 70-76 km region of the wind profile without
filtering, another wave-like variation is recognized. The
vertical wavelength and downward phase velocity of the
wave is approximately 3.0 km and 0.4 km/hr, respec-
tively. The phase line of this wave is also indicated by
the thin arrows in the echo power contour in Fig. 4.
Thin turbulence layers at 74 km around 10 LT and at
70-72 km in 13-14 LT seem to show a similar descending

motion to the phase line indicated by the thin arrows.
In Fig. 5, the wind vector without filtering shows a cor-
responding elliptical motion superposed on the rotation
due to the wave with larger wavelength. The intrinsic
period of the wave seems to be approximately 9 hr. Con-
sidering the vertical component of the wind, this wave

40

20

=20

Northward Component (ms™)
o

-4 0 1 ] ] 1 1 ]
-40 -20 0 20 40
Eastward Component (ms™")

Figure 5: The same as Fig. 2. except for the observations in
10-11 LT on 14 February 1986. The open and solid triangles
on the solid line indicates the lowest (67.6 k) and highest
altitudes (80.6 km). Circular symbols are plotted at 70, 75
and 80 km.
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Figuré 6: The same as Fig. 3 except for the observations in 10-11 LT on 14 February 1986.

seems to propagate westward.

Figure 6 shows the filtered wind profile determined
during 10-11 LT and a Richardson number profile cal-
culated by assuming wind fields as a superposition of a
linear trend and two gravity waves (I) and (II). As sum-
marized in Table 2, we have assumed an inertia grav-
ity wave (I) with wavelength of 12.5 km in the whole
altitude range. Another gravity wave (II) with wave-
length of 3.0 km is superposed within 69-77 km alti-
tudes in order to approximate fine structure of the wind
fields; the amplitude is set to 6 ms~! between 72 and
74 km, and linearly tapered off to 0 ms~! at the 77 and
69 km altitudes. The Richardson number profile has
two broad minima of approximately 1.0 in the altitude
regions above 75 km and below 71 km, which generally
agree with intense peaks of the echo power profile and
spectral width. These minima of Richardson number at
around 71 and 75 km are attributed to the superposition
of the two gravity wave with different wavelengths, and
can not be explained by assuming only the larger scale
inertia gravity wave. The Richardson number became
large at the 73-74 km altitudes where the echo power
becomes weak as can be recognized from Fig. 6.

Although the echo power profile shown in Fig. 6 is
complicated, its structure seems to be correlated with
the behavior of the gravity waves. It might be appropri-
ate to interpret the structures of the scattering regions
observed on 14 February 1936 as a superposition of many
layers each of which progressed downward following var-
ious motions of gravity waves. That is, a mechanism to
generate the scattering layer would be the same as that
in case 3.1, but superposition of various gravity waves
made the structure of scattering layers complicated.

3.3 A monochromatic gravity wave
with Richardson number < 1/4

Figure 7 shows the northward wind profiles and echo
power observed on 8 February 1935. Since the averaged
northward wind velocities determined every 1 hr increase
with time, a linear trend of the height profile of the wind
field averaged over the whole observation period, as was

used in cases 3.1 and 3.2, is not appropriate to repre-
sent the background trend of the wind fields. Therefore,
vertical linear trends in Fig. 7 are calculated every wind
profile. The wind fields contain a3 monochromatic inertia
gravity wave with a vertical wavelength and downward
phase velocity of 5.6 km and approximately 0.5 km/hr,
respectively. Note that no filtering was applied to the
wind profiles. An intrinsic period determined by the ac-
tual ratio of short and long axes of the elliptical rotation
of the inertia gravity wave is 8 hr.

Figure 7 also shows a thick scattering layer at the 69-
74 km altitudes, and another layer overlying the thick
layer. Although the inertia gravity wave shows clear
downward phase progression, the scattering layers do not
have a clear corresponding motion, which is not in agree-
ment with the behavior of the scattering layers in cases
3.1 and 3.2. Moreover, the thickness of the layers is much
larger than half of the wavelength of the inertia gravity
wave. Fine structures of the intense turbulence regions
centered at 72 km at 12 LT show rapid time-height vari-
ations.

The Richardson number profile is shown in Fig. 8,
where the wind velocities were well approximated by a
single inertia gravity wave. It is interesting that the
Richardson number due to the inertia gravity wave be-
comes smaller than 0 at 72 and 77.5 km altitudes where
the horizontal wind vector of the inertia gravity wave
becomes parallel to the horizontal propagation direction,
and has a maximum speed with minimum wind shear.
The inertia gravity wave itself seems to be dissipated,
because the Richardson number due to the inertia grav-
ity wave is smaller than the critical values for onsets of
shear and convective instabilities. The minimum of the
Richardson number at around 72 km coincides with an
enhancement of the echo power, while there is a differ-
ence in altitude by a few kilometers between the min-
imum of Richardson number and the peak of the echo
power in the upper altitude region.

