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Coherent HF radar backscatter characteristics associated with
auroral forms identified by incoherent radar techniques:
A comparison of CUTLASS and EISCAT observations

S. E. Milan, J. A. Davies, and M. Lester

Department of Physics and Astronomy, Leicester University, Leicester; Englend, United Kingdom

Abstract. Backscatter from decameter-wavelength field-aligned F region irregularities, as meas-
ured by the Cooperative UK Twin Located Auroral Sounding System (CUTLASS) Finland HF
coherent radar, is compared with common volume plasma parameters and the electric field de-
duced by the European Incoherent Scatter (EISCAT) UHF incoherent radar system, for a 12 hour
period from June 18 to June 19, 1996. During this interval we find an excellent agreement be-
tween irregularity Doppler velocity and bulk ion drift resolved along the CUTLASS beam. Back-
scatter is found to exist only in regions of nonzero electric field, as the ExB instability growth rate

is dependent on E. Following a substorm expansion phase onset, backscatter largely disappears
for a period of several hours, thought to be a consequence of nondeviative absorption of the HF
radio wave in the D region or a quenching of the F region instability mechanism by enhanced £
region Pedersen conductivity. Finally, the presence of auroral arcs within the scatter volume in-
creases the intensity of backscatter returns and introduces a subsidiary peak, displaced from the
preexisting peak, in the backscatter spectra; this subsidiary peak results in an increase in the appar-
ent spectral width of the backscatter. We show how this allows the location of precipitation fea-

tures within the field of view to be determined.

1. Introduction

The SuperDARN (Super Dual Auroral Radar Network) coher-
ent HF radars [Greenwald et al., 1995] are an important tool for
the study of ionospheric convection under the influence of the
magnetospheric electric field over large portions of the northern
and southern high-latitude regions. Each radar has a field of view
which covers some 4x10° km?, but, unfortunately backscatter is
not regularly observed over more than arelatively small propor-
tion of the whole viewing area. The reason for this is twofold.
On one hand, the nature of HF radio propagation is such that the
ionosphere is not uniformly “illuminated” by the radar. On the
other hand, ionospheric field-aligned density perturbations or ir-
regularities, the targets from which HF radars scatter, are not nec-
essarily present throughout the entire high-latitude ionosphere.
Hence the boundary of a region of backscatter can correspond ei-
ther to the edge of 2 region of irregularity generation or to the
edge of a region of illumination of the ionosphere by the radar.
In the former case, this boundary is of geophysical significance;
in the latter, it is not. These two factors have been discussed at
some length by Milan et al. {1997, 1998]. That the edges of re-
gions of backscatter can correspond to the ionospheric projection
of magnetospheric boundaries has previously been demonstrated
by Rodger et al. [1995] and Milan et al. [1999] by comparison of
rader and optical aurora in the cusp region. An understanding of
the plasma conditions under which ionospheric irregularities are
generated is essential for assessing which of these two factors is
the cause of an absence of backscatter in a particular portion of
the field of view at any one time. As 2 corollary, this knowledge
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may allow geophysical conclusions to be reached about regions
where radar aurora are absent, hence extending the amount of
“useful” measurements made by the rader. In a related aspect, in
regions where radar aurora are present, the physical mechanisms
which control the intensity or spectral width of the backscatter
spectra are not fully understood; though again, such knowledge
couid extend the information that can be derived from coherent
radar observations.

In contrast to coherent radars, incoherent scatter radars can de-
duce a complete altitude profile of a variety of ionospheric
plasma paerameters, including electron density, ion and electron
temperature, line-of-sight ion drift, etc., but only along a narrow
beam. In the case of the tristatic European Incoherent Scatter
(EISCAT) radar UHF facility located in northern Scandinavia, a
complete three-component ion velocity vector can be measured.
It is clear that a combination of these two observational tech-
niques, incoherent and coherent scatter, could indeed be a power-
ful tool for the investigation of many geophysical phenomena.

The EISCAT radar is located within the field of view of the
Cooperative UK Twin Located Auroral Sounding System
(CUTE;ASS) Finland radar, the easternmost station of the present
Northern Hemisphere SuperDARN chain. This presents an excel-
lent opportunity for a comperison of UHF incoherent radar and
HF coherent radar measurements. Such studies have been under-
taken previously [e.g., Villain et al., 1983; Ruohoniemiet al.,
1987, Eglitis et al., 1998; Davies et al., 1999]. though generally
to compare the drift velocity of F region ionospheric irregularities
with the F region bulk ion drift velocity. The present paper ex-
tends upon these studies by comparing the power and spectral
width of CUTLASS Finland radar backscatter spectra with the
plasma parameters deduced by the EISCAT radar. The interval
of study is 1800 UT, June 18, 1996, to 0600 UT, June 19, 1996,
an interval previously discussed by Davies et al. [1999], during
which was demonstrated an excellent correspondence between
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the incoherent and coherent radar estimates of the convection
electric field. The intention of this paper is not to investigate the
large-scale geophysical processes occurring during this interest-
ing interval, which will be the subject of a forthcoming study, but
rather to determine the smail-scale plasma and electric field con-
ditions which give rise to targets for coherent HF radars.

