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Abstract. We capitalise on the very large field of view of
the Halley HF radar to provide a comprehensive
description of the electric field response to the substorm
growth phase and expansion phase onset of a relatively
simple isolated substorm ( |AL| < 250 nT) which occurred on 13 June 1988. The substorm phases are
identified by their standard ground magnetic and
spacecraft energetic particle signatures, which provide
a framework for the radar measurements. The substorm
is preceded by a prolonged period (>12 h) of magnetic
quiescence, such that prior to the start of the growth
phase, the apparent latitudinal motion of the radar
backscatter returns is consistent with the variation in
latitude of the quiet-time auroral oval with magnetic
local time. The growth phase is characterised by an
increasing, superimposed equatorward motion of the
equatorward edge of the radar backscatter as the
auroral oval expands. Within this backscatter region,
there is a poleward gradient in the Doppler spectral
width, which we believe to correspond to latitudinal
structure in auroral emissions and magnetospheric
precipitation. During the growth phase the ionospheric
convection is dominated by a relatively smooth largescale flow pattern consistent with the expanding DP2
(convection) auroral electrojets. Immediately prior to
substorm onset the ionospheric convection observed by
the radar in the midnight sector has a predominantly
equatorward flow component. At substorm onset a
dramatic change occurs and a poleward flow component
prevails. The timing and location are quite remarkable.
The timing of the flow change is within one minute of
the dispersionless injection observed at geostationary
orbit and the Pi2 magnetic signature on the ground. The
location shows that this sudden change in flow is due to
the effect of the upward field aligned current of the
substorm current wedge imposed directly within the
Halley radar field of view.

Correspondence to: R. V. Lewis

1 Introduction
More than three decades ago, Akasofu (1964) presented
his seminal work on the spatial and temporal development of the auroral substorm as observed by groundbased all-sky cameras. In the intervening years, a great
deal of progress has been made. An important step has
been a description of the substorm signatures seen by
other remote sensing and in-situ instruments, e.g.
ground magnetometers and spacecraft (see e.g. McPherron et al., 1973; Rostoker et al., 1980; Baker et al., 1993;
and references therein).
In terms of all these signatures, the substorm incorporates three phases: the growth phase, the expansion
phase and the recovery phase. During the course of the
growth phase, the auroral oval expands equatorward
and there is an increase in the strength of the DP2
auroral electrojets. The brightening of the most equatorward auroral arc signals the onset of the expansion
phase, accompanied by a Pi2 pulsation and the injection
of energetic particles into the inner magnetosphere. The
substorm current wedge (SCW) is established in the
magnetosphere and the westward travelling surge (WTS)
forms to carry the upward field aligned current at its
western edge in the auroral ionosphere. The associated
aurora expands reaching its maximum poleward extent
at the end of the expansion phase, whence the recovery
phase begins. The recovery phase is not so well described
or understood, and although activity may diminish in
the midnight sector, much activity occurs in the morning
sector, where for example large-scale auroral omega
bands develop and drift eastward.
Any individual substorm can be more complex than
this simple sequence of growth, onset and recovery, and
may include pseudo-breakups, intensifications and multiple onsets. Also, a series of parallel effects occur in the
magnetosphere during the course of a substorm, but
these will not be considered here.
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By comparison with the familiar signatures just
described, the electric field response (directly related to
the plasma velocity at F-region altitudes) has received
less attention: the most thorough descriptions have been
provided by a series of papers comprising detailed data
analysis and modelling work using the STARE VHF
radar (Baumjohann et al., 1981; Inhester et al., 1981;
Opgenoorth et al., 1983). Recently, two separate studies
have used the Halley HF radar to investigate the
ionospheric convection associated with substorm activity: Morelli et al., (1995) discussed the plasma flows in
the auroral zone during a very complicated multiple onset substorm, whereas Yeoman and Pinnock (1996) were
more concerned with the timing between the magnetotail response and the ionospheric plasma motion.
This study contributes further to this area of research.
It concentrates on a relatively simple isolated substorm,
which occurred on 13 June 1988, and provides a description of the electric field response to the substorm growth
phase and the expansion phase onset. Firstly, the growth
phase is of particular interest because the substorm is
preceded by a prolonged interval of magnetic quiet, so
that the magnetosphere must have been close to a rare
‘‘ground state’’ prior to the activity. Secondly, at the
exact time of substorm onset, the data show that the
upward field-aligned current (FaC) of the SCW has a
dramatic effect on the ionospheric plasma flow.
2 Instrumentation
Figure 1 is a map of the southern polar region, showing
the actual or projected locations of the instruments used
in this study. The key instrument is the Halley HF radar,
which is part of the Southern Hemisphere Auroral
Radar Experiment (SHARE), itself a component of the
Super Dual Auroral Radar Network (SuperDARN) (see
Greenwald et al., 1985; Baker et al., 1989; Greenwald
et al., 1995). The radar operates in the high frequency
band and is sensitive to coherent backscatter from decameter-scale ionospheric irregularities, which at F-region
altitudes drift with the ambient plasma (Ruohoniemi
et al., 1987). The measured parameters are the backscattered power, the line-of-sight Doppler velocity and
the Doppler spectral width. The mode of operation of
the radar for the interval studied on this occasion is to
scan through sixteen beam positions in a total of 96 s,
giving a dwell time of 6 s in each position. The beams
sweep out an area of about 65°– 85° PACE geomagnetic
latitude and 4 h of local time, with a typical spatial
resolution along the beam of 45 km. The field of view
(FoV) is shown in Fig. 1 by the grey shaded area.
Data from a number of other sources are utilised in
order to provide a substorm framework in which to
interpret the radar data. On the ground, magnetometer
data are available from Halley (HAL) station in the
Southern Hemisphere, and from the Canadian Magnetic
Observatory Network, the Greenland magnetometer
chain (Friis-Christensen et al., 1988) and the UK SubAuroral Magnetometer Network (SAMNET) (Yeoman
et al., 1990) in the Northern Hemisphere. The conjugate