Figure 9 shows radial wind velocities observed in the
southward direction at a zenith angle of 10°, where fluc-
tuations with periods ranging from 6 to 16 min are se-
lected by a band pass filter. It is clear that an intense
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Figure 7: The same as Fig. 1 except for the observations on 8 February 1985. Linear trends are determined using 2 hr of
observations. Solid lines in the top panel correspond to northward wind velocities without filtering. Smoothed wind profiles are
not shown,
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Figure 9: Fluctuations of radial wind velocities with periods ranging from 6 to 16 min in the southward direction at zenith angle
of 10° (left panel), and vertical profiles of amplitude (center panel) and phase (right panel) of the fluctuation with a period of
9 min detected in 12:58-13:21 LT. The bars on the amplitude and phase profiles show estimation errors. An arrow indicates the

altitude of the phase reversal determined from the phase profile.

intermittent oscillation with a period of approximately
9 min was observed in the altitude regions lower than
72 km and higher than 74 km. The phase profile which
is determined in 12:58-13:21 LT by assuming a sinu-
soidal oscillation with a period of 9 min indicates that
the phases are reversed at 72.7 km where the Richardson
number was almost at a minimum. Estimation errors
of both amplitude and phase are indicated by the bars
on the profiles, and relatively small. Phase values are
nearly constant in both regions upper and lower of the
altitude of the phase reversal. The amplitude profile
shows a minimum at around 73 km, and maxima at alti-
tudes of 75 and 69 km. Intense peaks of echo power and
spectral width at around 75 km shown in Fig. 8 seem
to agree with those recognized in the amplitude profile
in Fig. 9. In the troposphere, VanZandt et al. [1979]
and Klostermeyer and Riister [1980] have observed ra-
dial wind oscillations with periods of 4 to 8 min, and
phase jumps of approximately 180° and 100°, respec-
tively. Although the vertical scale and phase variation
of our mesospheric fluctuations are slightly larger than
those observed in the troposphere, the behavior seems to
be very similar. However, we cannot identify the nature
of the fluctuations because the wind field induced by the
inertia gravity wave does not produce a parallel strati-
fied shear flow, and instabilities in rotational shear flow
have not been studied theoretically. The radial wind
fluctuations seem to be due to shear or convective in-
stabilities with the largest vertical scale among those
observed as the echo power enhancement. Although an-
other possibility is that the fluctuation is induced by the
parametric instability, it seems to be beyond the scope
of these observations to determine the mechanism of the
fluctuation.
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Figure 10: Altitude variation of scattering layer and radial
wind velocities in the southward beam (bottom). A solid line
shows the altitude variation of the constant signal to noise
ratio (-3 dB) around 69.5 km shown in Fig. 7. A dashed
line corresponds to the variation of the radial wind velocities
at 70.6 km. Top panel shows cross-correlation coefficient be-
tween altitude variation and the radial velocities shown in the
bottom panel. Positive lag shows that the altitude variation
of the scattering layer lags relative to the radial velocities.

=107~



From the echo power contour in Fig. 7, it can be rec-
ognized that the lower edge of the turbulence layer at
around 70 km in 12-14 LT showed an oscillation with
a period similar to the wind fluctuation in Fig. 9. Fig-
ure 10 shows the variation of altitudes with a constant
signal to noise ratio of -3 dB, and radial wind velocity
due to small scale fluctuations at 70.6 km altitude. A
cross-correlation between these fluctuations shows that
the altitude fluctuation of the turbulence layer lags the
radial wind fluctuation by approximately 2 min. Be-
cause the period of the fluctuation is 9 min, the alti-
tude of the lower edge seems to lag approximately 90°
relative to the radial velocity. This seems to be a mod-
ulation of the turbulence layer due to the instabilities
observed in the radial wind field. Mesospheric observa-
tions of the SOUSY radar have shown echo power bursts
associated with the vertical wind fluctuations [Riister,
1934; Riister and Klostermeyer, 1985; Klostermeyer and
Riister, 1984]. However, we can not find clear evidence
for turbulence generated by these wind fluctuations.

4 Concluding Remarks

We have studied behavior of inertia gravity waves in the
upper mesosphere by the MU radar observations with a
height resolution of 300-600 m. Time-height variation
of the scattering layers are also monitored with a time
resolution of 2-2.5 min. The amplitudes of the inertia
gravity waves did not seem to increase with height, which
implies that the waves are saturated and lose their en-
ergy. It is found that the scattering layers are detected
at the altitudes of small Richardson number modified
by the inertia gravity waves. When the amplitude of
the inertia gravity wave is relatively small, that is the
minimum Richardson number associated with the wave
is larger than 1, the wave generates a narrow altitude
region with smaller Richardson number relative to those
in the surrounding altitudes. Smaller scale gravity waves
superposed on the inertia gravity wave give further mod-
ifications of the Richardson number, and generate turbu.
lence regions by dissipating themselves through shear or
convective instabilities. Cases 3.1 and 3.2 correspond to
the condition described above. When a monochromatic
inertia gravity wave is dominant in the wind fields, scat-
tering regions in case 3.1 look like layers in the classifi-
cation of turbulence structures by Réttger et al. [1979).
In case 3.2, we have shown a superposition of scattering
layers attributed to various gravity waves, which would
be observed as a single thick region if they were observed
by an MST radar with height resolution poorer than that
used in this study. Differences in structures of the scat-
tering layers in cases 3.1 and 3.2 seem to be attributed
to characteristics of the wind fields determined by the
gravity waves.

