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irregularities in the
this system was also
the

in four antenna
to 6- near
(9 UT)
hours of wave activity having
the different beams and
( 410 m/s), direction of
west of south), and horizontal (2500 km)
vertical (290-490 km) wavelength
F-layer peak density
oscillated
this nighttime period,
,._....,~.• ..,. . . . ,._ . . several mechanisms that might cause these effects. We
that the density
to be caused solely by wave dynamics. We suggest that an in-flux
plasmasphere,
a wave-induced modulation of the assimilation of
.....u,• ...,.... a" density, may have been
cause of the observed density
the following morning (8 February)
density was observed to
v ...
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become increasingly large while the layer peak height dropped, and we also consider the
cause for this effect.

1.
The Japanese MU (Middle and Upper atmosphere) radar is the newest of the large
atmospheric radars capable of detecting the incoherent backscatter (IS) from the free electrons in the ionosphere. This radar system has been recently described by Fukao et al.
(1985a,b ). The 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. Ionospheric incoherent scatter observations
commenced in December 1985. Sato et al. (1989) have discussed the sensitivity 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 ofF-region electrodynamics with the MU radar.
In this paper, we report the MU radar observations collected during the large geomagnetic
storm of 6-8 February 1986. In particular, we present the electron density observations
Table
Location
Geo1nagnetic parameters
(300 km altitude)

Operational frequency
Antenna
aperture
steer ability
partitioning
Transmitter
peak power
average power
pulse length
IPP
pulse compression

Shigaraki, Shiga, Japan
(34.85°N, 136.10°E)
Field strength:
0.0402 mT
Declination:
Dip angle:
Dip latitude:
46.5 MHz
Active phased array, 103-meter diameter circular array
of 475 crossed Yagis
8330 m 2
0° - 30° off zenith, 5° azimuth steps, steering possible each IPl
25 groups of 19 elements each, each separately driveable
4 75 solid-state amplifiers (one for each antenna element),
2.4 kW peak (120 W average) power each
1 MW maximum
50 kW maximum
1- 512J.LS
400J.Ls- 65 ms
Up to 32-bit binary phase coding, Barker
and complementary codes in use
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made above the radar and correlate the time series observed in different pointing directions
to determine the properties of the large-scale TID observed passing over the radar for a
duration of several hours.

Fukao et al. (1985a,b) have discussed the MU
system and Sato et al. (1989)
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 electron density studies
interest in this paper. Table 1 lists several of the basic characteristics of the MU radar.
The MU radar is a monosta.tic
with an active phased-array system. The antenna
is a circular array of ~75 crossed
elements having a total diameter of 103 meters. Each
antenna element is connected to a.
low-power transmit-receive module which can
be driven coherently
low level
all of the phase shifting and signal
out at low power, the antenna. may be phased to observe
division/recombination is
in different directions on a
basis, or up to 2500
per second. This is a
major advantage of the
capability to
in multiple directions
simultaneously.
The major detriment for IS operation
the MU
temperature of about 10000
This is unavoidable galactic
noise encountered
at the MU radar operating frequency.
effect is to degrade the signal-to-noise ratio
considerably less sensitive
most of the other
achievable and to render the MU
routinely operating IS radars in
world. Nevertheless, Sato et al. (1989) have calculated
that for a long-pulse (500- p,s) power measurement signal-to-noise values excess of unity
are achievable with the MU radar, such that it can perform essentially as well as any of
the other IS radars for such a. measurement. 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 percent, such that long integration times are required to achieve acceptable statistical
accuracy.
The MU radar experiment conducted during the 6-8 February 1986 period was a
backscattered power measurement, from which the electron density can be estimated. A
7-bit Barker-coded pulse with a 64- p,s sub-pulse width was used, providing a 9.6-km range
resolution. The full 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 (Sato et al., 1989). The F-region signal often
becomes unusable beyond 600 km altitude owing to weak signal strength. This experiment
alternated four beam positions, geographic north, east, south, and west, all at 20° zenith
angle. The received power Pr is related to the electron density Ne as
(1)
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where C is a lumped radar system constant, R is the range to the scattering volume, and

Tr is the ratio of the electron to the ion temperature (Sato et al., 1989). We normalize the
measured R 2 Pr profile at its peak to the F-layer peak density measured simultaneously by
an on-site ionosonde to derive the MU radar "Ne'' profile. This profile is accurate at
layer peak hmax, but at any other height his in error by the ratio [1 +Tr(hmax)]/[1
In the worst case this could lead to a factor of two error in our Ne estimate.

F-

(h)].

3.