Fig. 1. A map of the Southern Hemisphere polar region overlaid with
the PACE geomagnetic co-ordinate grid (Baker and Wing, 1989)
showing the field of view of the Halley HF radar (grey shaded area),
magnetometer stations in the Southern Hemisphere (HAL, AIA),
magnetometer stations mapped from the Northern Hemisphere
(OTT ′, STJ ′, NAQ ′, LRV ′, FAR ′, GML′, YOR ′) and the magnetic
footprint of LANL spacecraft 1987–097 (097). The latter is mapped
from geostationary orbit using the Tsyganenko (1987) field model for
the lowest Kp range

mapping of several Northern Hemisphere sites is shown
in Fig. 1: note particularly Narssarssuaq (NAQ’) and
St. Johns (STJ’). Also available is the auroral electrojet
(AE) index (Davis and Sugiura, 1966), which yields a
measure of global (Northern Hemisphere) auroral
electrojet activity. At geostationary orbit, energetic
particle data are available from the Los Alamos
National Laboratory (LANL) spacecraft (e.g. Baker
et al., 1979). The magnetic footprint of LANL geostationary spacecraft 1987–097 is shown in Fig. 1.
3 Observations
3.1 Overview
Figure 2 presents an overview both of the geomagnetic
activity and the ionospheric convection associated with
a small, isolated substorm that occurred on 13 June
1988. Data are plotted for the interval 00:00 UT to 05:00
UT. Unfortunately no interplanetary magnetic field data
are available for this interval.
In the top panel of Fig. 2, we show the auroral
electrojet upper (AU) and lower (AL) indices, as derived
from 12 magnetometers in the Northern Hemisphere in
the usual manner (WDC-2 for Geomagnetism, Data
Book Number 23, AE 1988a, September 1994). There is
an initial rise in AU at about 00:25 UT, before a larger
rise in AU between 01 UT and 02 UT. This corresponds
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Fig. 2. Overview of the substorm interval
between 00:00 UT and 05:00 UT on 13 June
1988. The panels show the AU and AL indices
(top panel ), integrated electron fluxes from
LANL spacecraft 1987–097 (30-300 keV)
(middle panel ) and the line-of-sight Doppler
velocity of the Halley HF radar backscatter on
the meridian beam as a function of PACE
geomagnetic latitude (bottom panel ). Substorm
onset is marked by the vertical line

