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Abstract-—The pulsc-to-pulse beam steerability of the MU radur of Kyolo University enubles us 1o observe
multiple beam positions simuliancousty. Based on 560 h ol this type o data, we present 1wo typical patterns
of mid-latitude ionospheric disturbances and their horizontal traveling charucteristics. Wavy structures
have not been found in large-scale disturbances. Isolated disturbances travel primirily southward
{equatorward) in disturbed conditions, while no preferred direction is ohserved in quict conditions.

1. INTRODUCTION

The Middle and Upper atmosphere (MU) radar of
Kyotlo University at Shigaraki, Japan (35°N, [36*E)
is the most recent of the large atmospheric radars
capable of detecting incoherent scatter (IS) from the
free electrons in the ionosphere. 1S observations of
the Fregion with the MU radar began in December
1985, and they have been performed periodically since
Seplember 1986 at monthly intervals. Based on the
data obtained by MU radar IS observations, scveral
studics of ionospheric F-region disturbances at mid-
latitudes have been carried out. Ouiver er al. (1988)
have discussed the disturbance due to atmospheric
gravity waves during the large gecomagnetic storm of
6—8 Fcbruary 1986. SARYO ¢1 al. (1989) have reported
measurements of the clectron density midday bite-out
phenomena. REpDY e af. (1990} have discussed the
disturbance due to the clectric field associuted with
the intense substorm of 20-21 January 1989.

The greatest advantage of the MU radar IS
measurement is the capability to observe in mulliple
directions simuliancously by pulse-to-pulse beam

steerability. This observational technique is very use-

ful for the study of ionospheric disturbances because
we can clearly detect disturbances by observing the
difference between signal powers in the different beam
directions.

In this paper we mainly describe details of the MU
radar multiple beam observations and some examples
of the data analyses of two Lypical paiterns (traveling
and non-traveling) of mid-latitude ionospheric dis-
turbances. We shall present preliminary results of the

horizontal lraveling characteristics ol 47 (raveling
tonospheric disturbances lound in the mid-latitude F-
region wilth the MU radar mulliple beam IS obser-
vittions during more than 560 h.

2. MULTIPLE BEAM OBSERVATIONS

A general deseription of the MU radar system has
been given by FURAO et al. (19854, b), and Sato ¢f af.
(1989) discussed its sensitivity for’'IS measurcments.
A summary of the MU radar system paramcters is
shown in Table 1. Here we present only a detailed
descriplion concerning mulliple beam observations.

The MU radar is a monostatic pulsc radar with an
aclive phased-array sysiem, which is composed of 475
antenna array clements and an identical number of
transmiticr—-recciver (TR) modules. Each  array
clement is connected 1o a separale low-power TR
module which can be driven coherently with low-level
pulses. All phase shilting and signal division/
recombinaiion is carricd oul al a low power (aboul
2.2 kW). Thercfore the antenna can be phased lo
observe in different direclions on a pulse-by-pulse
basis, which we call the muitiplc beam mode ol obser-
vation. By this technique we can obscrve in multiple
dircctions simultancously.

Table 2 shows the main observational parameters
normally uscd for the MU radar multiple beam obser-
vations of the IS power profile, rom which the clec-
tron density profile can be estimated. The antenna
beam was scquentially sleered 1o four oblique dirce-
tions (magnctic north, cast, west and south), at a
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Table 1. Basic parameters of the MU radar (OLIVER ef of., [988)

Parameter

Value

Localion

Geomagnelic paramelers
(300 m altitede) (IGRF
[985)

Ficld strength: 0.0402 mT
Declination : 5.7°W

Dip angle: 48.3°

Dip tatitude: 29.3°

Shigm"aki. Shiga, Japan (34.85°N, l36.i0°E)

Operational frequency 46.5 MHz
Antenna Circular array of 475 crossed Yagis -

Aperture 8330 m?