Table 2 lists the Kp and Ap geomagnetic indices
the 6-10 February 1986 geomagnetic storm period. Geomagnetic activity con1mencements reported for the period of
operation were a sudden commencement on 6 February at 1311-1313 UT (2211-2213 LT),
a gradual commencement on 7 February near 09
(18 LT), and a sudden commencement
on 7 February at 1521 UT (0021
on 8
on 6 February
terminated
MU radar operation commenced at 1314
operations almost
at 0053 UT (0953 LT) on 8
was followed by
simultaneously with the sudden commencement at 1311-1313
operation
moderate
levels of 3- to 4 for
next seven 3-hour periods.
saw an increase in
through the gradual commencement near 09 UT on 7
values of 8Kp from 3+ (6-9 UT) to 6- (9-12 UT), and
occurring later on that UT day (the following morning LT),
to the occurrence of the peak
values of 9
next mo,rnin~.
Figure 1 shows the contour plot of electron density versus altitude
time as measured by the MU radar during this period. The four radar beams have been added
this
display. Data. were recorded every 12.5 seconds during this experiment, and we show
results
to 4 minutes resolution. The electron density statistical uncertainty varied
during the experiment as controlled primarily by the electron density. For the F-layer peak
densities of about 1.5 x 10 11 m- 3 prevailing during most of the night of 7-8 February (the
period of primary interest in this paper),
signal-to-noise ratio was about 0.4.
With about 7000 pulses per antenna pointing direction per
averaging period we
can compute an electron density uncertainty of about 6%.
vVJLU..ULLv.I.L'V'-''-'L
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Figure 2 shows the F-layer peak densities measured by the Japanese ionosonde chain
arranged top to bottom in decreasing latitude ( 45°, 40°, 36°, 35°, 31°, 25° N). We will use
these results as an aid in discussing the MU radar observations.
Several interesting features are observed in the MU radar 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 activity appear to have had little
effect on the ionosphere above the MU radar. Around 10 UT (19 LT) on 7 February,
coinciding well withthe geomagnetic gradual commencement near 09 UT (18 LT) and the
sharp increase in Kp from 3+ to 6-, we observe the beginning of fluctuations in F-layer
density and peak height that continued most of the night and led, during following daytime,
to ionospheric behavior much different than that 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. There is some irregularity in these perturbations and their period seems to
increase with time, but not altitude. Phase fronts drawn through the density enhancements
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
absolute density levels of these four observations
were very similar, we observed important time lags between them. Figure 3 shows the
north and south
observations for
altitudes for the
correlation between
time period from 1911 LT on 7
to 0302 LT on 8
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 well-behaved and exhibits two peaks, one
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 propagates 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 the following wave propagation
characteristics: (1) a direction of travel t of tan( B) == 170/500, or B == 19° west of south, (2)
a correlation lag T along the direction of propagation of T 2 == (500 2 + 1702 )s 2 , or T == 530s,
(3) a wave speed of 218.4
km/530 seconds == 410 m/s
(the diagonal beams are 218.4
Direction of travel
19° west of south
km apart at 300 km altitude),
Wave speed
410 m/s
and (4) a horizontal wavelength
Horizontal wavelength
2500 km
of (410 m/s) x 100 minutes
Vertical wavelength
290-490 km (measured)
== 2500 km. These results are
350 km
summarized in Table 3.
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Fig. 2a. F -layer peak density results from the Japanese ionosonde chain during
7 February 1986. The latitudes of the stations are, from top to bottom, 45°, 40°,
36°,35°,31°, and 25°N.
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is orthogonal to this [such waves are expected to be very nearly transverse
1960;
Hooke, 1970; Francis, 1975)], we may compute the value
= 0.46 for our case.
using
our measured density perturbation amplitude of 20% and our measured phase velocity of
410 mjs, we find that we need a perturbation velocity of 180 mfs 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
a. ....... ...,....
velocity is
of
region of . .
whether this velocity were vertical or horizontal, it would
the effect of raising then
(each way)( e.g., Miller et al., 1986)
lowering the F layer by some 100
only a modest 20
also
layer height during this
comparison
measurements on other
1988), so that unusually strong background
days (see the
winds were probably·not
wave activity, and Doppler shifting
1
not important.
effects on Vp in our N / N 0
may make one additional
wave-dynamics effect. The vertical
structure of the wave should
to cause a plasma
collection effect at some
creation effect.
have
the ionosphere
while we do find
U .. '-'.UL'"'

<N.L

shear is the
cause of our density increases.
our density obserThus wave dynamics encounters
to a consideration
several
vations.
wish to devote the ... "' ....... a........
observed density perturbation.
alternative mechanisms
v.A.'IJ.LU>.L.U.!..UI"\

L._.. ..., ...