On the other hand, the Richardson number induced
by the inertia gravity waves sometimes becomes smaller
than the critical values for instabilities. The case 3.3
corresponded to this condition. We have found that the

minimum Richardson number due to the inertia grav-
ity wave was slightly negative, and the turbulence echo
power showed a peak at the altitude of the minimum.
This implies that the gravity wave is saturated and gen-
erates turbulence through instabilities. In the radial
wind velocities, we have found fluctuations with a pe-
riod of 9 min, which show a rapid phase reversal near
the minimum Richardson number. Although the fluctua-
tions were very similar to the Kelvin-Helmholtz instabil-
ities observed in the troposphere, it is possible that they
were induced by the convective or parametric instability.
It should be noted that we have not observed the phase
reversal in the radial wind fluctuations in cases 3.1 and
3.2, and the amplitudes of the fluctuations are less than
that in this case. Considering the vertical wavelength
of the wave, the scattering region of this case is much
thicker than those which are confined in the altitudes
with the relatively small Richardson number as shown
in other cases. Also, we have recognized fine structures
in the scattering region in Fig. 7. The intense patchy
structures could be interpreted as blobs in the Rottger’s
classification [Rottger et al., 1979).

From these observations, we have found clear evidence
that the structures of the mesospheric scattering layers
are related to the activity of the inertia gravity waves.
Especially, the vertical thickness of the scattering region
seems to be associated with the spatial or time scale of
the wave which is actually dissipated into turbulence:
This study have shown that inertia gravity waves prop-
agating upward from lower atmosphere saturate in the
upper mesosphere, and play important role in depositing
their energy into turbulence through instabilities.
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Full-correlation analysis of turbulent scattering layers
in the mesosphere observed by the MU radar

Mamoru Yamamoto, Toshitaka Tsuda, Toru Sato, Shoichiro Fukao and Susumu Kato
(Radio Atmospheric Science Center, Kyoto University)

Abstract

We have applied a full-correlation analysis technique to
the echo power fluctuations obtained by the MU radar
(35°N, 136°E), and observed the horizontal structure of
the scattering pattern in the mesosphere as well as their
horizontal motions. The velocity of the moving scat-
tering pattern did not agree with the background wind
velocity, but rather was associated with the direction of
propagation of a saturated inertia gravity wave identified
in the wind field. We found that the length of the char-
acteristic ellipse of the scattering pattern was approxi-
mately 50 km and almost perpendicular to the propa-
gating direction of the wave. The correlation time of the
moving scattering pattern was approximately 700 sec,
which is much longer than the correlation time of the
turbulence itself. This implies that the observed scat-
tering pattern was associated with a region where the
inertia gravity wave generated turbulence.

1 Introduction

Theoretical works have revealed that gravity waves in
the mesosphere dissipate through instabilities and accel-
erate the mean wind by the deposition of its momen-
tum [Lindzen, 1981; Holton 1982). The acceleration of
the mean wind has been observed by using a partial re-
flection radar by calculating the convergence of the mo-
mentum flux due to gravity waves [Vincent and Reid,
1983; Reid and Vincent, 1987]. On the other hand, MST
radars detect returns from turbulence which is expected
to be generated by dissipating gravity waves in the mes.
osphere. Echo power observed by the MST radars is a
good index of intensity of turbulence, and can be utilized
to obtain turbulence structure constant C3 in the atmo-
sphere [VanZandt et al., 1978]. Evidence of the relation-
ship between turbulence layers and gravity waves was
shown by Yamamoto et al. [1987a], where they observed
that turbulence scattering layers in the mesosphere ap-
pear around the altitudes where gravity waves are most
unstable.

Horizontal motions of echo power bursts in the meso-
sphere were observed by Klostermeyer and Riister [1984)
by calculating the cross-correlation functions between
echo power observed in beams pointing in the differ-
ent directions, although they did not consider the ran-
dom changes of the scattering pattern in time. Full-
correlation analysis is a technique to observe the struc-

ture and motion of horizontal patterns by taking the spa-
tial correlation into account (Briggs, 1984]). This tech-
nique is utilized in the partial reflection radar observa-
tions in order to obtain horizontal wind velocities from
the fading patterns detected by three spatially separated
receivers.

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

A saturated gravity wave has been found by
Yamamoto et al. [1987b] in the mesosphere by the MU
radar observations on 8 February 1985. The gravity wave
produced a region of negative Richardson number and
large fluctuations in radial wind velocities, which im-
plied that the wave dissipates its energy through shear or
convective instabilities. In this paper, we will apply the
full-correlation analysis to this saturated gravity wave in
order to observe horizontal structures of the scattering
layers, and investigate the generation of turbulence by
the saturated gravity wave.

2 Full-correlation analysis

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

Figure 1 schematically shows the horizontal pattern of
the echo power that moves with velocity V. We assume
that the pattern of echo power f(z,y,t) is a function of
position (z,y) and time ¢, where z and y-axes correspond
to the eastward and northward directions, respectively.
The spatial and time scales of the horizontal pattern is
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MU RADAR

Figure 1: Beam assignment used in the MU radar observations
on 8 February 1985. together with a schematic diagram of
scattering pattern which moves horizontally with velocity V,
where z and y-axes correspond to the eastward and northward
direction, respectively. mesosphere.

described by the three dimensional correlation function

<fEyt)f(z+Ey+nt+r)>
3 (1)
<[f(z,v.0)P >
where <> denotes an average, 7 is the time lag and ¢
and n are spatial lags along the z and y axes, respec-
tively. The correlation function can be approximated by
a family of concentric ellipsoids with the center at the
origin [Briggs, 1984). We therefore write

plén,7) = p(AE +Bp? 4 Cr?
+ 2F¢n+ 2Gnr 4 2H¢n) (2)

where A, B,C,F,G and H are constants. Here, we as-
sume that the correlation function is described by an

p€,n, T) =

Observation period 8 February 19385

Observation range 60-98.1 km

Number of beams 4

Beam direction Northward (6=10°)