Fig. 3. The spectral width observed by the
Halley HF radar on the meridian beam
between 00:00 UT and 03:00 UT on 13 June
1988. The locus of the Feldstein oval is
overlaid for Q  0 (solid lines), Q  1 (dotted
lines) and Q  2 (dashed lines). The diamonds
(squares) represent the location in the
Southern (Northern) Hemisphere of the
boundary plasma sheet (bp)/central plasma
sheet (cp) boundary detected by DMSP and
projected to the Halley MLT using the first
‘‘auroral oval offset’’ method described in the
text. The plus (multiply) symbols represent
the location in the Southern (Northern)
Hemisphere of the boundary plasma sheet
(bp)/central plasma sheet (cp) boundary
detected by DMSP and projected to the
Halley MLT using the second ‘‘auroral circle
fit’’ method described in the text
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to an increase in the strength of the eastward electrojet
and defines the substorm growth phase. Simultaneously
with the latter rise in AU there is a slight decrease in AL
corresponding to an increase in the strength of the westward electrojet. It is also worth noting that there is over
twelve hours of magnetic quiescence prior to the growth
phase, Kp values are low ranging from 0+ to 1+, and
AE does not exceed 100 nT.
The onset of the substorm expansion phase occurs at
02:11 ± 1 min UT, as indicated by the very sudden
decrease in AL from about )60 nT to about )240 nT
within a few minutes. At this stage, the contributing
stations to AL are first briefly Leirvogur (LRV) and
then Narssarssuaq (NAQ). This is an indication of the
DP1 electrojet of the SCW being established in the
00 to 03 MLT sector. Thereafter AL begins to recover
and by 03:35 UT both AL and AU have returned to
their pre-expansion phase levels. We take this to indicate
the end of substorm activity.
Corroborating evidence for the timing of the substorm onset is provided by a clear Pi2 signature (not
shown), which is observed at 02:10 UT in the Southern
Hemisphere at HAL and by the SAMNET magnetometer array located in the Northern Hemisphere. We
infer from the H and D component bays that the
westernmost stations of the array (FAR, GML, YOR)
lie close to the eastern edge of the SCW before 03 MLT.
Likewise, the western edge of the SCW is inferred to be
after 22 MLT, the MLT sector of magnetometers at
Faraday, Argentine Islands (AIA) in the Southern
Hemisphere and Ottawa (OTT) in the Northern Hemisphere.
Energetic electron and proton (not shown) data from
Los Alamos National Laboratory (LANL) geostationary spacecraft 1987–097 at )38°E longitude also confirm
the timing of the isolated substorm by a well-defined
dispersionless injection at 02:11 ± 1 min UT (see middle
panel of Fig. 2). Thus, the spacecraft, situated just
before midnight MLT, is inside the injection region.
In the bottom panel of Fig. 2, we show observations
by the Halley HF radar. The data plotted are the line-of
sight velocities along the magnetic meridian as a
function of PACE geomagnetic latitude and time. The
line-of-sight velocities are colour coded to indicate flow
towards (positive values) and away from (negative
values) the radar. There are several important features
to highlight in the data. During the growth phase, the
backscatter recorded by the radar moves equatorward.
The line-of-sight Doppler velocities are initially away
from the radar, i.e. poleward, and then from 01:10 UT
are generally towards the radar, i.e. equatorward.
Finally, at 02:11 UT (substorm onset) the flow reverses
from equatorward to poleward. At this time, Halley is at
approximately 23:30 MLT, close to the inferred location
of the western edge of the SCW. A few minutes after
substorm onset, there is a general loss of backscatter
across all range gates.
We now explore the observations in greater detail,
which divide neatly into the traditional substorm growth
phase and expansion phase onset.

