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Abstract: Electron density irregularities appearing in the auroral E-region
during a substorm expansion phase were examined by using a 50 MHz doppler
radar at Syowa Station, Antarctica. The following results are obtained. (1)
Optical aurora is not always collocated with radio aurora, which suggests that the
strong electric field exciting plasma instabilities in the E-region does not always have
an intimate relation to the magnetospheric electric field. (2) The echoing region
is substantially limited within the radar range where aspect angles are between
88° and 92°. (3) The 50 MHz radar wave may undergo a few degrees of refrac-
tion due to high electron density. (4) Growth and decay times of the instabilities
in accord with changes in electric field strength are a few seconds or less. (5) With
increasing electric field, echo intensity and mean doppler velocity increase, and
the doppler velocity spectrum changes from a ‘diffuse’ into a ‘discrete’ form (two-
stream-like spectrum). A possibility of the neutral wind effect modifying electron
drifts is suggested. These results are compared with the existing theories and
with the radar observations made at other stations.

1. Introduction

VHF-UHF radio waves emitted from the ground can be partially backscattered
from the electron density irregularities which appear in the disturbed auroral E-region.
To study this, we use a tool for diagnosing the lower auroral ionosphere called ‘auroral
radar’ or ‘auroral doppler radar’ if it has an additional function of doppler-shift
detection. A large number of radars have been used, especially in the northern polar
region, to study the auroral E-region irregularities. Now it is believed that the am-
plitude and doppler spectrum of radar echoes contain information about irregularity
characteristics, irregularity production mechanism(s), auroral electrojet intensity,
and even the ionospheric electric field. There is, however, some controversy among
investigators about the interpretation of observed results and many problems remain
to be solved. Radar observations of the equatorial electrojet have disclosed many
interesting features of the plasma turbulence and electrojet dynamics, but these results
cannot be directly applied to the auroral electrojet plasma because of the different
configuration of the geomagnetic field and because of the more complex behavior
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of the auroral electrojet plasma than of the equatorial plasma. Consequently, even
now, more radar observations are needed. See a recent review paper of FEJER and
KELLEY (1980) and the references therein for detailed descriptions.

In contrast to the many radar facilities in the northern high latitudes, only three
VHF doppler radars have been installed in the south polar region in the past; 50
MHz at Siple Station, Antarctica (77°55’S, 83°35'W geographic) (BALSLEY et al., 1977),
53.5 MHz at Slope Point, New Zealand (46°40’S, 169°01'E) (KEys and JOHNSTON,
1979), and 50 MHz at Syowa Station, Antarctica (69°00’S, 39°35’E) (IGARASHI et al.,
1981). By using these radars, some aspects of E-region irregularities and auroral
dynamics have been studied (OGawaA et al, 1979, 1980, 1982; IGARrRAsHI and
TSUZURAHARA, 1981; IGARASHI ef al., 1981 ; UNWIN and JOHNSTON, 1981).

A pulsed doppler radar was installed at Syowa Station in 1978 by adding a func-
tion of doppler-shift detection to the previous radar system which could measure only
echoing range and echo intensity. This radar has been used for studies of both the
spatial correlations between radio and optical auroras (IGARASHI and TSUZURAHARA,
1981) and the simultaneous comparisons of electric fields observed by radar and sound-
ing rockets (IGARASHI et al., 1981).

This paper describes in detail the spatial relations between radio and optical auroras
and the characteristics of auroral electrojet plasma turbulence, by using the data of
the doppler spectrum, spectral width, echo intensity, and mean doppler velocity of
the irregularities appearing during a substorm expansion phase. The important
radar system parameters for the present observations are (1) frequency=50 MHz,
(2) pulse length=100 us (range resolution=15 km), (3) pulse repetition frequency
=400 Hz (corresponding to a maximum unaliasing doppler velocity of +600 m/s),
(4) approximate half-power beamwidth of the 8-element Yagi antennas for transmitting
and receiving=40° in horizontal plane and 45° in vertical plane, and (5) antenna
azimuth=180° geomagnetic (toward the geomagnetic south pole). See a paper of
IGARASHI et al. (1981) for other parameters and for the radar system design.