(@: Zenith angle) Eastward (#=10°)
Southward (8=10°)
Westward (0=10°)

Range resolution 300 m

Time resolution 120 sec

Inter pulse period 730 psec

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

Table 1: Observation parameters of the MU radar
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Figure 2: Cross-correlation functions between echo power ob-
served in (a) the southward and eastward, (b) the southward
and westward and (c) westward and eastward beams. Panel
(d) shows the average auto-correlation function of all the
beams. The solid line in each panel corresponds to p(€,1,7)
obtained by a least squares fitting method.

exponential function as follows

A€ n 1) = exp|—(A€®+ Bn®+Cr?
+2Fén+2Gnr + 2HEn)]  (3)

Because we observe echo power in the four beams, the
cross-correlation functions between echo power observed
in different beams can be described by p(£,n,7); e.g.,
the cross-correlation function between the echo power
observed in the northward beam (0, n) and the eastward
beam (o,0) corresponds to p(€s, =m0, 7). In order to
determine the parameters of Eq. (3), we have utilized
a least squares fitting technique to the cross-correlation
function between the echo power in the four beams.

An example of the cross-correlation functions is shown

*in Fig. 2, which corresponds to the scattering pattern

observed in 10-16 LT at 71.4 km. In this figure, we
chose three cross-correlation functions of the echo power
observed in the beams pointing the eastward, southward
and westward, although we used the cross-correlation
functions with all of the combinations among the four
beams in order to determine the parameters in Eq. (3).
The auto-correlation function used is an average of those
calculated in the four beams. The solid curves shows the
fitted correlation function. We cannot apply the fit to
the negative correlation coefficients because of Eq. (3),
but the fitted curves seem to be close to the observed
values for positive correlation coeflicients.
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Figure 3: Horizontal motion of scattering pattern observed at
10-16 LT in the altitude region of 69-72 km. An arrow shows
the averaged velocity.
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When we obtain the parameters, the horizontal veloc-
ity of the scattering echo pattern is calculated as a ‘tilt’
of one axis of the ellipsoids relative to the r-axis. The =
and y components of V are V, and V,, respectively, and
are given by

AV;+HV,=—F_ (4)
HV, + BV, = -G

[Briggs, 1984). The motion of the scattering pattern
shown in Fig. 2 has been estimated to be V; = 9.6 ms~!
and V, = 27.5 ms~!. In order to find a spatial scale for
the scattering pattern, the particular ellipse for which

= 0.5 may be defined as the ‘characteristic ellipse’,
which is described by

A€ 4+ Bn® + 2HEn = Crly (5)
where 705 is a time lag at which the auto-correlation

function is equal to 0.5, i.e. p(0,0,705) = 0.5 [Briggs,
1984).
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Figure 4: The characteristic ellipse of the scattering pattern
observed at 10-16 LT in the altitude region of 69-72 km.
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Figure 5;: The correlation time of the scattering pattern along
the horizontal motion obaerved at 10-16 LT in the altitude
region of 69-72 km.

3 Results and discussions

By using the data observed in 10-16 LT, we have cal-
culated the motion of the scattering pattern. Figure 3
shows the result obtained in 69-72 km. All of the data
are distributed in the region with positive ¥, and V,
and show that the fluctuation patterns in this altitude
range move toward the north-northeast. The average of
the horizontal velocities, which is shown by an arrow, is
V,=95ms"'and V, =242 ms™ ).

The characteristic ellipses of the scattering pattern are
shown in Fig. 4. The size and the direction of these el-
lipses are similar to each other. The long axis of these
ellipse seem to be lie in the east-west direction, which is
almost perpendicular to V. The length of the long and
short axes of the characteristic ellipse which show the
spatial scale of the scattering pattern are approximately
50 and 20 km, respectively. Because we can determine
the three dimensional correlation function for the scat-
tering patterns, we can obtain a correlation time of the
structure along the motion of the fluctuation pattern.
As shown in Fig. 5, they are approximately 700 sec at
all altitudes.

Figure 6 shows a wind velocity profile averaged over
11:30-12:30 LT. We can recognize a clear monachro-
matic wave-like structure superposed on the vertical lin-
ear trend of the wind profile. The vertical wavelength is
approximately 5.6 km. Figure 7 shows a hodograph of
the wind vector after subtracting the vertical linear trend
of the wind profile The tip of the wind vector moves
clockwise with increasing height throughout the whole
altitude range. The elliptic motion of the wind vector
implies that the wave-like structure is an inertia gravity
wave, and the energy of the gravity wave propagates up-
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Figure 6: The wind profile averaged between 12:30-13:30 LT
on 8 February 1985. Left and right panels correspond to the
northward and eastward components, respectively. Dashed
lines show the vertical linear trend of the wind profile.

ward. The intrinsic period of the wave is estimated to be
8 hrfrom the ratio between long and short axes of the el-
liptic motion in the hodogram. As shown by Yamamoto
et al. [1987b), the inertia gravity wave seems to propa-
gate horizontally toward the north along the long axis of
theellipse. Also, they found a negative Richardson num-
ber modified by the inertia gravity wave, which means
that the wave was saturated and dissipating its energy.

