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The middle and upper atmosphere (MU) radar of Japan is a 46.5-MHz, pulse-modulated, monostatic,
Doppler radar with an active phased-array antenna which consists of 475 crossed yagis. This system has
been used primarily, since its initial observations with a partial system in 1983, to observe the coherent
backscatter from irregularities in the troposphere, stratosphere, and mesosphere (MST radar). However,
this system was also designed to be able to observe the weak incoherent scatter (IS) from the free
electrons of the ionosphere. We report here the MU radar IS observations made during the strong
geomagnetic storm of 6-8, February 1986. During this period the MU radar observed the echo power
(an approximate measure of electron density) simultaneously in four antenna beam positions. Coincident
with the rise in the Kp index from 3+ to 6— near 1800 LT (0900 UT) on February 7, the MU radar
detected the beginning of several hours of wave activity having a period of 100 min. By correlating the
density observations in the different beams and at different altitudes, we were able to compute the phase
speed {410 m/s), direction of travel (19° west of south), and horizontal {2500 km) and vertical {260-490
km) wavelengths of the wave. The F layer peak density and height oscillated during this nighttime
period, and we consider several mechanisms that might cause these effects. We find that the density
oscillation was too large to be caused solely by wave dynamics. We suggest that an influx of ionization
from the plasmasphere, and a wave-induced modulation of the assimilation of this plasma flux into the
ambient density, may have been the cause of the observed density increases. During the following
morning (February 8) the F layer density was observed to become increasingly large while the layer peak

height dropped, and we also consider the cause for this effect.

INTRODUCTION

The Japanese middle and upper atmosphere (MU) radar is
the newest of the large atmospheric radars capable of detect-
ing the incoherent backscatter (IS) from the free electrons in
the ionosphere. This radar system has been recently described
by Fukao et al. [1985a, b]. This radar began operation with a
partial system in 1983 and was completed in 1984. Initial
observations from the middle and lower atmosphere have
been published by Kato et al. [1984, 1986], among others.
lonospheric incoherent scatter observations commenced in
December 1985, Sato et al. [1988] have discussed the sensitivi-
ty of the MU radar for IS detection and presented examples of
typical electron density, electron and ion temperature, and ion
drift velocity measurements made with this system. Oliver et
al. [1988] have discussed initial observations of F region elec-
trodynamics with the MU radar. In this paper, we report the
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MU radar observations collected during the large geomagnet-
ic storm of February 6-8, 1986. In particular, we present the
electron density observations made above the radar and corre-
late the time series observed in different pointing directions to
determine the properties of the large-scale TID observed pass-
ing over the radar for a duration of several hours.

MU RaDpar

Fukao et al. [19854, b] have discussed the MU radar system
and Sato et al. [1988] have discussed its sensitivity for IS
measurements in detail. Here we give a brief summary of the
characteristics of the radar of particular pertinence to the elec-
tron density studies of interest in this paper. Table 1 lists
several of the basic characteristics of the MU radar,

The MU radar is a monostatic radar with an active phased-
array system. The antenna is a circular array of 475 crossed
yagi elements having a total diameter of 103 m. Each antenna
element is connected to a separate low-power transmit-receive
module which can be driven coherently with low-level pulses.
Because all of the phase shifting and signal divi-
sion/recombination is carried out at low power, the antenna
may be phased to observe in different directions on a pulse-
by-pulse basis, or up to 2500 times per second. This is a major
advantage of the MU radar: its effective capability to observe
in multiple directions simultaneously.
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TABLE [. Basic Parameters of the MU Radar
Parameter Value
Location Shigaraki, Shiga, Japan (34.85°N,

136.10°E}

field strength, 0.0402 mT;
declination, 3.8°W; dip angle,
48.3°; dip latitude, 29.3°

46,5 MHz

Geomagnetic parameters
(300 km altitude)

Operational frequency

Antenna active phased array, 103-m diameter
circular array of 475 crossed yagis
aperture 8330 m?