To aid discussion in section 4, a brief description is given of
the two basic interchange instabilities which give rise to field-
aligned electron density perturbations in the F region ionosphere:
the EXB or gradient drift instability and the current convective in-
stability. A more comprehensive description can be found in the
work of Tsurnoda {1988, and references therein]. The EXB insta-
bility acts in the presence of a background electron density gradi-
ent with a component perpendicular to B and with an applied
electric field E which has a component along the gradient. In the
one-dimensional linear case the growth rate of this instability is
given by y= Vo/L for @0 << wi, [Linson and Workman, 1970} and 7
= (Vovi/L)'? for @ >> vi, [Ossakow et al., 1978]; here Vy is the
background plasma drift velocity relative to the neutral atmos-
phere (assuming zero neutral winds, Vo=E/B), L is the effective
scale length of the electron density gradient perpendicular to B,
Vix 1s the ion-neutral collision frequency, and @ (= .+ 17) is the
wave frequency. In general. L is defined as L =
k. BN /[k-(VNXB)], where Kk is the irregularity wave vector. The
electron density gradient can be in the horizontal or vertical direc-
tions; though as B is directed almost vertically at high latitudes,
any vertical electron density gradient would have to be large for L
to become significant. At F region altitudes it is thought that
horizontal gradients are most important for irregularity genera~
tion. These background electron density gradients in which the
EXxB instability can grow are produced by large-scale structuring
of the ionospheric plasma, for instance, by particle precipitation
in the auroral zone or through convection processes [see Tsunoda.
1988].

The current convective instability is similar in nature to the
ExB instability but grows in the presence of a field-aligned cur-
rent, for example, auroral arcs, where 7 is proportional to V', the
field-aligned drift velocity of electrons relative to ions [Ossakow
and Chaturvedi, 1979].

2. Experimental Arrangement

As mentioned in section 1, this paper presents a comparison of
backscatter observed by the CUTLASS Finland HF coherent scat-
ter radar with plasma parameters measured by the EISCAT UHF
incoherent scatter radar. Below we give a brief description of the
experiment. For more information, the reader is directed to the
work of Greenwald et al. [1995] and Milan et al. [1997b] for a
detailed description of the CUTLASS system, to the work of Mi-
lan et al. [1997a] for a discussion of the interferometric technique
that allows the elevation angle of arrival of backscatter returns to
be determined, to the work of Rishbeth and Williams [1985] vis-
a-vis the EISCAT tristatic system, and to the work of Davies et
al. [1999] for a description of the combined CUTLASS-EISCAT
experimental arrangement.

The CUTLASS Finland HF coherent scatter radar, located at
Hankasalmi (62.3'N, 26.6°E), scans through sixteen azimuthal
look directions, arranged symmetrically about the radar bore site
of -12" (i.e. west of north), in each 2 min interval, with a dwell
time in each beam of 7's. Each sounding is gated into 75 range
cells (here numbered 0-74) of 45 km in length, with a range to the
first gate of 180 km. A seven-pulse scheme is transmitted, from
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which can be deduced a backscatter autocorrelation function
(ACF), and hence spectrum, within each gate. In the standard
processing, the power and spectral width of the backscatter are es-
timated by a functional fit (generally exponential) to the decorre-
lation of the ACF, and the Doppler velocity is estimated by a
least-squares fit to the phase of the complex ACF. In the present
study, the radar was transmitting at an operating frequency of 10
MHz and hence was sensitive o {onospheric irregularities with a
wavelength of 15 m. It should be noted at this point that between
1800 and 1900 UT of the interval of interest, severe HF interfer-
ence was experienced, reducing the sensitivity of the system.

The EISCAT UHF incoherent scatter radar consists of three
parabolic dish antennas, one sited at Tromse, Norway, with both
transmit and receive capabilities, and two remote site receivers at
Kiruna, Sweden, and Sodankyld, Finland. The system operates
near 931 MHz. In the CP-1-K mode, employed during the pre-
sent interval, the transmit beam is aligned along the local F re-
gion magnetic field. The remote site radars intersect the transmit
beam at a single F region altitude, at which tristatic measure-
ments of the ion drift are made; this intersection point is colo-
cated with range gate 16 of beam 35 of the CUTLASS Finland ra-
dar. Four pulse schemes are transmitted: long pulse which gives
F region measurements with an aititude resolution of 22 km: al-
ternating code, which achieves an aititude resolution of 3.1 km at
E region and lower F region altitudes; and two power profiles,
which vield only return power measurements but from D region
altitudes, at 3.1 and 4.5 km altitude resolutions. From the back-
scatter spectra several plasma parameters can be deduced, includ-
ing electron density N, and ion and electron temperatures 7; and
T.. Also, with the inclusion of a suitable collision frequency
model, the Hall and Pedersen conductivities can be determined
[see, e.g., Davies and Lester, 1999]. The EISCAT measurements
have been post-integrated to a time resolution of 2 min to be
comparable with the CUTLASS scan period.

One point must be stressed regarding the comparison of
EISCAT and CUTLASS observations: the CUTLASS range cell
at the location of EISCAT covers an area of ~2250 km? (45 km x
50 km) as opposed to 7 km® in the case of the EISCAT beam
(0.6° half-power beam width projected to 230 km altitude). In ad-
dition, the EISCAT returns are integrated over 2 min, whereas
CUTLASS samples the scatter volume for 7 s in each 2 min scan.
Clearly, the scatter volumes and the temporal sampling schemes
of the two radars are not identical, and some discrepancies be-
tween the observations are therefore to be expected.

Finally, measurements of nondeviative D region absorption of
HF radio waves at 38.2 MHz are provided by the Imaging Riome-
ter for Ionospheric Studies (IRIS) facility located at Kilpisjarvi,
Finland (69.1°N, 20.8°E). The IRIS system can form 49 beams in
a 7x7 array, one of which, beam 8§, is incident on the D region
over the location of EISCAT.