Because (V;,V,) is an average over 6 hr, we should
compare the motion of the scattering pattern with the
vertical trend of the wind profile shown in Fig. 6. The
vertical trend shows a wind toward the east or the south-
east around 70 km although the scattering pattern moves
to the north-northeast. However, the direction of the
motion of the fluctuation pattern seems to be well asso-
ciated with the horizontal propagation direction of the
inertia gravity wave. Because the inertia gravity wave
propagates northward at approximately 20 ms~!, the
wavefront of the wave moves toward the northeast in
the strong eastward wind.

For turbulence in the inertial subrange, the energy
dissipation rate per unit mass and time is

e =a %, (6)

where a is the Kolmogoroft’s constant of about 1.6, o
and ky are the width of the echo power spectrum and
the wavenumber associated with the largest vortex in the
turbulence layer, respectively [Lilly et al., 1974]. ko can
be approximated as k¢ = wp /o, where wp is the Brunt-
Vaisala frequency. Assuming the turbulence energy per
unit mass E ~ o2 and wp = 2 x 10~? gec, the lifetime of
the dissipating turbulence is estimated as

E 2
Tiard = "— = ;’; ~ IOO(SQC) (7)

8-FEB-1985 12:30-13:30
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-20
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Figure 7: A polar plot of the wind velocity shown in Fig. 6.
The vertical linear trend of the wind profile is subtracted.
The open and solid triangles on the solid line indicate the
lowest (68.8 km) and highest altitudes (76.5 km), respectively.
Circvlar symbols are plotted at 70, 72, 74 and 76 km.

This value is much smaller than the time scale of the
scattering pattern shown in Fig. 5.

Rottger and Ierkic [1985) have observed horizontal tra-
jectories of turbulence blobs in the mesosphere. The
motions were detected by using the interferometer tech-
nique within 3-4 km of the echoing region of the vertical
beam. The blobs showed the horizontal motions in the
same direction of the background wind determined by
the Doppler shift. It seems to be because the analy-
sis technique was equivalent to the spaced antenna drift
and Doppler shift measurements, and the interferometer
technique traced the motion of the isolated turbulence it-
self. In our analysis, on the other hand, the distance be-
tween echoing regions of eastward and northward beams
was approximately 17 km at altitude of 70 km. Consid-
ering the large correlation time of the scattering pattern,
the motion we observed is not the one of isolated turbu-
lence detectable within a transmitting beam, but the mo-
tion of the region where turbulence are being generated.
Another filtering effect may arise because we used the
echo power averaged in the echoing region, while Rottger
and lerkic [1985)] could detect the micro-structures inside
the beam.

Klostermeyer and Riister [1984] have observed the hor-
izontal motion of the scattering pattern by using a simple
correlation technique, and mentioned that the motion
was identical to the background wind velocity. Because
of their actual zenith angle of 6°, the distance between
vertica) and eastward beams was 8.4 km at the altitude
of 80 km. It is not sure if the motion of the isolated
turbulence was detectable with the grid of this size. It
is possible that the trace velocities represented the same
motion as that of our analysis. In our case, however,
we observed a inertia gravity wave with slightly nega-
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tive Richardson number in the wind field, and this wave
strongly produced turbulence through instabilities. It
seems to be possible that magnitude of gravity waves
in the background wind field could change the situation
whether the motion of the scattering pattern is parallel
to the background wind or not.

4 Concluding remarks

In this paper, we have shown a new technique to ob-
serve the horizontal motion of scattering layers by fully
utilizing the fast beam steerability of the MU radar. The
full-correlation analysis technique has allowed us to ob-
tain the horizontal scale and the correlation time of the
moving scattering layers as well as motions. The di-
rection of the horizontal motion of the scattering lay-
ers did not agree with that of the background wind ve-
locity, but was associated with the horizontal propaga-
tion direction of the inertia gravity wave observed in the
wind field. Because the gravity wave showed a negative
Richardson number, we inferred that the motion of the
scattering pattern we observed was that of the region
where turbulence was locally generated by the saturated
gravity wave. The multi-beam observations and the full-
correlation analysis seems to be a powerful tool to inves-
tigate the microscopic behavior of gravity waves in the
mesosphere. We should apply this technique to variety
of data with different gravity wave activities.
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Marked wavelike variations of Lhe lower stratospheric wind were observed
on 7-10 May 1985 by the MU radar (Fig. 1). The wind data were analvzed in
hodographs by assuming Lhat they are induced by monochromatic internal
inertio-gravity waves. These varialions are found Lo be mainly composed of two
modes (periods are 22 and 44 hours. respectively; see Fig. 2), beth of which
have zonal phasc velocities ( ¢x ) slower than the mean westerly wind { u ). A
statistical analysis of the zonal phase velocity shows Lhat cx< u above
and cx~ u below the tropopause jet streem. This is considered to be a
direct evidence of wave selection due to the tropospheric mean flow and
upward wave emission from the tropopause jeb. Delails will be published
aelsewhere.