steerability °-30° off zenith, 5° azimuth steps,
steering possible each IPP

25 groups of 19 elements each, each
separately drivable

475 solid state amplifiers (one for
each antenna element), 2.4 kW
peak (120 W average) power each

1 MW maximum

50 kW maximum

1-512 ps

400 ps to 65 ms

up to 32-bit binary phase coding,
Barker and complementary codes
in use

partitioning

Transmitter

peak power
average power
pulse length

IPP

pulse compression

The major detriment for IS operation with the MU radar is
the high system noise temperature of about 10000 K. This is
unavoidable galactic background noise encountered at the
MU radar operating frequency. Its effect is to degrade the
signal-to-noise ratio achievable and to render the MU radar
considerably less sensitive than most of the other routinely
operating IS radars in the world. Nevertheless, Sato et al,
[1988] have calculated that for a long-pulse {500-us) power
measurement signal-to-noise values in excess of unity are
achievable with the MU radar, such that it can perform essen-
tially as well as any of the other IS radars for such a measure-
ment. On the other hand, for the very important spectral
measurement, with its requirement for the transmission of a
waveform of shorter pulses, it was found that the MU radar
signal-to-noise ratio often drops in practice to only a few per-
cent, such that long integration times are required to achieve
acceptable statistical accuracy.

The MU radar experiment conducted during the February
6-8, 1986, period was a backscattered power measurement,
from which the electron density can be estimated. A seven-bit
Barker-coded pulse with a 64-us subpulse width was used,
providing a 9.6-km range resolution. The fuil power and duty-
cycle of the transmitter were used for this experiment. The
measurements were made throughout the E and F regions.
The E region signals are often contaminated by echoes from
meteors (T. Sato et al, 1988). The F region signals often
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become unusable beyond 600-km altitude owing to weak
signal strength, This experiment alternated four beam posi-
tions, geographic north, east, south, and west, alt at 20° zenith
angle. The received power P, is related to the electron density
N, as

P, = CN/R¥1 + T) (1)

where C is a lumped radar system constant, R is the range to
the scattering volume, and T, is the ratio of the electron to the
ion temperature (T, Sato et al., 1988). We normalize the mea-
sured R?P, profile at its peak to the F layer peak density
measured simultaneously by an on-site ionosonde to derive
the MU radar N, profile. This profile is accurate at the F layer
peak A, but at any other height h is in error by the ratio
[+ T(h, )1/ + T(W]. In the worst case this could lead to
a factor of 2 error in our N, estimate.

OBSERVATIONS

Table 2 lists the Kp and Ap geomagnetic indices for the
February 6-10, 1986, geomagnetic storm period. Geomagnetic
activity commencements reported for the period of radar op-
eration were a sudden commencement on February 6 at 1311—
1313 UT (2211-2213 LT), a gradual commencement on Feb-
ruary 7 near 0900 UT (1800 LT), and a sudden commence-
ment on February 7 at 1521 UT (0021 LT on February 8).

MU radar operation commenced at 1314 UT (2214 LT) on
February 6 and terminated at 0053 UT (0953 LT) on Febru-
ary 8. Thus the MU radar commenced operations almost
simultaneously with the sudden commencement at 1311-1313
UT, which was {ollowed by moderate Kp levels of 3— to 4 for
the next seven 3-hour periods. The radar was in operation
through the gradual commencement near 0900 UT on Febru-
ary 7, which saw an increase in Kp from 34+ (0600-0900 UT)}
to 6— (09001200 UT), and during the perieds of large Kp
values of 8 — occurring later on that UT day (the following
morning LT), but terminated operation prior to the oc-
currence of the peak Kp values of 9 reached the next morning,