3. Observations

During the interval of interest, 1800 UT, June 18, 1996, to
0600 UT, June 19, 1996, the EISCAT radar was located between
2000 and 0800 magnetic local time (MLT) (at EISCAT, MLT =
UT +2). Two Pi2 signatures were observed in midlatitude mag-
netograms during this period: the first at 1820 UT and the second
at 2320 UT, when EISCAT was located near 2030 and 0130
MLT, respectively. The radar observations made during this in-
terval are illustrated in Figures 1 and 2. Figures lz-1f and 22-2f
illustrate the ionospheric parameters measured by EISCAT, while



MILAN ET AL.: COMPARISON OF CUTLASS AND EISCAT OBSERVATIONS

22,593

LA S S S M S S e S S S St i e S e
H H

(o)

EN

~~
?

£
©
x

N

o
a

et

3500
3000
aan L
25CC
, @
200G
15CC
~
H
)
<
S
N
©
K
= —r A
C D Pt
L . <y THA )
: 2 T
« Y et g
; v 30T
. 'y oo
g (i 20 ¢
g -
: o 0L
; e Rt o
—~ L o o
: N R
W N o
E : %
- R
= : : . .
O . : i :
2 : : : PR -
5 ! S i o
uuuuuuuuuu T s > > " t-'
> : 7 : B T T 30C ~
- : : i P H v 1 - 4007,
b M > M M ) K N b_ fatal
: : HEEE P o3 3uuéé
b : N N 3 £ :t * faYaY
- S S S 200 ¢
- 1 : : FE %) [ % o
. « H H B P P i fE e Tath el
. A A 4 Y 5 JRAYRS
1 H
et .ei\AzNVLmM“L - wh~‘~;wd Lt Nl i F
o 10 s . . . :
18:00 19:00 2C:CC 21:00 22:0C 23:CC CC:00
Ut

Figure 1. (a-f) Plasma parameters and electric field deduced from European Incoherent Scatter (EISCAT)
radar backscatter characteristics and (g-i) Coordinated UK Twin Located Auroral Sounding System
(CUTLASS) backscatter characteristics. Measurements are from the EISCAT location, beam 3, range gate
16, for the interval 1800-2400 UT, Jure 18, 1996. Figures la-1c show N, at 257, 150, and 111 km. Figure Id
shows height-integrated Pedersen (solid curve) and Hall (dashed curve) conductivity. Figure le shows 7. at
301 km. Figure 1f shows v, (solid curve) and v, (dashed curve). Figure 1g shows backscatter power. Figure
1h shows line-of-sight Doppler velocity. Figure 1i shows spectral width.

Figures 1g-1i and 2g-2i illustrate backscatter observations of the
CUTLASS Finland radar. The EISCAT measurements are as foi-
lows: Figures la-1c and 2a-2c¢ are electron density N, from three
representative altitudes, 257 km (pear the peak of the F region),

130 km, and 111 km (near the peak of the E region); Figures 1d
and 2d are the Hall and Pedersen conductances (height-integrated
conductivities), £y and Zp; Figures le and 2e illustrate the elee
tron temperature 7. at an altitude of 301 km; and Figures 1f and
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Figure 2. Similar to Figure 1, but for the interval 0000-0600 UT, June 19, 1996.

2f illustrate the geomagnetic northward and eastward components
of the ion drift, v, and ve, measured at the tristatic intersection al-
titude. Note that v, is small at all times and that in general the to-
tal velocity magnitude vmeg = [%); in other words, the flow is gen-
erally zonal with only a very small meridional component. The
CUTLASS observations illustrated in Figures 1g-1i and 2g-2i are
the backscatter power, the line-of-sight Doppler velocity (line-of-
sight irregularity drift velocity) vios, and the spectral width Av, re-
spectively, measured in gate 16 of beam 3, colocated with the

EISCAT observations.. To place these observations in some con-
text, Plate 1 illustrates range-time-parameter plots of power, ve-
locity, and elevation angle, along 2 portion of beam 5 of the
CUTLASS radar, covering the geomagnetic latitude range 60.0°-
83.5"N. In common with Figures 1h and 2h, positive (negative)
velocities indicate motion toward (away from) the radar. Grey
regions indicate backscatter which has been interpreted as ground
backscatter by virtue of it having low velocity, el < 50 ms™,
and low spectral width, Av < 20 ms™; in general, ground back-
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scatter is of little interest to this study. In addition to true coher-
ent ionospheric backscatter, meteor scatter, radar backscatter
from the ionization trails of meteoroids [Hall et al., 1997}, occurs
in the altitude range 80-100 km, the D region and lower E region.
This is observed in the nearest range gates (0-6) of the radar, es-
pecially after 2000 UT. As meteor trails drift with the neutral
wind velocity, which tends to be low at these altitudes, the ACF
analysis technique has misidentified most of this scatter as ground
backscatter.

To aid the discussion below, vertical lines have been superim-
posed on Figures 1 and 2 and Plate 1, indicating times and inter-
vals of note. Dashed lines indicate the beginning and end of in-
tervals of time (numbered -X), and dotted lines indicate times
when short-lived features appear simultaneously in both the
EISCAT and CUTLASS observations (numbered i-vi).