FLUCTUATING COMPONENT OF MERIDIONAL WIND

7-10 MAY 1985 AVERAGE
1 1 1 1 'l 1 1 L. L 1 '} IS i A A
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Fig. 1 Time-alltitude cross-sections of meridional wind
variations relalive to Lhe mean wind averaged over Lhe whole
observational period shown on the righl hand side. Conltours are

drawn at 4 m/s inftervals.
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1. Introduction

An observation of the Baiu front as a subtropical stationary froat has
been made with the aid of the MU radar ( Fukao et al., 1985a,b ). Three
velocity componenls of air motion are obtained with time and height
resolutions of 100 s and 150 o, respectively, which are much superior lo
those of conventional instruments such as rawinsondes.

The present observalion was conducted over a two-day period on 28-30
June 1984. The observed varialions of wind field and echo intensity are
compared with routine observations of the Japan Meteorological Agency
( JYA ). Both detailed physical interpretation of the observed results and
discussion on their relationship to the Baiu front activation are beyond
the scope of the present paper.

2. Synoplic-scale meteorological features

The present observation is made from a fixed ground station and, in
general, the spatial scale cannot he specified from the observed temporal
varialion. However, in the foliowing Lthe temporal variations with time
scales larger than one day are called “synoptic-scale” , while those wilh
scales less than one day are called “mesoscale " for convenience. In this
section, some general features of Lhe synoptic-scale almospheric structure
which was observed during the observational period are discussed.

Figure 1 shows the lime-latitude cross-sections of the surface pressure
and the cloud distribution along Llhe 136° E meridian during the cntire
observational period. The surface pressure chart is transcribed from the JMA
12 b interval weather chart ( JMA. 19843 ), while the cloud distribution
chart is depicted in reference to the Geostationary Meteorological
Satellite ( GMS ) cloud nephanalyses ( JMA, 1984b ). As observed in the
surface pressure chart the Baiu frunt stayed in the south of Japan
throughout the observational period. A remarkable cloud systes with a
considerably high cloud top ( ~ 11l kn ) covered the radar site froa
approximately 1600 LST ( or LT ) ( local ( standard ) time) on 28 June
1984. 1t is observed in these diagrass that mesoscale cyclogenesis is
related te the developaent of the cloud systea as well as a northward
displacement of Lhe Baiu front. The cvclone center passed by the 136° E
weridian at 0300 LST.

Vertical cross-sections of equivalent potential temperature and
horizontal wind at 2100 LST ( 1200 GMT ) on 28 June 1984 are show in Fig.
2. They are produced from the routine rawinsonde data ( JMA, 1984¢ ). The
two cross-secections give approximalely latitude-altitude and
longitude-altitude cross-seclions that are nearly perpendicvlar and
parallel to the Baiu front, respectively.

Figure 2 illustrates some features well known to he typical of
subtropical front ( see Ninomiya, 1984, and references therein ). The Baiu
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front was located at 2-4 km altitude (~800-650 hPa level ) over the MU
radar, and rcached up to a tropopause folding. The subtropical jet strcan
existed belween the tropopause and the front at approximately 41° H. and
the loser-level jet was observed around 5 km in altitude over the radar
site.

J. Results of radar observations
a. Echo intensiy

Figure 3 shows a time-height cross-section of the echo intensity
caused by atmospheric refractive index fluctuations observed in the
northward beao direction. The echo returns are primarily confined to
altitudes below 12 ka, auch lower than the lropopauﬁe which is located at
approximately 16 ke ( Fig. 2 ). [n ihis altitude range the ccho power
decreases, on average, ecxponentially with altitude as shown in the right
panel of Fig. 3 ( Balsley and Gage, 1980 ). The intense ccho power Lhat is
persislently observed below 7-8 ko is characteristic of tropospheric
scattering. However, Lthe echo power varies quite differently during
1800-2200 LST on 28 June ; the intense echo power disappears during this
interval. Sioilar very weak echo in the same altitude range is also fouud
during 1600-2200 LST on 29 June.

-3
o

LATITUDE

MUR
¥

Fig.l Time-latitude cross-sections of cloud distribution
( upper diagram ) and surface pressure ( lower diagram ).

—145-



During 1500-1700 LST on 28 June, two stable echo layers are observed
to descend vith time at a speed on the order of 1 kah~! in the altitude
range of 7-10 ka. Since intense echo layers associated with the frontal
surface show a strong aspect sensitivity ( Wakasugi et al., 1985 ), a wuch
slronger echo would have been detected by a vertical beam observation. .The
layer structure disappears at about 1700 LST.

The surface rainfall rate as observed by JMA at their facility in
Kinose, 6.9 ko north of the MU radar sile, are also included in Fig. 3. The
period of largest rainfall rate, during 0300-0600 LST on 29 June, coincides
with that of a relatively intense radar echo. The origin of this enhanced
radar echo could be attributed Lo an increase of reflectivity fluctuations
due to the presence of gaseous water vapor ( Gossard, 1979; Fukao et
al.,1985¢c ).

(km)

ALTITUDE

0

lm: o @ |m
135 140

LATITUDE (°N) LONGITUDE (°E)

Fig.2 Vertical cross-sections of equivalent potential
teoperature ( K; solid lines ) and zonal wind velocity
( ms™'; broken lines ) at 2100 LST on 28 June 1984. Thick
solid lines above and below 10 km show the tropopause and ihe
frontal surface, respectively. Uoth are produced based on JMA
( 1984c ).
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bh. Hind velocily

Figure 4 shows approximately 45 min-averaged vertical profiles of the
Ihree velocily components of air mobLion relalive Lo the mean wind averaged
aver Lhe whole observational period ( ~ 48 h ) shown on the right hand
side. The mean horizontal wind is west-southwesterly ( ecast-northeastward
), while the upward motion is predominant most of the time. Compared with
Fig. 2, it is readily seen Lthat the radar deduced winds are consistent wilh
the rawinsonde winds at the ncarest JMA station.