Figure 1 shows the contour plot of electron density versus
aftitude and time as measured by the MU radar during this
period. The four radar beams have been added for this dis-
play. Data were recorded every 12.5 s during this experiment,
and we show the results averaged to 4 min resolution. The
electron density statistical uncertainty varied during the exper-
iment as controlled primarily by the electron density. For the
F layer peak densities of about 1.5 x 10! m™? prevailing
during most of the night of February 7-8 (the period of pri-
mary interest in this paper), the radar signal-to-noise ratio was
about 0.4, With about 7000 pulses per antenna pointing direc-
tion per 4-min averaging period we can compute an electron
density uncertainty of about 6%,

TABLE 2. Geomagnetic Parameters for the February 6-10, 1986, Storm

Kp Three-Hourly Indices

Day 1 2 3 4 5 6 7 8 Ap
6 0+ 0+ 1 1 [3+ 3+ i- 4 11
7 3 4- 3+ 6 6~ §— 7- 8—] 82
8 7 7 7+ 7— ] §— 9 9— 202
9 9— g 5+ 5— 5 6+ 5+ 4 100

10 3+ 2 1 2 I 2— 3 34 10

Brackets indicate the approximate period of MU radar operation.
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Fig. 1. Electron density measured by the MU radar during February 6-8 1986. The heavy solid line superposed on the
contour plot represents the height of the F layer peak. The apparent predawn enhancements in E region density probably
represent unrejected meteor echoes. The apparent enhancements in F region density above 500-km altitude after 0900 LT
on February 8 probably represent unrejected coherent echoes entering the antenna sidelobes from regions of plasma
irregularities.

Figure 2 shows the F layer peak densities measured by the Several interesting features are observed in the MU radar

Japanese ionosonde chain arranged top to bottom in decreas- data. First, the density structure seems normal and well-
ing latitude (45°, 40°, ‘36°, 35% 31° and 25°N). We will use behaved throughout most of the first 24 hours of the experi-
these results as an aid in discussing the MU radar observa- ment, except possibly for an anomalous rise in the layer peak
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7-FEB-13986 B8-FEB-~-13B86
L L A L L A A
108 4 108}
M HAKKANA] ; HAKKANAL
10% 3 E ol E

108k 4 105 e
£ m AKITA 3 AKITA
L g ~ 10FETN E

" TR S DOVR PPN SR S IS w 2 T S T TP S

£ s} 3 5 9 12 15 1B 21 O £ a 3 B 8 12 15 1B 2t ©

8 I L IR \U E_“I"I"i*‘l“i"l"ir',

. 10°F - o™ N

> f 1 KOKUBUNJI N 3 KOKUBUNJI
— 10%F E — 10°F -

= 3 E — AT AP B SV 1 .

% 0 % 0 3 5 g 1z 15 18 21

1 = Ul L L L L ML | T

(m] - 0108k E

z 3 SHIGARAK [ z i E 5HIGARAKI
g 5..',‘,,|..|x.|,.|.‘|.‘§ E

a 3 ) 9 iz 15 18 21 0 |
5 e e S S 5
o i0® 4 i
3 YAMAGAKR E ¥ AMAGAKWA

L . L NN N N M. —— s RS 8 A
18| 4 \-"’\’"'e ogd W E
1 T ] okInawA SN 1 oxINeMR

105 F™— "< 3 10° ]
TR CTUTUNE S E RPN S SR P S PR IS S SROVEDN FUPIRIUN J000 VT SN VAT B S S W T T
a 3 B8 9 ¥ 15 18 2l O o 3 8 8 12 15 18 2t O
LOCAL TIME (hour! LOCAL TIME (hour)
Fig. 2a. F layer peak density results from the Japanese ionosonde Fig. 2b. F layer peak density results from the Japanese ionosonde

chain during February 7, 1986, The latitudes of the stations are, from  chain during February 8, 1986. The latitudes of the stations are, from
top to bottom, 45°, 40°, 36°, 35°, 31°, and 25°N. top to bottom, 45%, 40°, 367, 35°, 31°, and 25°N.
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Fig. 3. Cross-correlation between the electron density observations in the north and south radar beams during the
period 1911 LT on February 7 to 0302 LT on February 8 for several altitudes of measurement. Time delay is in units of
255 5. The highest correlation occurs near 300-km altitude, where the signal strength is strongest.