2. Observations and Discussion

2.1. Morphology of optical and radio auroras

The aurora with which we are concerned here appeared in the premidnight hours
on March 27, 1978. This aurora was also a target for the Antarctic sounding rocket
(S-310JA-7) experiment. The upper panel in Fig. 1 illustrates the contours of auroral
5577A (broken curves, 5 kR spacing) and 50 MHz radar echo intensities (solid curves,
10 dB spacing) in range-time space. Auroral intensity was measured by a geomagnetic
meridian scanning photometer located at Syowa Station. Note that one scan needs
30 s and that for drawing the contour curves the lower border of aurora is assumed
to be at about 100 km. Since auroral radar echoes are known to come mostly from
altitudes between 100 and 120 km (UNWIN and JOHNSTON, 1981), the spatial relation-
ship between optical aurora and radar echo intensity is discernible in the upper panel
in Fig. 1. The extent in range of the radar echoes is narrower than that of the optical
aurora and is limited to within a nearly constant range. This limitation of echo range
is due to so-called ‘aspect sensitivity’ which means that the radar cross-section strongly
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Fig. 1. Contour maps of auroral 55774 (broken curve, 5 kR spacing) and 50 MHz radar echo
intensities (solid curve, 10 dB spacing) in range and time space (upper panel) and all-sky
photographs (positive) taken every 10 s (lower panel). These data were taken at Syowa
Station. Echo intensity beyond 20 dB is shaded gray in the upper panel. Approximate
position of the slant range of 290 km toward geomagnetic south is shown on the 2228 LT
all-sky photograph by the white square. The white spot in the south-east quadrant
(lower figure) on the all-sky photographs is the moon.
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depends on the aspect angle, «, between the radar beam and the geomagnetic field
vector. When spatially homogeneous field-aligned irregularities exist, the cross-sec-
tion becomes maximum for a equal to 90°, abruptly decreasing as a« departs from 90°.
For the present experiment, « at the 110 km altitude becomes 90° at a slant range of
about 290 km which is the distance at which Mizuho Station (70°42’S, 44°20°E) is
located. The aspect sensitivity characteristics seen in Fig. | will be discussed later
in detail in Subsection 3.3. The lower panel in Fig. 1 shows the all-sky photographs
taken every 10 s at Syowa Station.

It is seen in Fig. | that at 2220: 30 LT (LT=UT+ 3 h) the radar began to detect
the echoes associated with a bright southward-moving arc. The echo intensities
were stronger near the center and equatorward side of the arc until 2223 LT. The
echoes became faint around 2224 LT with a more southward movement of the arc.
An intense echoing region accompanied by no discernible or faint aurora appeared
around 2225 LT. This event is interesting indicating that radar echoes are not always
correlated with optical aurora. A new arc appeared to the north of the pre-existing
echoing region and then moved southward. Echoes associated with this arc were
detected at times between 2226 and 2227: 30 LT.

Figure 2 shows the magnetogram and 30 MHz cosmic noise absorption recordings
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obtained at Mizuho Station. These indicate that the strong westward electrojet cur-
rent (eastward electron flows) excited by both intense particle precipitation and equator-
ward electric field were flowing in the bright arc. This result is qualitatively consistent
with the in-situ measurements of electric fields (OGAWA et al., 1981b) and of energetic
electrons (OGAWA et al., 1981a) by a sounding rocket S-310JA-7 which flew within
the same bright arc between 2217: 00 and 2217: 30 LT. OGAWA et al. (1981b) showed
that the DC electric fields in this arc had a strong northward (equatorward) component
with a smaller westward component. It is noted that both small-scale electron density
irregularities and electric field fluctuations excited by these DC electric fields were
measured in the E-region by the same rocket (OGAWA et al., 1981a; YAMAGISHI et al.,

1981) and that these fluctuations are the primary cause of the VHF radar wave scatter-
ings.