ECHO POWER (15° OBLIQUE)

: . ) : 28-29 JUNE 1984 AVERAGE
144 - - . i i L i L 1 1

£

=

T

<]

]

z

v
18
E...
Fofr i I e e e N e R iy
a3 ! J Y I T

[H n o 6 12
LOCAL TIME (hr)
29-30 JUNE 1984 AVERAGE
il N s N N ) L . N L " . PP T

£ 2]

ol

T 10-

&

w8

x

-—-s—
Lz
3t
Zw
a5° T T T
=3 I T T

LOCAL TIME (hr)

Fig.d Time-heighlt cross-section of the echo intensity
observed in the northward beam direction in a two-day period
of 28-30 June 1984. The echo intensity is in an arbitrary
unit, and conlours are drawn al 7 dB intervals. Unshaded echo
regions show Lhe echo intensily of less Lhan -25 dB. The
height profiles of echo intensity averaged over tLhe
first-half and sccond-half periods are respectively shown on
the right hand side. Also, the surface rainfall rates as

observed by JMA in Kinose are included.
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Figure 5 denonslrates time-altitude cross-sections of airflow relalive
to the three-dimensional flow averaged over Lhe first 18 h period. The
horizontal relative wind vectors are shown in ( a ), while the
vertical-meridional wind vectors are illustrated in ( b ). The change of
the wind vector pattern is as follows: During 1200-1600 LST on 28 June a
southward or soulhwestward airflow with a fairly large downward velocity is
predominant Lhroughout the height range observed. Then, a relatively slrong
updraft is observed during 1630-1800 L.ST. The upward velocity in this
period is approximately 1 ms~'. This intense vpdraft is followed by a
northward or northwesiward flow #»ith a small downward velocity that
predominates in the regien observed until 2000 LST. Durnig this period, a
westward component persists except below about 7 km where the direction is
reversed eastward. Then, a northward or castward wind predoninates until
0000 LST on 29 June.

28-30 JuM 1984
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fig.q Height profiles of the fluctuating wind cooponents
averaged over approximately 45 min relative to the mean wind
averaged over the whole observational period shown on the
right hand side. The upward, castward and northward velocity
components are shown on the top, center and bottonm,
respectively. The fluctuating velocities are given in
reference to the vertical lines at the respeclive times. The
velocity scales are given on the left bollom for each velocity
coaponent.
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A similar, more long lasling updrafl evenl with a magnitude of about
0.5 ms™ ' occurs around 1500 LST on 29 June, and presumably another evenl
starls justs before 1200 LST on 30 June ( see Fig. 4 ). This featlure
suggests that the updraft evenls were breaking oult impulsively at an
interval of approximately 22 h . MHowever, it is noted that the observed
horizontal wind does not have the corresponding periodicity. The echo
intensity seems to be recurrently weakened after the updraft event, Lhat
suggests a correlation belween almospheric reflectivity and wind veleccily
fluctuations.

28-29 JUN 1984
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Fig.5 (a) Horizontal and (b) meridional-vertical air flows
relative to the mean wind velocilies ( upward and northward
positive ). Time resolubtion is approximately 5 min. The
vertical and horizontal specd scales are indicated in the
right bottom.
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4. Discussions
a. Mcan meridional circulalion over the Baiu front

The average wind velocity shoen in the right colunun of Fig. 4 seeams to
be consistent with our picture of a subtropical front. Namely, it is
conposed of a westerly and an upward-northward circulation which roughly
parallels Lhe frontal surface. More quantitatively, the mean ameridional and
vertical velocilies at an altitude of 8 km are approximately 6 and 0.15 as-"',
respeclively, so Lhat the inclination of the observed meridional
circulation is approximalely 1/40, while that of the Baiu front is less
than 1/100 ( see Fig. 2 ). Thus Lhe meridional circulation deviates upward
from the frontal surface ( and Lhe pscudo-isentropes ). This indicates that
a considerable amounl of air is lransported upward by some diabatic,
forced aotions, such as active conveclive clouds on the tropical side of the
front in the upper troposphere.

b. Frontal activity and upper-tropospheric wind

Since the present observalion is made at fixed ground station, the
following three types of mesoscale variations cannot be distinguished from
each other: '

(i) those developed in time over the MU radar site;
(ii) those duc to a spatial varialion advected with the mean horizontal
velocity u of the synoptic~scale molions; and
(iii) those due to a spatial variation moved with a horizomlal phase
velocity ¢ of structures fixed to the froat.

The precipitation activity ( Fig 3 ) and low-level jet acceleration
( Fig 4 ) can be well described by viewpont ( iii ), because they seea to
be strongly correlaled with a mescscale cyclone as well as a developed
cloud system which covered the MU radar site in the evening of 28 June (
see Fig. 1 ). This is consistent with varios evidence reported by, e.g.,
Ninomiya and Akivama ( 1971 ) and Akiyama ( 1979 ) that Baiu precipitation
is predoainantly governed by lower tropospheric conditions. If the cyclone
is identified with a frontal fold, %e may estimate the zonal phase velocity
as ¢x ~15mas~ '~ 50 kah~'. However, it should be noted here that the
identification of Baiuw frontal cyclones, in general, cannol be objectively
nmade, since they are organized by mesoscale and microscale phenomena.