moderate geomagnetic activity appears to have had little effect
on the ionosphere above the MU radar. Around 1000 UT
(1900 LT) on February 7, coinciding well with the geomagnet-
ic gradual commencement near 0900 UT (1800 LT) and the
sharp increase in Kp from 34 to 6—, we observe the be-
ginning of fluctuations in F layer density and peak height that
continued most of the night and led, during the following
daytime, to ionospheric behavior much different than that ob-
served the previous day. Here we see from about 1900 to 0300
LT perhaps five cycles in the density structure with a period of
about 100 min. There is some irregularity in these pertur-
bations and their period seems to increase with tirme, but not
altitude. Phase fronts drawn through the density enhance-
ments show clear tilts with a downward phase progression.

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 ievels of these
four observations were very similar, we observed important
time lags between them. Figure 3 shows the correlation be-
tween the north and south beam observations for several alti-
tudes [or the time period from 1911 LT on February 7 to 0302
LT on February 8. We will pay attention here to the altitudes
of greatest signal strength, near 300 km, as the poorer statis-
tical quality encountered at other altitudes substantially de-
grades their correlation results. We note that the correlation
curve is well-behaved and exhibits two peaks, one at 500 s and
the other at 108 min lag. The 500-s period represents the lag
between the observed behaviors in the two beams, and thus
concerns the phase speed at which the wave propagates in the
north-south direction. The 100-min difference between the two
peaks represents the period of the large-scale periodic struc-
ture seen in Figure 1. We have performed a similar analysis
with the east-west beam pair, finding correiation lag peaks at
170 s and 103 min. From these we calculate the following
wave propagation characteristics: (1) a direction of travel ¢ of
tan (£ = 170/500, or £ = 19° west of south, {2} a correlation
lag T along the direction of propagation of T? = ({500?
+ 170% s, or T = 530 s, (3) a wave speed of 218.4 km/530
s = 410 m/s (the diagonal beams are 218.4 km apart at 300 km
altitude), and (4) a horizontal wavelength of (410 m/s) x 100
min = 2500 km. These results are summarized in Table 3.

The correlation magnitudes in Figure 3 are of interest. The
correlation magnitude is 90% for the 500-s delay near 350 km
altitude, even though the data uncertainty is 6%. Such a high
correlation value for data spanning an 8-hour period indicates
very stable wave propagation over the entire period. The cor-
relation magnitude for the 100-min delay is only about 65%,
indicating that the large-scale wave cycles were not precise
repetitions of each other. As pointed out previously, the wave
period does appear to increase with time, and this would serve
to degrade the correlation. This increase in period with time is
predicted from theory [e.g., Francis, 1975; Row, 1967].

We have also cross-correlated the densities at different alti-
tudes obtaining a vertical wavelength of 490 km. This result
was critically dependent, however, upon the altitude range
used. Inclusion of the poorer-quality data at higher altitudes
strongly decreased the wavelength estimate (to as low as 290
km), while from physical principles (dissipation by viscosity)
we would expect the phase fronts to become vertical (infinite
vertical wavelength) at high altitudes [Francis, 1975]. Hines
[1960] gives the approximation that the ratio of the vertical
and horizontal wavelengths should equal the ratio of the
Brunt-Viisdld and wave phase periods. Using a Brunt-Viisili
frequency of 14 min (appropriate to a 740 K atomic oxygen
atmosphere at 320 km altitude), we then may compute a verti-
cal wavelength of {2500 km) x {14 min)/{(100 min) = 350 km.
This value is well in line with our estimates from the measured
wave front tilts.