Steerability 0-30° off-zenith, 5° azimuth steps

Parlitioning 25 groups of {9 elements cuch, each separalely driveable
Transmitter

power cuch
I MW maximum
Avergpe power 50 kW maximum
Pulse length 1-512 us
PP 0.4-65 ms

Peak power

475 solid-stale amplifiers (one for cach antenna clement), 2.4 kW peak (120 W average)

Tabie 2. Obscrvational parameters of the MU radar multipie beam obscrvation

Parameter

Valuc

Anlenna beam dircction
Pulse width 512 pus or 256 us
IPP - 10300 s
Observed heights 200-600 km
Height resolulion ~75 km
Incoherent integration 240 5!

Geomagnetic north, cast, west and south ai 20° zenith angle

zenith angle of 20°. With this configuration the dis-
tance belween scatiering volumes in cach beam pos-
ition is 200~300 km at typical F-region altitudes as
shown in Fig. 1. The sighal power of an oblique beam

Geomagnetic
North

Rl LA

~,

{z=340km)

Fig. |. Schematic diagrams of the beam dircelions used in

the MU radar multiple beam observations. The antenna

beam is sequentially stecred 1o four oblique directions (mag-

netic north, east, west and south), at a zenith angle of 20°,

With this configuration the distance between scatlering vol-

umes in each beam position is 200-300 km at the F-region
altitudes.

is different from that of another beam if the electron
densily is nol homogencous in space. In order to
detect the actual difference AP between signal powers
in two different beams, the random statistical fluc-
tuation &P of the signal power must be sufficiently less
than AP, that is, APfP » P[P, where P is the total
signal power. We have

5P ( 1 ) .

— o~ 14 = )

P . \/A_ff SNR .
where SNR denotes the signal-to-noise ratio and M is
the number of incoherent integrations. In the case of
a time resolution of 5 or & min, the number of inco-
herent integrations is approximately 10,000 when we
use the parameters shown in Table 2. Then
8P}P ~ 0.02 if the signal-to-noise ratio is greater than
unity. Therefore, when AP/P > 0.02, we can observe
the actual difference between signat powers in different
oblique beams by these multiple beam observations.

It is important for the MU radar multiple beam

observations (o make the signal-to-noise ratio greater
than unity. In order to maximize the signal-lo-noise
ratio, we usually use a pulse width of 512 us, which is
the fargest width available for the MU radar system.
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For long-pulse power proflic measurement, the signal-
to-noisc ratio becomes grester thae unily over a con-
siderable range around the F2 peak altitude, so that
it is practicable to perform multiple beam obscr-
vations of the ionospheric F-region.

3. FONOSPHERIC DISTURBANCES

We present here typical features of ionospheric dis-
turbances obtained by the muliiple beam observations
with the MU radar. Disturbances observed are classi-
fied into the following two types: Lype-A is defined by
a non-zero phase difference between signals detected
in different oblique beams, and type-B is defined by
zero phase difference between them.

3.1. Traveling disturbances

Figure 2 shows the time variation of signal powers
obtained by the MU radar multiple beam observation

performed afler midnight on {6 March 1989. We have
an example ol the type-A disturbance in these duta,
From 0130 to 0230 LT, an ionospheric disturbance
was observed in all the oblique beams as variations
of the signal power. Variutions of the signal power
correspond (o variations of the clectron density in the
F-repion. 1 is Found that the signal power maximum
in the geomagnetically north oblique beam appeaured
carligr than that in the south beam maximum. There
is almost no time lag belwéen the signal power maxima
in the east and west oblique beam. Thesc features
indicate thatl this disturbance traveled almost dircctly
[rom north (o south. The travel speed of the dis-
turbance is determined [rom the phase dillerence
between signat power variations in different oblique
beams. In this casc, the speed can be estimaled as
approximalely 150 m/s. The'time lag belween the sig:
nal power maxima ol the north and south beams
increased with altitude, This feature suggests that this
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Fig. 2. Temporal variations of signal powers obtained by the MU radar multiple beam observation

pesformed afier midnight on £6 March 1989. The top four plots show the data in the north (solid linc) and

south oblique (dotted line} beams at heights of 256, 278, 301 and 323 km. The bottom four plots show Lhe
data in the cast (solid line) and west oblique (dotted linc) beams at the same height as the plots above.
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Fig. 3. Temporal variations of the #2 peak allittede oblained

by MU radar mulliple beam observations performed during

Lhe night of E5-16 March [989. The thick solid linc is Tor the

north oblique beam, the thick dolied ling for the east beam,

the thin solid line for the south beam and the thin dotted

ling for the west beam, |, II, HI and I'V show ionospheric
disturbances.

disturbance was traveling at an almost constant vel-
ocity al an altitude of 200—400 km.