3.2 Growth phase
3.2.1 Relationship of the radar backscatter to the auroral
oval boundaries. Figure 3 shows the Doppler spectral
width of the Halley HF radar backscatter as a function
of PACE geomagnetic latitude and time from 00:00 UT
to 03:00 UT on 13 June 1988. This parameter is a
measure of the flow variability within the backscattering
volume. There are two key features. Firstly, there is a
poleward gradient in the Doppler spectral width – a
region of mainly low spectral width (K100 ms)1 – blue
colour) lies equatorward of a region of mainly high
spectral width (J200 ms)1 – green colour). We shall
return to the Doppler spectral width in the discussion
section. Secondly, note again the equatorward expansion of the backscattered signal.
In order to put these HF radar observations into
context we overlay the position of a mathematical
representation of the Feldstein oval for three levels of
geomagnetic activity, Q  0, 1 and 2 (Feldstein, 1963;
Holzworth and Meng, 1975, and references therein). The
poleward edge and equatorward edge are plotted for the
three Q values as a function of PACE geomagnetic
latitude and the MLT of Halley (which varies from 20:27
MLT to 00:27 MLT for this interval). All three statistical
ovals show the latitudinal variation that one would expect for these MLT values, i.e. an equatorward motion in
the pre-midnight sector. Note that as the level of activity
increases (higher Q value), the width of the oval increases
because of the greater expansion of the equatorward
edge to lower latitudes relative to the poleward edge.
By comparing the location and variation in latitude
of the radar backscatter returns with the Feldstein ovals,
we show that the rate of equatorward motion of the
radar backscatter during the substorm growth phase
exceeds that due to the diurnal variation in latitude of
the auroral oval for a fixed level of activity. Initially,
between 00:00 UT on 13 June 1988 and 01:00 UT on 13
June 1988, the majority of the backscatter is within or
even poleward of the Q  0 oval. As the growth phase
progresses, the location of the backscatter becomes
more consistent with the Q  1 oval (sec. 01:40 UT) and
then later with the Q  2 oval (sec. 02:00 UT). We
attribute both the increasing width of and the equatorward motion of the radar backscatter during the
substorm growth phase to the effect of an expanding
auroral oval superimposed on the diurnal variation.
We provide some further confirmation for the relationship between the HF radar backscatter and the
auroral precipitation by utilising data from two Sunsynchronous satellites, DMSP F8 and DMSP F9. Two
different analysis methods are employed.
In the first method, we map across MLT using the
best available Feldstein oval:
1. For the interval 00:00 UT to 03:00 UT on 13 June
1988, we note the MLT and the geomagnetic latitude for
those occasions when the satellite crossed a boundary
plasma sheet (bp)/central plasma sheet (cp) boundary as
indicated by the DMSP neural net (Newell et al., 1991).
(Between 00:33 UT and 00:44 UT, there are DMSP
crossings of the bp/cp boundary at 18.5, 19.3 and 6.0
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MLT. Between 01:24 UT and 01:36 UT, there are
crossings at 5.1, 7.0 and 23.8 MLT and between 02:13
UT and 02:26 UT, there are crossings at 18.9, 20.8 and
5.4 MLT.) The bp/cp boundary is likely to correspond
to the equatorward edge of the Feldstein oval, i.e. the
equatorward edge of the discrete aurora.
2. At the MLT of the boundary crossing, we compare the
geomagnetic latitude of the satellite with the geomagnetic latitude of the equatorward edge of the ‘‘nearest
Q’’ Feldstein oval and calculate the offset between the
DMSP latitude and the Feldstein oval latitude.
3. Knowing the MLT of Halley at the UT of the DMSP
observations (at 00:39 UT, the MLT of Halley is 22.1; at
01:30 UT, the MLT of Halley is 22.9 and at 02:20 UT,
the MLT of Halley is 23.8), we find the latitude of the
equatorward edge of the Feldstein oval at the MLT of
Halley for the same Q value as in (2). Then we add the
offset calculated in (2) to this latitude. In Fig. 3, the
diamonds (squares) represent results of this method for
the Southern (Northern) Hemisphere.
In the second method, we utilise the fact that between
them the DMSP satellites happen to make three
crossings of the bp/cp boundary within several minutes
of each other on each polar pass:
1. We calculate the unique circle that fits these three
points. That is, we associate the bp/cp boundary with
the equatorward edge of the Feldstein auroral oval,
which can be approximated by a circle whose centre is in
general offset from the geomagnetic pole (Holzworth
and Meng, 1975).
2. We calculate the latitude of this circle at the MLT of
Halley. This latitude is plotted (at the mid-time of the
three boundary crossings) as a plus (multiply) symbol
for each Southern (Northern) Hemisphere pass.
For both analysis methods, the satellite data show
that the equatorward edge of the discrete aurora
expands equatorward during the growth phase in the
same manner as the radar backscatter. Also, the DMSP
crossings closest in MLT to Halley, when projected
along the nearest Feldstein oval, lie systematically on the
equatorward edge of the radar backscatter. (The crossings further away in MLT lie further poleward.) Thus,
this edge seems most likely to be associated with the
bp/cp boundary.
3.2.2 Ionospheric convection response. As described in the
previous overview section and shown in the bottom panel
of Fig. 2, there are two flow regimes during the growth
phase. Firstly, between 00:25 UT and 01:10 UT there is a
weak poleward component to the flow (green region of
backscatter, )50 m s)1 to )300 m s)1), and from the
variation of the line-of-sight component across the FoV
(not shown) we infer that there is also a larger westward
component to the flow. The flow direction is consistent
with flow aligned with a Feldstein auroral oval, which at
this MLT is tilted slightly with respect to a geomagnetic
latitude circle (see Fig. 3). Secondly, between 01:25 UT
and 02:10 UT there is an equatorward component to the
flow (blue region of backscatter, 50 m s)1 to ~ 400 m s)1),
and the flow is inferred to have still a westward
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component. (Between 01:10 UT and 01:25 UT, there is
a transitional period.) Thus, after 01:25 UT an equatorward flow component of at least 200 m s)1 has been
superimposed on the previously existing auroral ovalaligned flow. We attribute this equatorward flow component mainly to the equatorward expansion of the
auroral oval of order 200 m s)1 that occurs in this
interval.