Discussion

All of the wave characteristics presented thus far match
those expected from theory and observation (as summarized

TABLE 3. Wave Propagation Parameters
Parameter Value
Wave period 100 min
Birection of travel 19° west of south
Wave speed 410 mfs
Horizontal wavelength 2500 km

290490 km (measured)
350 km (theory)

Vertical wavelength
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by Yeh and Liu [1974], Francis [1975], and others) for a
classic large-scale wave launched from the auroral zone by a
substorm onset: period, wavelength, speed, direction, etc. The
change in F layer peak height also is expected as a result of
the wave perturbation wind forcing the layer upward or
downward along the magnetic field lines. We wish now to see
if the magnitude of the electron density oscillation is consis-
tent with the existing theory of gravity wave/ionosphere inter-
action. For this we use the theory developed by Hooke [1970]
and reviewed by Yeh and Liu [1974], which says that the
relative electron density perturbation N'/N, is related to the
perturbation wind velocity v and wave phase velocity », as

(N'/N o} = (v'/0, )M
where M is the geometrical factor
M= L), L)

and L, is a unit vector in the direction of wave travel, 1, is a
unit vector in the direction of wind perturbation, and 1, is a
unit vector in the direction of the magnetic field. Using our
observed direction of wave propagation, and assuming that
the velocity perturbatiori is orthogonal to this (such waves are
expected to be very nearly transverse [Hines, 1960; Hooke,
1970; Francis, 1975]), we may compuie the value M = 0.46 for
our case. Now using our measured density perturbation am-
plitude of 20% and our measured phase velocity of 410 m/s,
we find that we need a perturbation velocity of 180 m/s to
account for our observed density perturbation through the
action of wave dynamics. This would be a largely vertical
velocity, since the wave is largely horizontally propagating
and traverse. Such a vertical velocity is unheard of outside of a
local region of intense auroral energy input. In addition,
whether this velocity were vertical or horizontal, it would have
the effect of raising then lowering the F layer by some 100 km
(each way) [e.g., Miller et al,, 1986], whereas we observe only
a modest 20-km variation in the F layer peak. We also wish to
note that the mean F layer height during this period was not
unusual in comparison with measurements on other days {see
the several examples of Oliver er al. [1988]), so that unusually
strong background winds were probably not present during
the period of wave activity, and Doppler shifting effects on v,
in our N'/N, estimates were probably not important.

We may make one additional check concerning the wave-
dynamics effect. The vertical structure of the wave should pro-
duce a wind shear that would tend to cause a plasma col-
lection effect at some altitude, similar to the sporadic-E wind
shear creation effect. We have computed the ionosphere slab
thickness from our measured data and, while we do find fluc-
tuations, we do not find a good correspondence begtween the
periods of small thickness and of high density at the F layer
peak. Thus we do not believe that wind shear is the cause of
our density increases.

Thus wave dynamics meets strong difficulties in explaining
our density observations. We wish to devote the remainder of
this section to a considetation of several alternative mecha-
nisms for producing the observed density perturbation.

Energetic particle precipitation. From the continuity equa-
tion we may say that the increases in nighttime density must
have come from either in situ production of new ionization ot
from a net transport of ionization into the region. While there
was no solar source during this nighttime period, we must
consider the possibility that energetic particle precipitation
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was present during this strong storm, even at the low latitude
of the MU radar. We have some indirect evidence from our
data, however, that such ionization sources were absent. Be-
cause we are confident that we know the MU radar fumped
system constant C well, we can use equation (1) to solve for
the electron-to-ion temperature ratio T, at the F layer peak
height h,,,, from radar measurements of P, and h,_,, and iono-
sonde measurements of N (h ). From this exercise we found
that T, remained near unity throughout the February 7-8
nighttime; this implies that sources of selective ¢lectron heat-
ing (and hence of new ionization production) were absent.
Therefore we assume that the cause of the observed density
increases at night must represent a fransport of jonization
from other regions.