First, the EISCAT observations will be briefly described. At
1800 UT the ion drift velocity is directed westward with 2 magni-
tude of approximately 500 m 5. Thereafter, the ion velocity de-
creases to 0 m s near 2150 UT (during interval III) and then in-
creases in an eastward direction; though the velocity reduces to
near O ms™ again near 2220 UT, by 0000 UT it has peaked at an
eastward velocity of 1000 m s™, 2 sharp increase being observed
at approximately 2320 UT. Over the next few hours the velocity
once more decreases, reaching 0 ms™ by approximately 0350
UT. This velocity signature is fairly typical of EISCAT meas-
urements [Davies and Lester, 1999] and relates to the observation
first of the eastward electrojet in the premidnight sector and then
of the westward electrojet in the postmidnight sector. At earlier
and later times the electrojets are located poleward of the
EISCAT viewing area. The sharp increase in velocity observed at
2320 UT corresponds to the onset of the expansion phase of 2
substorm, as indicated by the second midlatitude Pi2 signature,
mentioned above. Few features are observed in the electron den-
sity and conductance (3 S) measurements prior to 2015 UT. A
typical N, profile from this interval (2000 UT) is illustrated in
Figure 3a: the F region electron density peaks at 2.1x10" m™,
and there is no clear £ region ledge. There is, however, a factor
of 2 increase in the E region electron density between 1820 and
1850 UT, which follows the first Pi2 signature, and a small in-
crease in the F region electron density, 1o 2.9x10" m™, between
1900 and 1920 UT. Between 2015 and 2110 UT, the £ region
electron density and the conductances increase by a factor of al-
most 2 as illustrated in Figure 3b (2040 UT). Thereafter, between
2110 and 0350 UT, the conductances and the electron densities
(especially in the lower ionosphere) increase dramatically and be-
come highly structured. Short-lived but intense increases in the
conductances (over 20 S) and electron densities (over 4x10°
m's), especially at 2128, 2148, 2228, 2322, 0152, and 0250 UT,
correspond to the passage of auroral arcs through the EISCAT
beam; Figure 3¢ (2128 UT) illustrates the electron density profile
during such an arc. That these enhanced electron densities are as-
sociated with precipitation can be demonstrated by their general
correspondence with enhancements of the F region electron tem-
perature [Schunk and Nagy, 1978). After the onset of the sub-
storm (intervals VII to IX) the Pedersen and Hall conductances
and E region electron density remain consistently high, between
10 and 20 S, between 20 and 60 S, and above 3x10* m™, respec-
tively. Figures 3d (0032 UT), 3¢ (0136 UT), and 3£ (0152 UT) il-
lustrate N, profiles from this period when the Hall conductance is
high (20 S). very high (50 S), and very high with electron densi-
ties enhanced at ali altitudes (40 S), respectively. After 0350 UT
the electron densities and conductances return to their original
low levels.
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Figure 3. Vertical profiles of electron density determined by
EISCAT at {a) 2000 UT, (b) 2040 UT, (¢) 2128 UT, (d) 0032 UT.
(e) 0136 UT, and (£) 0152 UT. The solid and dashed curves de-
note the alternating code and long-pulse measurements, respec-
tively.

Whiist EISCAT measurements are available throughout the in-
terval of study, CUTLASS backscatter only appears at the loca-
tion of EISCAT during the intervals I1, IV, VI, and VIII (with a
few exceptions which wiil be discussed below). During interval
II, when EISCAT measured westward ion drift, the CUTLASS
line-of-sight irregularity drift velocity was negative (away from
the radar). As beam 3 points some 29" west of geomagnetic north
at the latitude of EISCAT, vies < 0 ms™ is consistent with west-
ward flow. Similarly, during intervals IV and VI, wes > 0 m 5™,
consistent with the eastward ion drift observed by EISCAT. In-
deed, it was demonstrated by Davies et al. {1999] for intervals II,
1V, and VI that when the EISCAT tristatic measurement of ion
drift was resolved along the CUTLASS beam, excellent agree-
ment was found with ves. This agreement is illustrated in Figure
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Figure 4. A comparison of the Doppler velocity measured by the
CUTLASS radar at the EISCAT location and the EISCAT
tristatic measurements of the bulk ion drift, resolved ziong the
CUTLASS beam direction.

4, in which v IS plotted as a function of vmgcos8, where 8 is the
angle between the flow direction determined by EISCAT and the
CUTLASS beam; a coefficient of correlation of 0.68 is found.

The coherent backscatter power tends to vary between 0 and
30 ¢B during the interval of study, without any obvious trend
(Figures 1g and 2g). In part, these variations will be due to HF
propagation effects, such as focusing and defocusing, and
changes in the elevation angle, on which the gain of the
CUTLASS antennas is dependent. However, there are occasions
when local peaks in the backscatter power are found to corre-
spond to the passage of auroral arcs through the EISCAT beam,
specifically at 2128, 2148, 2308, and 0252 UT (times marked i,
i}, iv and vi). Similarly, in the case of spectral width, which most
often takes values below 100 m s, local enhancements to 200
ms” and more are found 0 correspond to auroral arcs at 2128,
2148, 2308, 0132, and 0232 UT (times marked i, iii, iv, v and
vi).