2.2. Spatial relationships between optical and radio auroras

Two examples demonstrating spatial relationships between optical and radio
auroras are shown in this subsection. The doppler (phase) velocity spectra of 3-m
irregularities taken every 15 km in range at the indicated time (every 15 s) are shown
in the upper part in Figs. 3a and 3b. A spectrum at every 320 ms was obtained by
applying a 128-point fast Fourier transformation technique after analog-to-digital
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conversion (sampling rate=10 kHz) of the received analog waveforms of echoes
(IGARASHI ef al., 1981). Then fourty-five spectra were averaged over 144 s to get
one averaged-spectrum as shown in Figs. 3a and 3b. A positive sign of doppler ve-
locity means a southward-movement of irregularities away from Syowa Station. The
maximum of each spectrum is normalized to unity so that the area below the curve
is not proportional to the echo power. See Fig. 6 for the range profiles of echo inten-
sity.

Figure 3a shows an example of good correlations between optical aurora and the
echoing region. In fact, the echo intensities were very strong at ranges of 255-315 km
at 2222: 15 LT and at ranges of 255-345 km at 2222: 30 LT. The all-sky photographs
indicate clearly that these echoes came from the vicinity and inside of the southward-
moving bright arc which was elongating in the east-west direction.

An example of poor correlations is shown in Fig. 3b. The echo spectra at 2225: 00
and 2225: 15 LT indicate that there was a strongly irregular region around ranges of
270-315 km where the spectral forms are two-stream-like (see Subsection 3.1). At
these times and ranges, however, optical aurora cannot be clearly recognized on the
all-sky photographs (see also Fig. I).

It is known observationally and theoretically that phase velocity vectors of elec-
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tron density irregularities in the polar E-region as seen by VHF radar are approximately
given by EXB,/B,* where E is the electric field vector and B, is the geomagnetic field
vector (ECKLUND et al., 1977; CAHILL et al., 1978). This indicates that in our case
the east-west component of E, E,_y, can be inferred from the doppler spectrum since
the radar beam is directed geomagnetically southward. E;_,(mV/m) is approxi-
mately given by V,/20, ¥V, (m/s) being the doppler velocity. In Figs. 3a and 3b, the
doppler velocities are negative, indicating that the electric fields had a westward com-
ponent. This result is also consistent with the sounding rocket (S-310JA-7) measure-
ment which showed that the east-west component was mostly westward (OGAwA
et al., 1981b).

The precipitating electrons with energies of a few keV, which are accelerated some-
where in the magnetosphere by the electric field presumably associated with ‘double
layers’, are the main cause of optical aurora. The ionospheric electric field and/or
density gradient are essential driving-forces of the plasma instabilities, such as the
two-stream and cross-field instabilities, resulting in the formation of irregularities.
Keeping these in mind, a good correlation in location and time between optical and
radio auroras may indicate that the magnetospheric electric fields responsible for the
auroral particle acceleration are well mapped down into the lower ionosphere along
the geomagnetic field lines. On the contrary, it is possible under an imperfect mapping
that as a result of spontaneous generation of a closed electric current system in the
ionosphere, the irregularities may appear only in a localized region where the iono-
spheric electric fields are strong (ECKLUND et al., 1977). In this case, a good correla-
tion between optical and radio auroras cannot always be expected. Thus, the correla-
tion study seems to be useful in order to understand the auroral dynamics.

3. Characteristics of Plasma Turbulence

3.1. Diffuse and discrete spectra

The amplitude and doppler spectrum of radar echoes contain much information
concerning irregularity characteristics and production mechanisms of irregularities.
There are two types of irregularities, type-I and type-II, in the equatorial electrojet.
Type-I irregularities are generated by the two-stream instability when the electron
drift velocity exceeds the ion-acoustic velocity (300 to 400 m/s in the E-region). Type-I
irregularity phase velocities measured by VHF radar are near the ion-acoustic velocity
due to non-linear processes in a turbulent state, and the spectral width is narrow.
Type-II irregularities, on the other hand, are caused by the cross-field instability operat-
ing under the combined action of density gradient and electric field. Phase velocities
of type-II irregularities are generally slower than the ion-acoustic velocity and the
spectral width is wider than that of type-I irregularities. The threshold strength of
electric field for the instability is generally lower for the cross-field instability than
for the two-stream instability.