3.3 Expansion phase onset
3.3.1 Location of the substorm current wedge. We now
consider in greater detail the ground-based observations
of ionospheric currents used to determine the location of
the SCW. Figure 4 shows a composite plot of magnetometer data from three stations: Narssarssuaq (NAQ),
Halley (HAL) and St. Johns (STJ). The data are displayed in local magnetic co-ordinates at 1 min resolution.
Substorm onset occurs at NAQ at approximately
02:12 ± 1 min UT on 13 June 1988. The dominant
response to the SCW occurs in the H component, which
recorded a decrease of approximately 250 nT between
onset and the maximum epoch of the expansion phase
compared with a decrease of around 100 nT in the D
component. The Z component decreased slightly at
substorm onset and subsequently fluctuated about its
pre-substorm level, but by never more than about
± 50 nT. Therefore, these variations (and those at
stations in the Greenland magnetometer chain further
poleward, not shown) indicate that after substorm
onset, NAQ is situated beneath a westward and slightly poleward directed horizontal current. In other words,
NAQ observed the intense DP1 electrojet of the SCW,
which arises from the so-called Cowling effect (e.g.
Baumjohann, 1983).
In the conjugate hemisphere, HAL maps to the
magnetic west of NAQ (see Fig. 1). The effect of a northeast equivalent current is observed at 02:11 ± 1 min UT,
as indicated by an increase of about 20 nT in the H
component with a simultaneous decrease of about 50 nT
in the D component. We interpret the equivalent current
as being part of the vortical horizontal ionospheric
current outside the upward FaC of the SCW (e.g.,
Opgenoorth et al., 1983). Thus, initially at substorm
onset HAL is located slightly westward and equatorward of the upward FaC of the SCW. (Note that the
same conclusion would be reached if we interpreted the
magnetic perturbation at HAL as a sub-auroral signature of the SCW, Clauer and McPherron, 1974.)
Supporting evidence for the location of the upward
FaC of the SCW comes from mid-latitude magnetometers. St. Johns (STJ) in the Northern Hemisphere is close
to the magnetic longitude of HAL (see Fig. 1). We interpret the STJ magnetic perturbations (Fig. 4) in the H
and D components at substorm onset as those from a
sub-auroral station (Clauer and McPherron, 1974). By
this argument, the upward FaC is close to the STJ
magnetic longitude, i.e. about 23:38 MLT. In any case,
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Fig. 4. Stacked magnetograms of the H, D, and Z components from
Narssarssuaq (NAQ), Halley (HAL) and St Johns (STJ ) between
00:00 UT and 05:00 UT on 13 June 1988. Note the different scale for
NAQ. The data are in local magnetic coordinates where the quiet-

time magnetic field is in the H-Z plane. Positive H points to local
magnetic north, positive D to local magnetic east, and positive Z to
nadir for NAQ and STJ and zenith for HAL

as mentioned in the overview sub-section, the upward
FaC is definitely after 22 MLT.
The information gained from the magnetometers
together with the observations at geostationary orbit are
summarised in Table 1. From this, it is concluded that
substorm onset occurs at 02:11 ± 1 min UT with the
eastern edge of the SCW located between 02:10 MLT
and 02:50 MLT and the western edge of the SCW

located at ~ 23:40 MLT just to the east of the Halley
magnetic meridian. The Halley HF radar is therefore in
an ideal location to observe the effect of the upward FaC
on the ionospheric convection.
3.3.2 Ionospheric convection response. In order to
describe the ionospheric convection around the time of

Table 1. The positions of ground magnetometers and geostationary spacecraft used to infer the location of the substorm current wedge
Substorm onset at 02:11 ± 1 min UT
Station