Plate 1 allows the observations to be placed in context. Back-
scatter first appears near the latitude of EISCAT at 1820 UT, at
the time of the first Pi2 signature and the brief enhancement of
the E region electron density observed by EISCAT. This region
of backscatter is only 2 few range gates, approximately 250 km,
in latitudinal extent and has an elevation angle of A = 22°. After
1900 UT, during interval II, 2 new region of backscatter with A =
16" appears at EISCAT but progresses equatorward of EISCAT
during intervals Il and IV. Meanwhile, from 1930 at 2220 UT,
another region of ionospheric backscatter appears poleward of
EISCAT (neer range gate 25) and progresses equatorward, cross-
ing the latitude of EISCAT during interval IV; this region of
backscatter has A = 12°. During interval V no backscatter is pre-
sent at the latitude of EISCAT; though poleward of this, a region
of backscatter is observed, with A = 0"-5° (marked A in Plate 1).
A new region of backscatter, with A = 15°-22°, appears at
EISCAT during interval VI. Only sporadic backscatter is ob-
served at the EISCAT location thereafter, except during interval
VII During interval X the electrojet-associated backscatter is
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observed to have progressed to higher latitudes, away from the
EISCAT location. The elevation angle measurements indicate
that there is significant variability in the altitude at which the
backscatter originates throughout the interval. At the range of
EISCAT, elevation angles of A= 0°-5", 10°, and 20 correspond
to aititudes of 120, 220, and 360 km, assuming little ionospheric
refraction. Hence all backscatter observed over EISCAT during
this interval originates in the F region, though intervals of £ re-
gion scatter are observed at other latitudes (A in Plate 1).

4. Discussion

Two substorms, indicated by midlatitude Pi2s, occur during
the interval of study, and the behavior of the CUTLASS Finland
redar backscatter is different during each. Following the first
substorm (1820 UT, time i), when the radars are located in the
premidnight sector, a region of backscatter appears near the ioca~
tion of EISCAT; this is despite severe HF interference at this
time. Foliowing the second substorm, when the radars are lo-
cated near 0000 MLT, there is a large, prolonged reduction in the
armount of ionospheric backscatter observed, especially at the lati-
tude of EISCAT. Clearly, different geophysical processes occur
in different MLT sectors during substorm onset. Unfortunately,
because of the interference suffered by the radar prior to 1500

iT. the first event cannot be investigated in detail. For the rest of
the interval of study, however, the conditions under which back-
scatter is observed by coherent HF radars and the factors that in-
fluence the backscatter intensity and spectral width will be dis-
cussed in turn in sections 4.1-4.3.

4.1. Backscatter Dropout During Intervals
of Low Electric Field

here are three intervals (11, V, and X) when backscatter is
absent at the latitude of EISCAT, coincident with small tristatic
ion drift velocities, approximately less than 100 m s, equivalent
to an electric field of 5 mV m™ or less. This suggests that in the
absence of other energy sources, the growth of F region irregu-
larities is dependent on the presence of an applied electric field,
consistent with the description of the ExB instability given in sec-
tion 1, where the growth rate was shown to be proportional to £
or EY2. This does not necessarily preclude the observation of co-
herent scatter with near-zero line-of-sight velocities, indicative of
a near-zero electric field component perpendicular to the radar
beam (£, = wof/B). However, in such a situation, it is proposed,
there would have fo be a significant electric field component par-
allel to the radar beam and hence plasma drift perpendicular to
the beam. Indeed, such near-zero v is observed during intervals
I and IV, at latitudes just equatorward of EISCAT (marked B in
Plate 1), which has been misidentified as ground backscatter ow-
ing to its low velocity and low spectral width.

Extrapolating from these observations, the presence of a re-
gion of near-zero electric field within the electrojet can be postu-
lated from the absence of backscatter in a channel progressing
from range gate 20 at 1930 UT to range gate 15 at 2120 UT
(marked C in Plate 1) Asimilar Ex0mVm™ region is observed
to progress from range gate 25 ar 2212 UT 1o range gate 15 at
2322 UT (marked D). The measured electric field is again near-
zero after 0350 UT, during interval X; the CUTLASS backscatter
indicates that the electrojet has progressed poleward of EISCAT
at this time. Such a relationship between radar 2urora and elec-
trojet activity has previously been found for VHF radars observ-
ing in the auroral £ region [see Greenwaldet al., 1975, and refer-
ences therein].
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Figure 5. Four schematic diagrams illustrating possible mechanisms for the dropout in backscatter following
substorm breakup (see text for details): (a) the situation prior to substorm onset when F region backscatter is
observed, (b) enhanced D region electron density producing attenuation of the radar signal, (c) enhanced £
region backscatter producing blanketing of the F region, and (d) enhanced E region electron density, conju-
gate to the Fregion irregularities, producing a decay in the irregularity growth rate.

It should be noted that the growth rate of irregularities is de-
pendent not only on E but also on L, where, in general, L is the
scale length of the electron density gradient perpendiculer to B:
the growth rate is enhanced in the presence of steep gradients;
conversely, in the absence of gradients no irregularities are gen-
erated. Hence it is possible to have regions of high electric field
but in which no scatter would be observed. Unfortunately, the
EISCAT observations only allow an estimate of N, to be made

and not VN, (at least not in the horizontal direction). The role of
electron density gradients will be discussed further in section 4.3.

4.2. Backscatter Dropout in the Midnight Sector
Following Substorm Onset

Following the second Pi2 pulsation, indicative of the onset of
the second substorm, between 2315 and 0350 UT (intervals VII
and IX) there is & significant dropout in the amount of backscatter
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Figure 6. (2) The total height-integrated Pedersen conductivity determined by EISCAT, for the interval 1800
UT, June 18, 1996, 10 0600 UT, June 19, 1996. (b) A determination of M, a measure of the ratio of the Peder-
sen conductivity in the E and F regions. (c, d) Imaging Riometer for Ionospheric Studies (IRIS) measure-
ments of D region absorption from the location of EISCAT and 150 km south of EISCAT, respectively.

observed by the CUTLASS Finland radar at the location of
EISCAT, though ionospheric backscatter is then observed at
lower latitudes, equatcrward of range gate 10 (marked E in Plate
1), indicating the equatorward expansion of the substorm electro-
jet system. There are several candidate mechanisms for the back-
scatter dropout, and these will be discussed below, with reference

to the schematic diagrams in Figure 5. Figure 5a iilustrates the
situation prior to substorm onset, with the predominant region of
backscatter originating near the location of EISCAT, scattered
from field-aligned electron density perturbations in the F region.
In addition to this is meteor scatter originating in the D region
and lower E region. This is observed predominantly in the near-
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est range gates and indicates the point at which the radar beam
traverses the D region, ~500 km equatorward of the EISCAT lo-
cation.