There are several specific transport effects that may be con-
sidered, including (1} wave compression, (2) laterial drift of a
density gradient, (3) filling from the protonosphere, and (4)
equatorial anomaly effects. These are considered separately
below.

Wave compression. Francis [1975] notes that compression
is not very effective at long wave periods, that the waves have
predominantly transverse velocity oscillations.

Lateral drift of a density gradient. The increases in night-
time electron density could represent a lateral drift of a denser
ionosphere into the MU radar region of observation. From
1900 LT on February 7 to 0300 LT on February 8 the fluctu-
ations in the peak electron density over Shigaraki were of the
order of +20%. Figure 2 shows the ionospheric peak densities
measured by the Japanese ionosonde chain, clearly showing a
higher density to the south. The peak electron density over
Yamagawa averaged about 40% greater than the peak density
over Shigaraki. The strength of the horizontal transport re-
quired to move the ionosphere from Yamagawa to Shigaraki
(4° difference in latitude) during the 50-min half period of the
density fluctuation is (4° x 116 km/deg)/{50 min x 60 s/min),
or about 150 m/s. This is a very reasonable magnitude for
transport by neutral winds or electric fields. Owing to the
magnetic-field geometry, such a northward transport would be
accompanied by a falling F layer peak height if caused by a
neutral wind but by a rising peak height if caused by an
electric field. Qur observation of a lowering of the F layer
during periods of increasing density would then favor the
neutral-wind over the electric-field mechanism. A difficulty
here is that in blowing the ionosphere horizontally over 4°
latitude the wind would also blow the ionosphere a similar
distance {500 km) downward, owing to the magnetic dip. This
is clearly impossible and would require the simultaneous
action of an upward-directed electric-field force to maintain
the plasma in the ionosphere. This could conceivably be an F
region dynamo electric ﬁcld, produced by the wind itself (a
phenomenon frequently observed by the MU radar [Oliver et
al., 1988]). But the outstanding question is this: what would
cause a neutral wind to oscillate north and south during the
exact time interval when a gravity wave was passing from
north to south, and at the same oscillation period of the
wave?

Filling from the plasmasphere. Diffusion of ionization from
the plamasphere down into the ionosphere has long been rec-
ognized as a possible mechanism for the maintenance of the
nighttime F region density. From Figure | the background
plasma density appears to be rather constant with time after
sunset and throughout the several hours of wave activity. This
lack of decay of the F layer density may indicate that the layer
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is being maintained by a plasma flux from above. If so, the
wave would have a modulating effect on the assimilation of
this plasma into the ambient density. We may view here a
continuous source of new {onization streaming into the top of
the ionosphere balanced by a continuous loss of ionization
through recombination and diffusion to determine the ambi-
ent ionosphere density profile. The deposition of the plasma
flux into the ambient density is controlied largely by the F
region neuiral density, or the atomic oxygen (Q) density. The
plasma loss via chemistry is controlled primarily by the den-
sities of N, and O,, which react with the ambient O™ ions (to
give molecular ions, which readily combine with the electrons).
The plasma loss via diffusion is controlled primarily by the
neutral density, or the O density. The wave will modify both
the source and loss processes through their effects upon O, N,
and O,.

Several previous studies bear upon this modification. Yone-
zawa [1965] has derived an analytic approximation to show
that the density produced by a flux coming into the iono-
sphere is proportional to the neutral number density (at the
base of the ionosphere). Clark et al. [1971] have numerically
simulated gravity wave behavior and the ionospheric re-
sponse, finding substantial perturbations in neuiral temper-
ature and density and electron density but very different per-
turbation amplitudes and phases for these three parameters;
in their extreme case a 10% neutral density perturbation pro-
duced a 90% electron density perturbation. Trinks and Mayr
[1976] have reported satellite mass-spectrometer measure-
ments of gravity wave—induced perturbations in the neutral
composition; N, density amplitudes of 15%, O amplitudes of
10%, and strong phases differences between the two were seen
for large-scale waves near 25° latitude. Mayr and Volland
[1976] have simulated these composition perturbations, find-
ing that the dynamic transport effects involved cause devi-
ations from diffusive equilibrium to prevail throughout the
upper atmosphere, leading to different perturbation ampli-
tudes and phases for the different atmospheric gases and for
the temperature, largely consistent with the satellite observa-
tions. All of these analyses and simulations pertain to the type
of large-scale waves seen by the MU radar. They indicate that
a small neutral density perturbation can produce a larger
ionospheric density perturbation. They indicate that substan-
tial perturbation amplitudes in N, and O can exist. They
indicate that the N, and O density perturbations can have
different phases; this means that the ionization source and loss
perturbations will be out of phase, and the resulting ambient
plasma density will be modulated accordingly.