It was shown in Fig. 3 thal two intense echo layers descended with a
speed on the order of 1 koh~' in Lhe afternoon of 28 June. In view of
( iii )}, if the echo layers were inclined zonally, the inclination would be
estimated to be 1 kah~%cx ~1/50. On the other hand, if they were inclined
meridionally, a phase speed of ¢» ~ 15 kah-', with which the front moved
northward in the surface chart ( Fig. 1 ), would lead to an inclination of
1 kah~'/cy~1/15. Nexl, the mean zonal and meridional velocities near the
echo layers are estimated from Fig.4 as ux~20 os~* ~70 kah~' and uy ~ 0,
respectively. Then, in view of ( ii ), the zonal and meridional
inclinations of the echo layers become 1/70 ( ~1 kah~'/ux ) and infinitely
large ( | kah-'/dy ), rcspeclively. Thus, none of these estimations are
smaller Lhan the wcan frontal inclination ( i.e., less than 17100
aeridionally and amuch smaller zonally; see Fig. 2 ), and the echo layers
are not considered to be fixed Lo the front or synoptic-scale motions.
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While the intense ccho layers exist, the horizontal wind, in particular
the meridional coamponent, shows a wavelike fluctuation as illustrated in
Fig. 4. The vertical waveleugth of this wavelike fluctuation is about 3 kam,
which is on the same order as that of inertial-gravity-wave-like variations
found by Ninomiya ( 1983 ) based on rawinsonde observations. Recently,
Hirota and Niki ( 1986 ) analyzed a similar vertical wavelength near the
tropopause jet strecae from MU radar data lrom a winter period. If the echo
layers correspond to such an inertial gravity wave, they do not follow the
synoptic-scale flows or structures of ( ii ) or ( tit ).

A aeridional circulation pattern is observed during the period when the
abuveaentioned echo layers appear. The circulation preceeds the intense
updraft of 1630-1800 LST ( Fig. 5 (b)). The time scale of this circulation
is estimated to be about 5 h. In view of ( iii ) ils zonal and meridional
scale are estimated as 250 and 75 ke, respectively. In view of ( ii ) Lhey
become 350 and Okm, respectively. Therefore, if the observed feature is a
spatial structure, it is zonally elongated with a horizontal scale of
several hundreds of kilomelers. Such a scale is interscdiate between the
so-called meso- « and -8B scale, and is such larger tham the usual cuaulus
convetion scale and smaller than Lhe mesoscale cyclone scale.

The updrafts in the circutation patlern are not accompanied by surface
precipitations ( see Fig. 3 ). Generally speaking, the upper tropospheric
wind variations ( Figs. 4 and 5 ) do not seem to be directly related with
the cyclone passage. The steady, symametric structure pointed out in Section
2 is formed more perfectly in the upper troposphere. The spatial scale
derived above is somewhat larger than thal of the cloud clusters found in
satellite imageries ( e.g., Akiyama, 1984 ). Based on these considerations
neither viewpoint ( ii ) nor ( iii ) is expected to uniquely explain the
circulation pattern.

Throughout the observational period the pseudo-isentropes were
relatively sparse between the Baiu front and the tropopause ( see Fig. 2 ).
They are much denser above the tropopause as is well known, but their
intervals near the tropopause were not uniform. These features suggest
first that the stratification is less stahle even in the upper troposphere,
and then Lhat some strong mesoscale conveclive motions might infiltrate
into the stratosphere. Thus the phenomena could be recognized as those
appearing sporadically on a small areca in a rather homogeneous region on
large scales.

5. Conclusions

Both wind veclor and echo power variations observed by the MU radar
have becn compared with nesoscale meleorological features observed at 12 b
intervals by the JMA rawinsondes. Based on this general consistency, the
detailed structure of the wind vector pattern and echo intensity has been
investigated. A suaomary of the present work is presenled below.

(1) The observed mean meridional motion is found to be upward and
wnorthward as expected, but devialeds upward from Lhe frontal surface and
pseudo-isentropes. This scemas Lo be related to active convective clouds on
the tropical side of the sublropical front in the upper troposphere.
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(2) Also, it is observed that upper-tropospheric mesoscale wind
variations are not strongly correlated witlh lover-tropospheric frontal
activity such as precipitation. Further studies on the activities of cloud
clusters and internal gravity waves are needed to elucidate the mechanisn
of upper- and lower-troposphere interaction.

(3) Particularly noted in the present paper is the intense updraft
events with a magnitude of 0.5-1 as~'. The intense updraft events appear at
intervals of about 22 h. No conspicuous change with the same period is
found in the horizontal winds. They seeca to appear sporadically on a saall
area in a rather homogencous region on large scales.

Adaitting that the single station radar observation cannot distinguish
teaporal and spatial variations, the VHF Doppler radar such as the MU radar
is expected to provide new information on Baiu and other meso-
seteorological phenomena. Finally, the importance of the MU radar
observations is to be noted in the meteorolegical point of view, since the
climatological situation of Japan which is located in the east Asian scctor
has a lot of inleresting phenomena, both tropical and midlatitudinal, as
investigated in the presenl study.
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