Subsequent to substorm onset, EISCAT measures greatly en-
hanced electron densities in the lower ionosphere, presumably
produced by high-energy (~10-30 keV) particle precipitation.
Enhanced ionization within the lower ionosphere c¢an be detri-
mental for HF radio and radar systems. For instance, increased
ciectron density at D region altitudes produces attenuation of HF
radio signals through collisions between free electrons and the
neutral atmosphere, the rate of dissipation of radio wave energy
being directly proportional to the D region electron density. In
particular, substorm-associated D region enhancement is known
to produce significant attenuation of HF signals which pass
through the auroral zone in the midnight sector [e.g., Akasof,
1968]. It is possible, then, that this phenomenon is responsible
for the dropout in backscatter occurrence during intervals VII and
IX. In other words, the irregularities from which the radar scat-
ters could still be present, but the radar would be unabie to detect
them owing to absorption of the probing radio wave. Figures 6¢
and 6d present IRIS imaging riometer measurements of D region
absorption from the location of EISCAT and from a location 150
km south of EISCAT, respectively. A large increase in absorp-
tion is observed during interval VII, during the CUTLASS back-
scatter dropout, and the reappearance of CUTLASS backscatter
during intervai VIII is coincident with a local minimum in the
measured absorption at the location of EISCAT, though not fer-
ther south. For absorption to produce the CUTLASS backscatter
dropout, however, the enhanced electron densities have to be co-
incident with the radar beam at the point where it traverses the D
region, the point at which near-range meteor scatter is observed,
as indicated in Figure 5b, significantly farther south than the fieid
of view of the IRIS riometer. In this situation the backscatter
power of the near-range meteor echoes might be expected to de-
crease also, though no such decrease is observed following the
substorm onset or during the subsequent dropout in backscatier
over EISCAT. Clearly, riometer measurements from a location
closer to the CUTLASS radar would help verify whether absorp-
tion was a sigrificant factor in the creation of the backscatter
dropout. It should be noted that 1.5 dB of absorption as measured
by ariometer at 40 MHz corresponds to 70-90 dB of absorption
of the radar signal at an operating frequency of 10 MHz.

Electron density enhancement at higher altitude, in the E re-
gion, can cause the radar beam to be reflected back to the ground
and hence not reach the F region scatterers (Figure 5¢); this is
known as E region blanketing.  In this case, ground backscatter
should be observed near the radar. To test if this is the case, i.e.,
the backscatter observed in range gates 0-6 is ground backscatter
as opposed to being of meteor or ionospheric origin, the elevation
angle of this backscatter is plotted in Figure 7 as a function of ra-
dar range, for each scan between 0000 and 0020 UT. The eleva-
tion angle decreases with increasing range, as expected for scatter

riginating in, or reflected from, an ionospheric layer of uniform
altitude. Superimposed on Figure 7 are two simple predictions of
the range dependence of elevation angle: on the one hand assum-
ing backscatter from within an fonospheric layer at an altitude of
100 km, known as 1/2-hop propagation [see Milan et al., 1997b],
and on the other hand assuming the reflection of ground backscat-
ter-in such 2 laver, known as 1-hop. The height of reflection or
scatter, 4, is related fo the elevation angle and radar range » by 2
= (Re® + 2RerosinA + ro)'? - Re, where Rg is the radius of the
Earth and o = r in the case of 1/2-hop propagation and ro = r/2 in
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Figure 7. The elevation angle measurements from range gates 1-
6 for the interval 0000-0020 UT. Superimposed (dashed curves)
are predictions of the range dependence of eievation angle for
ground and ionospheric backscatter.

the case of 1-hop propagation. Cieariy the observations are con-
sistent with an ionospheric origin of the backscatter, and hence £
region blanketing does not appear to be the mechanism in action.
The third possible mechanism for backseatter dropout is the
disappearance of F region irregularities following substorm onset
through an enhancement of the conductivity of the ionosphere
(Figure 3d); in this case, the backscatter dropout is perhaps of
greater geophysical significance than the more instrumental ef-
fects discussed above. Vickrey and Kelley [1982] suggested that
the growth rate of the ExB instability in the F region could be in-
fluenced by the Pedersen conductivity in the magnetically conju-
gate E region. In their formulation the instability growth rate 7 is
dependent on the value of 1-M ™', where M is a measure of the
relative contributions of the F and E regions to the total conduc-
tance, M= 1+ Zpp/Zp.p. An examination of the altitude profile of
the Pedersen conductivity indicates that the major contribution to
the conductance is from the E region, with the F region contribut
ing only ~10% of the total value. A high relative £ region con-
ductance, and hence low M, shorts out the perturbation electric
field associated with the F region irregularities, the growth rate of
the ExB mstabxhty becomes smali, and the irregularities decay.
Tsunoda [1988] concluded that because of high avroral E region
electron densities, produced by auroral precipitation, very low M
values of between 1 and 1.2 were expected and that as a conse-
quence, the ExB instability may be less dominant in the auroral
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zone than at other latitudes. " In the present case, Figure 6 illus«
trates both the total Pedersen conductance Zp determined from the
EISCAT observations for the interval of interest (Figure 6a) and
M (Figure 6b). It was assumed that the £ region contribution to
M occurred over an aititude range of 70-140 km and that the F
region contribution to M occurred from altitudes above 140 km.
In general, M is found to take values between 1.1 and 1.5, In par-
ticular, however, during intervals VII and IX, when little back-
scatter was observed by the CUTLASS radar, M is 2 minimum,
varying between 1.1 and 1.2, consistent with the calculations of
Tsunoda for precipitation events in the auroral zone. Interval
VIII, a short period when backscatter was observed between in-
tervals VII and IX, corresponds to a slight recovery of M to
higher values (the backscatter observed between 0100 and 0156
UT is ground scatter and will not be considered further). Also,
the appearance of backscatter at 0250 UT (time vi). the passage
of an auroral arc through the EISCAT beam, 2also corresponds to
a brief enhancement of M. Clearly, the M value is an oversimpli-
fication of the complex geophysical processes controlling the
generation of irregularities. For instance, the £ and F regions
were chosen, somewhat arbitrarily, to meét at an altitude of 140
km, as this corresponds approximately to the valley in the N, pro~
files measured by EISCAT (see, for example, Figures 3c-e).
However, in 2 situation such as that in Figure 3f where there is no
clear demarcation between the £ and F regions, it is unclear how
the M value should be calculated. - A more rigorous approach is
needed to properly investigate the effects of £ region electron
density enhancement on the generation of F region field-aligned
irregularities.