From the continuity equation we may say that
the increases in nighttime density must
come from either in-situ production of new
ionization or 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 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
we are confident
we know the MU radar lumped syssources were absent.
tem constant C well, we can use
for the electron-to-ion temperature
ratio Tr at the F-layer
height hmax
measurements of Pr and hmax and
we found that
remained near
ionosonde measurements of Ne ( hmax ).
unity throughout the 7-8
implies that sources of selective electron
heating (and hence of new ionization production) were absent. Therefore, we assume that
the cause of the observed density
at
must represent a transport of ionization
from other regions.
There are several specific transport effects that may be considered, including (1) wave
compression, (2) lateral drift of a density gradient, (3) filling from the protonosphere, and
( 4) equatorial anomaly effects.
are considered separately below.
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Wave cmmr1re.'J.'J1tOfl.
long wave periods, that the waves

peak density over Shigaraki. The
ionosphere
Yamagawa to ..., ......."' ........... J,.....
half-period of the density fluctuation is
x 116 km/ 0 )/(50
m/s. This is a very reasonable magnitude for ., .........
Owing to the· magnetic-field geometry, such a
by a falling
height if caused by a neutral
caused by an electric field. Our observation
increasing density would then favor
difficulty
is that blowing the
also
ionosphere a .,......................
This is clearly . . . . . . '"'...,,.., . . . . ...,. .'"'
electric-field
LLUI-'""

wave?
the
down into
ionosphere has long been rec:ognu:ea
tenance of the nighttime F-region density.
appears to be
constant with time
wave
lack of
the
maintained by a plasma
the assimilation of

via

is
ions (to give mc,lec:uutr
plasma loss
diffusion is "''"'"'. . "".'"JLJL'-''-L
wave will modify both
and
'-''-".I.LU.L,J.I..I.'-•'-4.

}J'JL.L.L.LA.UJJL.LL.J

..,. ................u ........J

beyond the field lines to which substantial plasma is lifted at the equator. Shigaraki rests
on the fringe of the equatorial anomaly in these simulations, and during the February 1986
period of great electrical agitation it is conceivable that such effects could have extended to
Shigaraki. As a cause for the periodic nighttime increases in density observed during the
wave period, however, we would have to
a periodic excitation
electric fields at
the equator. We have examined magnetograms from the Asian sector, from Memambetsu,
Kanoya, Kakioka, and Guam (dip latitudes 38°, 30°, 26°, and 6°, respectively) for this
periodicity without success.
Of the arguments considered above to explain the
increases F-layer density
during the wave passage, the one
an incoming fl.ux of plasma, modulated by the
wave's effects upon the background atmosphere, appears to have the
objections.
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
events.
time period of 7-8 February,
After the periodic wave-like motion seen in the 19-03
we observed some even larger excursions in
peak height until about 07
on 8
development
February. This was followed during the ensuing morning daylight period by
of very large peak electron densities and a low and decreasing
terminated at 0953 LT. For
ionosonde chain during this
perturbations at
the south near 9
wind or electric
rate
we could examine
density decreases owing to
several possible explanations for
effect, as we did for the wave period, we have even
it suffice to say that we see
objections,
fewer constraints
our arguments here.
once again, to an
in terms of an in-fl.ux plasma
top of
ionosphere.

5.

on

The MU radar was in operation during
6-8 February 1986 storm
Though not designed to observe wave propagation,
was successful in doing so. The ability to observe
is a major unique
novel feature of the MU
observation not previously available in ionospheric radars.
of
Francis (1975) noted that the
motion was (at that time) impossible with :sui!:Ut~:sl,aLJluu
that an array of stations (with assumed
distribution) would be ""'"'.._L ...... .,...
only a limited range of horizontal wavelengths, for if the
were too
compared to the horizontal wavelength the wave would
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 objections to some degree. First,
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it is a single station, but because of its flexible v ..uu.o ..,..... - .............
horizontal locations as if it were an array of sensors.
dimensions of the .uv.s..s..t:Jv.s.at~ .......
makes it possible to adjust
flexible
of
points such that waves over a
can be detected.
the results shown in this
radar to detect the very long horizontal wavelengths with
200

'"'""'""" ...." ' 11

of eight
nighttime
7-8 February.
Correlation of the behaviors
these
speed ( 410 m/s ), direction of travel
vertical wavelength ( 290-490
wave
gravity wave
launched by an auroral
judged,
perturbation
needed to create
observed
perturbation through wave dynamics was excessive
and inconsistent with the
of only
changes in
height.
Of several
possibilities considered to
the density increases, one invoking
¥ .....,.., ..... ,, ... into the
ionosphere,
a
flux into the ambient
seemed to encounter the
The following daytime period saw the development of very high electron densities during a
period
peak height was decreasing. Again we speculated
this density
increase was due to an in-flux of plasma from above.
'-''-'Ji"-.lUI.L.ILU•.U.M
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