Code

Geomagnetic coordinates
N Latitude

E Longitude

Inferred location
MLT

w.r.t. SCW

Ottawa
Argentine Islands

OTT
AIA

56.6
)49.6

0.2
9.0

21:34
22:09

Outside
Outside

Halley
St Johns
LANL 1987–097
Narssarssuaq

HAL
STJ
097
NAQ

)61.1
54.5
)66.0a
66.6

28.8
31.2
34.2a
44.3

23:28
23:38
23:50
00:30

Just outside
Just outside
Inside
Inside

Leirvogur
Faroes
Glenmore
York

LRV
FAR
GML
YOR

65.2
60.8
55.1
51.2

68.2
78.4
78.4
79.2

02:06
02:47
02:47
02:50

(Inside)
Just outside
Just outside
Just outside

a

Magnetic footprint in the Southern Hemisphere mapped from geostationary orbit using the Tsyganenko (1987) field model for the lowest
Kp range
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Fig. 5. Colour coded radar maps of the line-of-sight Doppler velocity
measured by the Halley HF radar around the time of substorm onset.
Positive (negative) velocities indicate a flow component towards (away

from) the radar. The cartoons illustrate ionospheric convection consistent with the radar observations at 02:04:36 UT and 02:11:00 UT
(i.e. The data panels on the left hand side).

substorm onset, data from the Halley HF radar are
shown in Fig. 5. The panel of radar data is divided into
four (not all consecutive) radar scans. Each scan
displays line-of-sight velocities, colour coded to indicate
flow towards (positive velocities) and away from (negative velocities) the radar.

The line-of-sight velocities in the first scan, starting at
02:04:36 UT (approx. 6–7 min before substorm onset),
are negative in the western beams at higher latitudes,
that is flow with a component away from the radar, and
then traverse the colour scale so that they are positive in
the western beams at lower latitudes and also positive in
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the eastern beams, that is flow with a component
towards the radar. At the bottom of the figure is a
cartoon which is consistent with the radar observations.
It suggests that the radar observes the return flow at the
edge of the dusk convection cell associated with the DP2
auroral electrojets.
The second scan, starting at 02:09:24 UT (the last
scan prior to substorm onset), illustrates that flow with
an equatorward component dominates across the FoV.
The cartoon that fits the 02:04:36 UT observations is
consistent also with the second scan if the generally
westward flow in this cartoon is rotated by about 15°
equatorward.
The next available scan starting at 02:11:06 UT
demonstrates that immediately after substorm onset,
there has been a dramatic change to the flow pattern: the
predominantly equatorward component that exists immediately prior to onset has been replaced by a
predominantly poleward flow component. The timing
is quite remarkable: the sudden change in flow is at
exactly the same time as substorm onset when the SCW
is established in the auroral ionosphere. The accompanying cartoon illustrates the effect that this current
system has on the flow in the radar FoV. The upward
FaC of the SCW is on the eastern side of the FoV and
drives an ionospheric flow around it. Such a flow is not
inconsistent with the observed line-of-sight velocities
and a current system similar to this may well exist after
substorm onset. However, it should be emphasised that
the situation could well be more complicated than this
idealised cartoon.
The final scan starting at 02:14:12 UT displays the
flow pattern that is observed a few minutes after
substorm onset. The region of predominantly poleward
flow appears to have moved to the west, suggesting
possible expansion of the SCW. Eastward of this region
of poleward flow, there is an absence of backscatter. The
loss of backscatter may be attributed to either the
absorption or screening by sporadic E of the HF radar
signal caused by energetic electron precipitation in the
equatorward part of the radar FoV. Screening may be
more likely as data from the Halley Advanced Ionospheric Sounder show auroral sporadic E precipitation
poleward of Halley in association with the upward FaC
carried out of the western end of the SCW.