Both qualitatively and quantitatively, then, we find no in-
consistency between our observed wave-modulated electron
densities and the concept of gravity wave modulation of the
assimilation of a plasmaspheric flux into the ambient density.
We have the possible picture, not of a nighttime decaying F
layer, but of one maintained in equilibrium by an incoming
plasma flux, analogous to the maintenance of the daytime F
layer by an incoming photon flux. In either system, modula-
tion of the background atmosphere, by a gravity wave or any
other means, will modulate the ionosphere equilibrium den-
sity. The nighttime maintenance of the F layer above Shi-
garaki does not seem to be an unusual or storm-related pho-
nomenon, for the examples presented by Oliver et al. [1988]
indicate that the ionosphere there regularly decays after sunset
to an early nighttime level below which it does not decay for
the remainder of the night.

Eguatorial anomaly effects.  Figure 2 shows that the F layer
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peak density increased toward the equator during the period
of the wave activity. Equatorial anomaly activity is a possible
explanation for this low-latitude maximum, and we can then
ask if the nighttime density increases at Shigaraki correspond
to the outer fringe of the equatorial “fountain” effect. The
equatorial anomaly is produced by equatorial electric fields
which force the plasma to high altitudes, from which it diffuses
down magnetic field lines to higher latitudes, The Shigaraki
field line reaches the magnetic equator at an altitude exceed-
ing 2000 km. Simulations [e.g., Hanson and Moffett, 1966]
indicate that substantial ionization is not lifted this high, but
they also show that the off-equator electric fields play an im-
portant role in driving the diffusing plasma directly to-higher
magnetic latitudes, beyond the field lines to which substantial
plasma is lifted at the equator. Shiraraki rests on the fringe of
the equatorial anomaly in these simulations, and during the
February 1986 period of great electrical agitation it is con-
ceivable that such effects could have extended to Shigaraki. As
a cause for the periodic nighttime increases in density ob-
served during the wave period, however, we would have to
invoke a periodic excitation in the electric fields at the equa-
tor. We have examined magnetograms from the Asian sector,
from Memambetsu, Kanoya, Kakioka, and Guam (dip lati-
tudes 38°, 307, 26°, and 6°, respectively) for this periodicity
without success.

Of the argumentis considered above to explain the periodic
increases in F layer density during the wave passage, the one
invoking an incoming flux of plasma, modulated by the wave’s
effects upon the background atmosphere, appears to have the
fewest objections. In this scenario all observed effects are
caused by the wave and act upon the existing ionosphere
without any need to invoke unusual processes or fortuitous
coincidence of events.

After the periodic wavelike motion seen in the 1900-0300
LT time period of February 7-8, we observed some even
larger excursions in F layer peak height until about 0700 LT
on February 8, This was followed during the ensuing morning
daylight period by the development of very large peak elec-
tron densities and a low and decreasing peak height until
observations terminated at 0953 LT. For comparison, the
peak densities measured by the Japanese ionosonde chain
during this period are shown in Figure 2. Here we see corre-
lated density perturbations at all latitudes but a particulariy
evident and isolated density increase to the south near 0900
LT. The simultaneous density increase and layer peak-height
decrease observed at Shigaraki forms an interesting geophysi-
cal problem. Normally, when a neutral wind or electric field
forces the F layer downward in the daytime ionosphere, the
peak density decreases owing to the increased rate of chemical
loss. While we could examine several possible explanations for
this effect, as we did for the wave period, we have even fewer
constraints in our arguments here. We will let it suffice to say
that we see fewer objéctions, once again, to an explanation in
terms of an influx of plasma from the top of the ionosphere.