Backscatter dropouts are a common feature of HF radar obser-
vations of substorms, though in most cases the dropout appears
more as a bite-out in the preexisting backscatter region rather
than as an almost complete disappearance of the backscatter, as
observed in the present extreme example. The present observe-
tions suggest thet the backscatter dropout is a consequence of
auroral absorption of the radar radio wave or the quenching of the
F region instability mechanism by enhanced Pedersen conductiv-
ities in the £ region. In the latter case, the bite-out region maps
the location of elevated £ region electron density, and hence
Pedersen conductivity, produced by high-energy substorm-
associated precipitation; the poleward edge of the region of back-
scatter marked E in Plate 1 must correspond to the equatorward
edge of the high E region conductivity region. In the former case,
the dropout is indicative of an enhancement of the D region at a
location somewhere equatorward of the dropout region. It is clear
that both mechanisms could operate simultaneously. as both re-
quire high-energy particle precipitation o produce an enhanced
electron density in the lower onosphere.

4.3.  Characteristics of Backscatter From
Auroral Arcs

The passage of aurorai arcs through the EISCAT beam can be
deduced from enhanced E region electron densities and F region
eiectron temperatures. For example, the enhanced E region elec-
tron densities associated with the passage of auroral arcs at times
it and v are illustrated in Figures 3¢ and 3£ There is often 2 si-
multaneous enhancement of the Finland radar backscatter power
and spectral width. Five such cases occur at times ii, iif, iv, v,
and vi, though the following discussion will concentrate on the
first two of these examples. To examine the radar backscatter
from these two intervals in more detail, Figure 8 illustrates six
backscatter spectra, three from each arc example (Figures 8a-8¢
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and 84d-8f), from the beam and range gate that corresponds to the
EISCAT location. For each interval, the three spectra are taken
from the scan prior to, during, and immediately following the
passage of the arc through the EISCAT beam. The shaded spec-
ra have been normalized to the power of the middle spectrum in
each case, though the dot-dashed lines indicate the spectra seif-
normalized to aid comparison of the spectral shapes. During both
intervals the spectra indicate that the predominant Doppler veloc-
ity within the scatter volume is vos = 100 m 5™ and that the shape
of the main spectral peak remains relatively constant. Hence the
bulk piasma motion does not appear to vary significently during
the passage of the arc. However, the backscatter intensity within
this main peak does increase when the arc is within the range cell,
by a factor of between 3 and 10. In addition, during the passage
of the arc a subsidiary peak appears within the spectra (indicated
by arrows in Figures 8b and 8e), in both cases shifted by ~500 m
s above or below the main peak; the backscatter power within
this subsidiary peak is comparable with the power of the main
peak in the preceding and following spectrum. It is this subsidi-
ary peak which causes the ACF analysis to return a broad spectral
width at times when an arc is present.

Two possible explanations can account for the appearance of
the subsidiary peaks. The first is that these peaks correspond to
the-intense but small-scale electric field that is known to be asso-
ciated with auroral arcs [e.g., Marklund, 1984]. It would be ex-
pected that this intense electric field could be observed by an en-
hancement of the ion drift velocity measured by EISCAT, though
a shorter integration period would be necessary to resolve this.
Unfortunately, the signal-to-noise ratio at the EISCAT remote
sites was insufficient to allow the integration period of the ion
drift measurements to be reduced significantly. However, the
presence of the arc electric field can be deduced from short-lived
ion temperature enhancements measured by the Tromse site when
integrated at 10 s (see Figure 8g); these correspond to ion fric-

ional heating [see Davies ef al.. 1997, and references therein] in

the presence of the intense electric field. The second explanation
is that of Villain et al. {1987, 19901, who suggested that intense
electron precipitation could produce ion acoustic and electrostatic
ion cyclotron waves in the E region and lower F region, even in
the presence of subcritical horizontal electron drift, from which
the HF radars could scatter. Such waves would be expected to
have phase speeds of the order of the local ion acoustic speed.
400-600 m 5™/, consistent with the present observations.