4 Discussion
The ground magnetometer and geostationary spacecraft
data show very clearly the development of the substorm
through the traditional growth, expansion and recovery
phases. In this study, the key issues concern new
observations by the Halley HF radar of the electric field
response to the growth phase and the expansion phase
onset. The growth phase is preceded by a prolonged
interval of magnetic quiescence, such that prior to
substorm activity, the magnetosphere is likely to be close
to a ground state configuration. During the growth
phase, an equatorward motion of the equatorward edge

of the radar backscatter is observed. At substorm onset,
the radar is ideally located to observe the sudden
reversal in the ionospheric convection from equatorward to poleward directed flow, as the western edge of
the SCW is imposed upon the auroral ionosphere.
Firstly, we discuss the equatorward expansion of the
HF radar backscatter during the substorm growth
phase. A clue to the most plausible explanation for this
comes from the substorm study of Samson (1994). He
reports an equatorward motion of 630.0 nm, 557.7 nm
and 486.1 nm emissions in the midnight sector during
the substorm growth phase (see his Fig. 3 or alternatively Fig. 1 of Samson et al., 1992), which is very
similar to the equatorward expansion of the HF radar
backscatter described in this work. Not only does it look
the same but we believe it has the same underlying
physical cause. Previously, we linked the backscatter to
the Feldstein auroral oval and to the region around the
bp/cp boundary. It is known that precipitation from this
region causes the auroral emissions observed by Samson
(1994). Thus, the auroral emissions and the HF radar
backscatter can be expected to be coincident. Samson
(1994) suggests that the equatorward motion ‘‘probably
results from the increase in the cross-tail current near
the Earth and the stretching of field lines.’’ Consequently we propose the same explanation of the equatorward
expansion of the HF radar backscatter.
Secondly, we comment on the structure within the
HF radar backscatter. We noted before that there is a
poleward gradient in the Doppler spectral width of the
backscatter (see Fig. 3). Given the relationship between
the backscatter and the auroral emissions, the gradient
in the Doppler spectral width presumably corresponds
to a similar gradient in the spectrum and variability of
the precipitation, and hence the conductivity and electric
fields of the discrete aurora. The physical significance of
this spectral width gradient for the coupling between the
ionosphere and the magnetosphere is the subject of
further work. It is a common feature within the HF
radar dataset.
Thirdly, we summarise the evolution of the ionospheric flow during the growth phase. To begin with, the
radar backscatter lay along the quiet-time Feldstein oval
and the flow was inferred to be aligned with it.
Subsequently, the radar backscatter began to expand
equatorward and a corresponding equatorward component was added to the flow.
This growth phase signature is not unique within the
Halley HF radar dataset. We note that low Kp values
prevailed prior to the substorm. We believe that this
signature corresponds to a particular class of growth
phase that requires an extended quiet-time configuration
of the magnetosphere prior to substorm activity. Under
these conditions, the ring current density is at a
minimum level (we note Dst is positive throughout the
interval studied) and thus least effective at screening the
magnetospheric cross-tail electric field from lower latitudes (Southwood, 1977). We shall leave this interesting
point open to further investigation.
Finally, we discuss the implications of our observations at the time of substorm onset. STARE VHF radar
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observations analysed by Inhester et al. (1981) and
Opgenoorth et al. (1983) showed that the electric field
centred about the head of the WTS had an inwardly
directed radial component. In the study by Opgenoorth
et al. (1983), simultaneous measurements from a rocket
flight revealed the electric field was weak inside the
surge.
The STARE data were complemented with data from
the Scandinavian Magnetometer Array. The ground
magnetometers provided concurrent spatial information
on the ionospheric equivalent currents. Using the
electric field data, detailed models of the WTS and the
SCW were developed by varying the assumed conductivity distribution until the model currents agreed
roughly with the observed equivalent currents. It was
found that within the WTS, an intense westward
Cowling current fed a net upward FaC at its western
edge. Within the surge itself, there was high conductivity
which resulted in a weak electric field that was lower
than the threshold required for VHF backscatter.
Further to this, we note that outside the highly
conducting Cowling channel, the radial component to
the electric field drove a Pedersen current toward the
centre of the surge head, which also feeds the upward
FaC. Therefore, a vertical Hall current flows perpendicular to the Pedersen current. This vortical current can
be seen in the equivalent current pattern.
It is easy to envisage the observations presented here
within this framework. This is sketched in the right-hand
cartoon of Fig. 5. At substorm onset, the radar observed
a sudden change from equatorward to poleward directed flow as an immediate consequence of the establishment of the SCW in the auroral ionosphere. This is
consistent with the previous STARE work. The plasma
flow at F-region altitudes is driven perpendicular to the
electric field, which points radially to the centre of the
surge. Thus, outside the WTS the flow is in a clockwise