NOTE ON THE USE OF THE MU RADAR FOR WAVE DETECTION

The MU radar was in operation during the February 6-8,
1986, storm period by chance. Though not designed to ob-
serve wave propagation, the four-beam experiment employed
was successful in deing so. The ability to observe in different
directions simultaneously is a major unique and novel feature
of the MU radar which gives it capabilities for wave observa-
tion not previously available in ionospheric radars. In his
review of gravity waves Francis [1975] noted that the determi-
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nation of horizontal wave speeds and directions of motion was
{at that time) impossible with single-station measurements. He
also noted that an array of stations (with assumed fixed spatial
distribution} would be sensitive to omly a limited range of
horizontal wavelengths, for if the station spacing were too
small compared to the horizontal wavelength the wave would
be essentially in phase across the array, while if the spacing
were too large the waveform would change as it propagated
between array elements. The MU radar alleviates these objec-
tions to some degree. First, it is a single station, but because of
its flexible phased-array design it can observe different hori-
zontal locations as if it were an array of sensors. Second, its
flexible pointing capability makes it possible to adjust the
dimensions of the horizontal observing grid and to use a flex-
ible number of grid points such that waves over a broad range
of horizontal dimensions can be detected. Certainly the results
shown in this paper evidence the ability of the MU radar to
detect the very long horizontal wavelengths with a standard
four-beam experiment providing observation points on the
order of only 200 km apart. Hearn and Yeh [1977] have de-
tected medium-scale gravity waves with the Arecibo inco-
herent scatter radar (pointed vertically) having deduced hori-
zontal wavelengths as small as 140 km. Yekh et al. [1979] have
discussed the benefit of having a direct measurement of the
horizontal structure. The MU radar could easily observe the
horizontal structure of such waves by inserting additional
beam positions to provide adequate spacing to sample them.
The limitation in the number of beams used comes in the
practical statistical considerations, for the variance in the esti-
mates of the observed ionospheric parameters (e.g., electron
density) at any one position increases linearly with the number
of positions used. A 16-beam experiment can cover a much
larger range of horizontal scales than a four-beam experiment
but will incur twice the uncertainty (standard deviation). Thus
an important compromise arises between time resolution and
grid coverage.

SUMMARY

The MU radar conducted an incoherent scatter power pro-
file experiment during the large geomagnetic storm of Febru-
ary 6-8, 1986. Nearly simultaneously with the increase in the
Kp index from 34 to 6 — we observed the beginning of eight
hours of wave activity in the F region density showing a 100-
min period during the nighitime period of February 7-8. The
radar experiment used four observing positions. Correlation of
the behaviors in these beams allowed the identification of the
wave phase speed (410 m/s), direction of travel {19° west of
south), horizontal wavelength (2500 km), and vertical wave-
length (290-490 km). This wave had the propagation charac-
teristics of a classic large-scale gravity wave launched by an
auroral substorm. We judged, however, that the neutral wind
perturbation needed to create the observed density pertur-
bation through wave dynamics was excessive and inconsistent
with the observation of only modest changes in the F layer
peak height. Of several alternate possibilities considered to
explain the density increases, one invoking an flow of plasma
into the top of the ionosphere, and a wave-induced modula-
tion of the assimilation of this flux into the ambient density,
seemed to encounter the fewest difficulties. The following day-
time period saw the development of very high electron den-
sities during a period when the F layer peak height was de-
creasing, Again we speculated that this density increase was
due to an influx of plasma from above.
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