Figure 3 shows temporal variations of the F2 peak
altitude during the night of 15-16 March 1989, Tono-
spheric disturbances appcared as varialions ol the £2
peak allitude in these data. The passage of type-A
disturbances was found at four different times.
Although Lhese disturbances look like a successive
wave motion, they arc independent disturbances
which passed in succession, Lraveling at different vel-
ocilics. Each dircclion of these four disturbances is
schematically shown in Fig, 4, Since we used four
oblique beams, we can determine the azimuth angle
of disturbance traveling with an error of 22.5°,

3.2, Non-traveling disturbances

Next we discuss the type-B disturbances. Figure §
shows ‘the Lime variation of the height z, at which
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Fig. 5. Temporal variations of the height z, at which the
eleclron density is 6 x 10* cm™?,"obtained by the mulliple
beam observation during the night of 20-21 January 1989,
The height z, corrcsponds to the minimum virtual height
{I"F) of the F-laycr. The top plot shows the data in the
north (solid fine) and south oblique (dotied line) beams. The
botlom plot shews Lhe data in the cast (solid line) and west
oblique (dolted ling) beams.

the clectron densily is 6% 10* cm ™7, obtained by the
multiple beamy observation during the night of 20-
21 January 1989. The height z, corresponds to the
minimum virtual height (5°F) ol the F-layer, During
this night, three disturbances in the Fregion electron
density were observed (Reppy ef al., 1990). The
decreasc of the height z, at around 0120 LT began
almost simultaneously in all the oblique beams, which
implies that this disturbance was not traveling and its
horizontal scale was larger than the distance belween
the oblique beams (200-300 kmy).

There is a possibility that the travel speed of the
disturbance was so large that we could not detect
cxaclly the phase difference between the oblique beam
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Fig. 4. Travel directions of the disturbances 1, 11, 11T and IV shown in Fig, 3. It is found that the disturbance-
I came almost directly from the north, II from the east north-east, IF from the north north-cast and IV
from ihe north north-west,
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Fig. 6. Temporal vnrialibns of ' Fat Wakkanai (35°N, 2067}, Akita (30°N, 206"), Kokubunji (26N, 2067),
Yamagawa (20°N. 198%) and Okinawa (I5'N, 196”) and the f-component of the geomagactic ficld at
College (65 N, 2127) during the sumie period as Fig. 5.

signals, However, by analysing the ionograms al five
ionospheric stations in Japan and the magnetogram
at the auroral region together with the MU radar
data, we can conclude that such a very fast traveling
disturbance did not occur, Figure 6 shows the lime
variation of I'F at Wakkanai (35°N, 206°), Akita
(30N, 206™), Kokubunji (26N, 206%), Yamagawa
(20°N, 198%) and Okinawa (§15°N, 196%) and the K-
component at College (65°N, 212%) during the same
period as shown in Fig. 5. On the onc hand, every I F
value obtained at five stations had peaks at around
0120 LT which is at approximately the same lime
when we observed the maximum of z; with the MU
radar. This means that this disturbance had a hori-
zontal scale much larger than the range of the MU
radar observation and emerged simultaneously over
a large spatial area. On the other hand, the H-com-
ponent at College indicates that an intense substorm
began at around 2320 LT and ended at around (120
LT. I should be noted that the decreasc of the height
z, in the MU radar data began at around 0120 LT

when the substorm had just ended. This deereasc ol 2,
may correspond 1o the disappearance of the castward
clectric ficld associated with the substorm. From thesc
features, it is confirmed that the disturbance oceurring
at around 0120 LT in Fig. 6 was the type-B dis-
turbance which was not lraveling and cmerged simul-
tancously over a wide spalial arci.