direction and, to the west of the upward FaC, the flow
should have a poleward component, as is observed by
the Halley HF radar in the present example. This in turn
is confirmation for the location of the SCW as deduced
from the ground magnetometer data.
We now compare our results with the HF radar
observations of Morelli et al. (1995) and Yeoman and
Pinnock (1996). These authors claimed to observe characteristics of a WTS with the Halley HF radar, and
whilst there are similarities in the results, there are
several important differences.
Morelli et al. (1995) described a region of low flow as
the signature of the WTS. Ahead of the WTS (i.e. to the
west) they observed enhanced equatorward flows, in
contrast to the enhanced poleward flows observed in the
present example and in the STARE work. Morelli et al.
(1995) argue that the high conductivity region of the
WTS creates an obstacle which diverts the background
flow around it. In their example, the background flow
has a large equatorward component, which is therefore
enhanced west of the WTS. In their model, the effect of
the upward FaC of the WTS is not included. As
discussed already, this current draws a radial Pedersen
current driving a clockwise vortical flow around the
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upward FaC. To the west of the FaC this contributes a
poleward flow component. Thus we conclude that in the
study by Morelli et al. (1995) the vortical flow driven by
the upward FaC must have been weak compared to the
background equatorward flow, such that the primary
effect of the WTS on the flow was that due to the
conductivity enhancement alone. In our study and
others (i.e. Inhester et al., 1981; Opgenoorth et al.,
1983), the effect of the upward FaC is dominant,
yielding the poleward flow component to the west of
the WTS. Certainly in our study the background current
would have been relatively weak because the ionosphere
poleward of Halley was in 24 hour darkness on this day.
For the example studied by Yeoman and Pinnock
(1996), which occurred much closer to dusk (19:20 MLT
as opposed to 22:00 MLT), enhanced poleward flow is
observed to the west of the WTS (as in this study). In
their example, this may be the vortical flow associated
with the upward FaC of the WTS. Alternatively, it could
meet the requirements of the Morelli et al. (1995)
obstacle argument if there was a background eastward
flow. This would mean that the WTS would have to
propagate along the convection reversal boundary in the
evening sector.
Herein lies another difference between our observations and these previous. The data presented here have
demonstrated that the flow reconfiguration occurred as
an immediate consequence of the establishment of the
upward FaC of the SCW in the Halley MLT sector, but
both Morelli et al. (1995) and Yeoman and Pinnock
(1996) reported a WTS propagating into the FoV of the
radar. This difference may be important also in understanding the behaviour of the flow (to the WTS).
5 Conclusions
The electric field response to the growth phase and
expansion phase onset of a simple isolated substorm has
been comprehensively described by the Halley HF
radar. The availability of the AE index provided an
overview of the substorm growth and expansion phases,
whereas more precise information on the timing of the
expansion phase onset and the location of the SCW was
deduced from the injection of energetic particles at
geostationary orbit and from magnetic bay and Pi2
pulsation activity on the ground.
During the growth phase, the backscatter recorded
by the Halley HF radar was observed to move to lower
latitudes as well as widen in latitudinal range. This
signature is not unique within the radar dataset and
seems to occur following an extended period of magnetic
quiet. It is very similar to the behaviour of auroral
emissions reported by Samson (1994). The equatorward
expansion of the backscatter was described by a series of
Feldstein auroral ovals of progressively higher geomagnetic activity: it was not consistent with that expected
for the variation of the auroral oval with MLT for a
fixed activity level.
Also during the growth phase, the flow adopted a
more equatorward component. This change was broadly
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consistent with the rate of expansion of the equatorward
backscatter boundary.
An additional interesting aspect to the radar data was
a poleward gradient in the Doppler spectral width,
which may map to a magnetospheric boundary. DMSP
data indicated that the backscatter region corresponded
to the region of magnetospheric precipitation around
the bp/cp boundary. Understanding the relationship
between Doppler spectral width and night-side magnetospheric precipitation is a priority for our future work.
Immediately before substorm onset, the ionospheric
convection observed by the Halley HF radar was
governed by the DP2 auroral electrojets. However,
immediately after onset a sudden change occurred as the
flow direction reversed from an equatorward to a
poleward component. The observations were shown to
be consistent with the effect of the upward FaC
contained with the WTS of the SCW having been
imposed directly with the Halley FoV.
We have identified key features in the Halley HF
radar observations during the substorm growth phase
and expansion phase onset. Moreover at onset, the
radar was ideally located to sense the establishment of
the upward FaC of the SCW in the auroral ionosphere.
The prospect of combining similar observations from
the SuperDARN network of HF radars with ISTP
mission spacecraft should further enhance our understanding of the magnetospheric substorm process.
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