It is unclear exactly why the backscatter intensity of the main
spectral peak is enhanced at these times. It is possibly due to an
increase in the backscatter cross section owing to increased back-
ground electron density (the backscatter cross section of E region
irregularities is proportional to N¢* [e.g., Starkovet al., 1983]) or
an increase in the irregularity growth rate associated with the
steep electron density gradients produced by the structured arc
precipitation. Also, potentially, the backscatter intensity may in-
crease through an enhanced growth rate of the current convective
instability in the presence of auroral arcs [Tsunoda, 1988].

The increase in spectral width and backscatter power in the
presence of auroral arcs makes possible the mapping of the loca-
tion of such features within HF radar spatial scans. Figure 9 illus-
trates the backscatter power measurements from the eight radar
scans between 2144 and 2200 UT; the location of EISCAT is in-
dicated by an arrow for each scan. The third scan corresponds to
the passage of the auroral arc over EISCAT at time Hi. In the first
scan a northeast-southwest aligned feature is observed just pole-
ward of the EISCAT location. In the second scan 2 similar fea-
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Figure 8. (a-f) Six backscatter spectra observed by the CUTLASS radar at the location of EISCAT taken
from times near the passage of two auroral arcs through the EISCAT beam and (g) 10 s integration ion tem-~
perature as measured by EISCAT at an altitude of 301 km. The vertical dotted lines in Figure 8¢ indicate the
times of the CUTLASS soundings corresponding to Figures 8b and 8e.

ture appears just to the south of EISCAT, and in the subsequent
scans these two features drift eastward and out of the field of
view of the radar. During the third scan the southwest end of the
first feature crosses the location of EISCAT, and the auroral arc is
observed in the incoherent radar measurements. In addition,
other enhanced backscafter power features appear within the
CUTLASS field of view during this interval: for instance a fea-
ture forms to the northwest of the EISCAT location in the second
scan, which by the end of the interval has extended east-west
across most of the field of view. It is clear that backscatter power
can be related to geophysical features which, especially with the
higher temporal and spatial resolutions that can be achieved by
the SuperDARN radars, can be traced over large regions of the
polar ionosphere with the HF radar technique.

5. Conclusions

The spectral characteristics of coherent backscatter from
decameter-wavelength ionospheric F region field-aligned irregu-
larities have been compared with common volume plasma pa-
rameters and tristatic measurements of the bulk ion drift velocity
deduced by incoherent scatter techniques. The main conclusions
of the study are as follows.

1. In the absence of other energy sources, backscatter is pre-
sent only when the convection electric field is nonzero (in the 2b-
sence of significant neutral winds), because the growth rate of the
EXB instability is dependent on the velocity of the bulk ion drift
relative to the neutral background. If the neutral wind velocity
increases to equal the bulk ion drift, the growth rate of the insta-
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Figure 9. Backscatter intensity measured in eight sequential CUTLASS scans, between 2144 and 2200 UT,
June 18, 1996. The arrows indicate the location of EISCAT.

bility would become low, but such a situation generally arises
only after several hours of constant applied electric field, as the
response time of the neutral atmosphere to ion drag is slow. The
irregularity growth rate is also dependent on the scale length of
the background electron density gradient in the ionosphere also,
but we have not been able to determine this in the present study.

2. During periods of ionospheric electron density enhance-
ment by auroral precipitation, HF radar backscatter can suffer
from dropouts or bite-outs. Two possible mechanisms for the
loss of backscatter have been identified. In the first, enhanced D
region electron densities produce attenuation of the radar radio
wave, known as aurorai absorption. In the second, an enhanced £
region electron density can result in high Pedersen conductivity,
which acts to short-out the perturbation electric field associated
with F region irregularities and causes them to decay.

3. The intense but short-lived (within the volume of observa-
tions) electron precipitation associated with auroral arcs can (1)
give rise to backscatter, where backscatter is not already present
or {2) produce an enhancement of the backscatter intensity of a
region of preexisting backscatter. This enhancement is possibly
associated with an increase in the growth rate of the current con-
vective instability in the presence of the arc or an increase in the
growth rate of the ExB instability due to a steepening of electron
density gradients. Moreover, the auroral arc produces a subsidi-
ary peak in backscatter spectra, resuiting in a broadening of the
spectral width attributed to the backscatter. The subsidiary peak
is thought to be a consequence of the high electric field associated
with the arc electrodynamics. Both increased backscatter power
and spectral width should make possible the mapping of auroral
arcs and other precipitation features with the HF radar technique.

4. The elevation angle from which backscatter returns are ob-
served at the location of EISCAT varies throughout the interval
of study. However, at all times during the present interval all
backscatter originates at F region altitudes, though there are occa-

sions when £ region scatter is observed away from the location of
EISCAT (for instance, the location marked A in Plate 1). This
indicates that, as discussed by Milan et al. [1998], the HF radaer
technique is often capable of exploiting irregularities at which-
ever altitude they occur to provide backscatter. .

5. Clearly, the HF coherent radar and UHF incoherent radar
techniques are complementary.. The coherent radar allows the
point measurements of the incoherent radar to be placed within
the context of the large-scale convection pattern, whereas the in-
coherent radar gives detailed information about the physical
processes occurring at a point within the coherent radar field of
view. The overall CUTLASS system comprises two radars: the
Finland radar and a radar located on Iceland. These two coherent
radars have two incoherent radars within their common observing
volume: the EISCAT facility employed in the present study and
the EISCAT Svalbard radar (ESR) located within the polar cap at
Longyearbyen on Svalbard. More extensive studies involving ail
four radars will help answer many outstanding questions about
the magnetosphere-ionosphere system.
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