The spectra similar to those at the equator were reported in the auroral electrojet
(BALSLEY and ECKLUND, 1972; HaLDouPIs and SOFKO, 1976). BALSLEY and ECKLUND
(1972) found a third type of spectra which has no similarity to the equatorial type-I
and -II irregularities. There is no valid explanation for this type at present.



132 Tadahiko OGawa and Kiyoshi IGARASHI

Diffuse Spectra Discrete Spectra

2221:15 LT 2224:30 2223:00 LT 2225:15
E -3517

KB=3257-3571 YA z Al z -2797 YAG! Bz A
345 M: [; 345 NMV\MJ M;* A i
WW J | | WW

L L 1

M [ My

SRR e W

o LM e L

w AL T

vl | LA L
e,

255
1 l\k\m

L 1 i
-600 (o] 600 -600 o] 600 —-600 [0} 600 -600 o] 600
vd(m/s) Vd(mls)

Range (km)
Range (km)

255

2
3

Fig. 4. Examples showing ‘diffuse’ spectral forms (left) and ‘discrete’ spectral forms (right).
See text for detailed explanation of these spectra.

Figure 4 shows typical examples of two spectral types, diffuse and discrete spectra,
found in the present observations. In these examples, the ‘diffuse’ spectrum (spectra
at 285-315 km at 2221: 15LT and at 270-300 km at 2224: 30 LT) is characterized
by a low mean doppler velocity (0 to —200 m/s) (mean doppler velocity implies tem-
porarily here a velocity around which the spectral echo power is maximum), a broad
spectral width (greater than 300 m/s), and generally low echo intensity. On the con-
trary, the ‘discrete’ spectrum (spectra at ranges of 270, 285 and 315 km at 2223:00
LT and at 270-300 km at 2225: 15 LT) with generally high echo intensity has a mean
doppler velocity of —300 to —500 m/s and a spectral width of about 100 m/s which
is narrower than the width in the diffuse spectrum. The discrete and diffuse spectral
forms may be compared to the equatorial type-I and type-II irregularity spectra, re-
spectively. However, all spectra obtained here are not always divided into two cate-
gories: Some spectra have intermediate characteristics. These results indicate that
the electric field and/or the density gradient driving the plasma instabilities were
highly variable in space and time for the moving arcs studied here. We note that
spectra similar to the third type reported by BALSLEY and ECKLUND (1972) were not
found here.

3.2. Growth and decay of irregularities

In order to see how quickly the instabilities causing radar wave scattering grow
and decay, the changes in spectral forms with range and time were investigated. Figure
5a shows the spectra, each of which was obtained by averaging fifteen spectra over
4.8 s, during a growth phase of the irregularities. Note that the echo intensities at
240 and 255 km are near the receiver noise level. It is observed in Fig. 5a that the



spectral forms change from the diffuse type into the discrete type within a few seconds,
This indicates that the region having strong electric
fields capable of exciting the two-stream instability was expanding toward Syowa
Station from the south. See Fig. 1 for the associated shift of the strong echoing region

at earlier times for farther ranges.
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Figure 5b shows the spectra during a decay phase of the irregularities. These
spectra were obtained by averaging six spectra over 1.92s. Note that the echo in-
tensities at 240-255 km and at 330-360 km and after 2223: 10 LT are near the noise
level. In this case, the discrete spectra appearing at 270-300 km lose their forms
in two seconds around 2223:09 LT, resulting in noise-like spectra. This suggests
that the two-stream instability was shut off due to a sudden decrease in electric field.
In fact, it is observed in Fig. 1 that the echo intensities drop sharply around 2223 LT
at the equatorward edge of the arc.