The height =, mcasured by the MU radar data
increased at 0500-0530 LT. We find that this increase
of the height o, was nol associated with a Lype-B
disturbance, but with a Lype-A disturbance which
traveled almost dircetly rom north Lo south with a
horizontal speed of about 250 m/s.

4. CHARACTERISTICS OF IEORIZON'I’A‘L TRAVELING
DISTURBANCES

We examined 47 cascs of mid-latitude, horizontal
traveling ionospheric disturbances, that is, typc-A,
detected by the MU radar mulliple beam obser-
vations. The 560-h data sel of IS power praofile
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Fig. 7. The horizonlal velocity of propagation of ionospheric F-region disturbances ccourring on (a) qutiel

days (33 cases) and (b) disturbed days (14 cases). The arrows in these figures point in the direction of travel

of these disturbances. The length of the arrow signifies the speed of these traveling disturbances. Velocitics

are estimated from the time variztions of F2 peak altitudes in the four oblique beams. The traveling

direction is determined with an error of 22.5° azimuth angle, so that we cannol distinguish a traveling
dircction from the north from that from the north north-west.

measurements with multiple beams is now available
for this study. In total, there were 440 h of data on
guiet days and 120 h on disturbed days. A disturbed
day is defined here as a day where the maximum K, 3 5.
Figure 7a shows the horizontal velocily vectors of
ionospheric F-region disturbances occurring on quiet
days (33 cases), while Fig. 7b indicates the results on
disturbed days (14 cases). The velocities are estimated
on the basis of time variations of F2 peak altitudes in
the four oblique beams. The traveling directions are
determined with an error of 22.5°, The speeds are
classificd into three levels: below 150, 150-500 and
over 500 m/s.

We find that the disturbances travel primarily
southward (equatorward) on disturbed days, while no
preferred direction is observed on quiet days. These
features suggest that polar region ionospheric dis-
turbances associated with geomagnetic activity propa-
gate equatorwards to mid-latitudes on disturbed days.
These disturbances seem to have the same source as
the disturbance observed at 0500-0530 LT on 21 Jan-
vary 1989 (a disturbed day), as shown in Fig, 5. We
have not {found wavy structures in the 47 cases exam-
incd here. It should be noted that we observed one
case of a wavy structure in February 1986 (QLivER et
al., 1988).

5. CONCLUDING REMARKS

The pulse-to-pulse beam steerability of the MU
radar enables us to observe multiple beam positions
simultaneously. This observation technique is a valu-
able feature of the MU radar 1S observations. We
use power profile measurements with a 512-us pulse,
which provides a signal-to-noise ratio sufficiently gre-
ater than unity at around the F2 peak altitude. There-
fore, we can detect the actual difference between signal
powers in different beams and investigate ionospheric
disturbances in the F-region.

We have described two types of ionospheric dis-
turbances, type-A and type-B, based on the data
obtained by the multiple beam observations with the
MU radar. Type-A disturbances are characterized by
non-zero phase differences between signals detected
in different beams, and are traveling disturbances.
Type-B disturbances, characterized by zero phase
differences between signals detected in the different
beams, are generally non-propagating disturbances.

In order to investigate the characteristics of the
mid-latitude ionospheric F-region disturbances, we
examined 47 cases of ionospheric disturbances found
in the data of multiple beam IS observations carried
out with the MU radar for 560 h. The disturbances
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travel primarily southward {equatorward) in dis-
turbed conditions, while they have no preferred dirce-
tion in quiet conditions. It is a characteristic feature
that the disturbances are not wave-like but isolated
cvents,

In this paper we have illustrated the advantage of
MU radar multiple beam observations. Detailed
scientific results obtained by this technique will be
described in subscquent papers. The technique will be
used in the ncar future lor the study of medium-
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scale atmospheric gravily waves propagaling in the
ionosphere (c.. Hunsucker, 1982).

Aeknowledgements—The MU radar belongs to, and 35 oper-
ated by, the Radio Atmospheric Science Center of Kyolo
University, The ionograms used in this study were obtained
from the World Data Center C2 for lonosphere, Com-
muntcations Rescarch Laborstory. The magnetogram used
in 1his study was oblained from the World Data Center C2
for Geomagnetism, Faculty of Science, Kyoto Universily.
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