3.3.  Range profiles of echo intensity and mean doppler velocity

The detailed range profiles of echo intensity and mean doppler velocity are pre-
sented every 15 s in the left and right panels, respectively, in Fig. 6. These quantities
were calculated by applying a double-pulse analysis technique to the received wave-
forms of echoes (GREENWALD and ECKLUND, 1975). Integration time to get one range-
profile is 14.4s. Mean doppler velocity calculated here represents an ‘averaged’
velocity of the 3-m irregularities which are regarded as a ‘hard’ target instead
of a ‘soft’ target and therefore is not necessarily equal to the mean doppler
velocity defined in Subsection 3.1. Because of its usefulness, the double-pulse tech-
nique has been extensively used for studying auroral dynamics (GREENWALD and
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ECKLUND, 1975; GREENWALD et al., 1978 ; OGAWA et al., 1980). This technique will
be also adopted in a new auroral radar system at Syowa Station (IGARASHI et al., 1982).

The left panel in Fig. 6 indicates that except for the echoes between 2220: 30 and
2221: 15 LT most of the echoes come from the 260-330 km range for which the aspect
angles are between 88° and 92°. The intensities seems to be maximized for a between
89°and 91°. The limitation of echo intensities within a narrow range of aspect angles
is known as ‘aspect sensitivity’, as has been described in Subsection 2.1.

The echo intensities at times during 2220: 30-2221: 15 LT are maximum around
250-260 km corresponding to the aspect angles of 87°-88° and are very weak around
a=90°. One possibility to explain this fact is that the aspect angle dependence is
seeming, at least, during the time interval of 2220: 30-2221: 15 LT. UNWIN (1966)
and OGAWA et al. (1982) pointed out that a 50 MHz radar wave may suffer from a
refraction of about 1° and 2° during its propagation through the auroral E-region
with a high electron density. In fact, an extremely high density (about 10°/cm®) was
measured in this particular arc by MiIYAzAKI et al. (1981), indicating that a refraction
of about 2° to 3° might occur. If this is the case for our observation, it may be
inferred that the aspect angles in the bright arc were near 90° instead of 87°-88°, as
the latter values were calculated under an assumption of no radar wave refraction.
The refraction effect might be weaker after 2221: 30 LT since important echoes came
from the equatorward edge of the arc or outside of it (see Fig. 1).

On the whole, the mean doppler velocities become maximum at ranges farther
than those at which the echo intensities are maximum. Since the radar cross-section
should be positively correlated with electron drift velocity (SUDAN and KESKINEN,
1979), this discrepancy is curious. One possible explanation is that though the most-
irregular region existed at ranges where the mean doppler velocities are maximized,
echoes from this region could not be detected due to the aspect sensitivity. The other
explanation is that the electric field vector might rotate with range in the horizontal
plane. The appropriateness of this possibility, however, cannot be checked since
the radar can detect only the east-west component of the electrc field vector. In
addition, OGawa et al. (1980) have pointed out the importance of the aspect angle
dependence of doppler velocities. Thus, it seems impossible to find a self-consistent
explanation for the observed range profiles of both echo intensity and mean doppler
velocity by means of only a single radar. A twin-radar system, viewing a common
volume from two distant stations, capable of determining electron drift velocity vector,
or an experiment in cooperation with an incoherent scatter radar may solve the above
problems (ECKLUND et al., 1977; GREENWALD et al., 1978).

3.4. Relations between echo intensity, mean doppler velocity, and spectral width
Despite some limitations (aspect angle dependence and no unique-determination
of drift velocity vector) to the explanation of the data, it is valuable to investigate the
mutual relations between echo intensity, mean doppler velocity, and spectral width for
exploring the characteristics of plasma turbulence associated with aurora. Figure
7 shows the time variations of spectral widths at the 240-360 km range (upper figure)
and of both the maximum echo intensity observed in the 255-330 km range and the
corresponding doppler velocity (lower figure). It can be observed that after 2221: 15
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LT the intensity and velocity variations are positively correlated, whereas the varia-
tion of the spectral width has an anti-correlation with that of the echo intensity (and
therefore of the velocity). The reason for the opposite correlation before 2221: 15
LT is unknown at this stage but may be attributed to the turbulence in the bright arc
being somewhat different from that in other regions.

The echo intensities and spectral widths shown in Fig. 7 are plotted in Fig. 8 as
a function of velocity where rough linear-relations are evident (note: echo intensity
is in dB). The group of points having narrower spectral width (<150 m/s), higher
velocity (<<—250 m/s), and stronger intensity (>20 dB) belongs to the category of
discrete spectra. On the contrary, the group having wider spectral width (>250 m/s),
slower velocity (> —150 m/s), and weaker intensity (<20 dB) falls into the category
of diffuse spectra. The echo intensities do not approach the receiver noise level (0
dB) with decreasing velocity, contrary to linear and non-linear theories (SUDAN et al.,
1973; SubpaN and KESKINEN, 1979). This contradiction seems to be resolved by
assuming a neutral wind blowing from the equator toward the south with a velocity
of about 100 m/s (SATO, 1975; OGAWA et al., 1980). Further discussion of this problem,
however, is beyond the scope of this paper since there is no experimental data support-
ing the idea.

Data points in Fig. 8 are replotted logarithmically in Fig. 9 where it can be ob-
served that the echo intensities fall into the region enclosed by two lines, P=C,V,
and P=C,V,?% where P is the intensity (in a dB linear scale), ¥, is the mean Doppler
velocity, and C, and C, are proportional constants. This result is roughly consistent
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Fig. 8. Plot of the echo intensity and spectral width shown in Fig. 7 as a function of the mean
doppler velocity.
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Fig. 9. Replot of the echo intensity and spectral width as a function of the absolute value of the mean
doppler velocity shown in Fig. 8. Logarithmic scales are used.

with a relation of PocV,® in the equatorial electrojet given by BALSLEY (1969) and
SUDAN and KESKINEN (1979). The spectral width (W) is almost proportional to
Vy~1* for V;,<250 m/s and the curve becomes abruptly steeper for ¥, beyond about
250 m/s. This means that the spectral forms are completely ‘discrete (two-stream-
like)’ above the turning point of V.

V4 must be beyond 350 m/s (ion-acoustic velocity) for the excitation of the two-
stream instability in the auroral ionosphere. The turning value of about 250 m/s
found above is less than the ion-acoustic velocity. This discrepancy may be explained
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partly by the neutral wind effect and partly by the fact that the radar can detect only
the north-south component of electron drift velocity vector.

4. Concluding Remarks

The auroral E-region irregularities associated with bright arcs have been studied
by means of the 50 MHz doppler radar at Syowa Station. The following results are
obtained.

(1) Optical aurora is not always spatially collocated with radio aurora. This
may suggest that the strong electric field in the lower ionosphere sufficient to excite
plasma instabilities has not always an intimate relationship to the magnetospheric
electric field which plays an important role in the auroral particle acceleration in the
range of a few keV.

(2) The aspect sensitivity limits substantially the echoing region to within the
range where aspect angles are 88° to 92°. In order to get a wider coverage in range,
the radar beam should be directed geographically southward, in which direction the
aspect angle changes more slowly with range than in the present case.

(3) A possibility of a radar wave refraction effect due to high electron density
is suggested.

(4) The plasma instabilities causing radar echoes occur and die out within a few
seconds or less in accord with the time and spatial variations of electric fields.

(5) The strength of the electric field controls echo intensity, irregularity velocity
and spectral form. The intensity and velocity increase with increasing electric field.
The spectrum changes from diffuse into discrete form (that is, from wide to narrow
spectral width) with increasing electric field. A possibility of the neutral wind effect
modifying electron drifts is suggested.

(6) Auroral plasma turbulence is essentially two-dimensional so that a twin-
radar system or an experiment in cooperation with an incoherent scatter radar is highly
desirable to study detailed turbulent characteristics.
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