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Abstract. Simultaneous high time resolution observations of the Hall and Pedersen
conductances, Xy and Zp, respectively, the ionospheric electric field and the ground magnetic
field during a magnetospheric substorm are reported. The measurements discussed here were
taken during the SUNDIAL/ATLAS 1 campaign of March 24 to April 2, 1992. The European
Incoherent Scatter (EISCAT) UHF special programme SP-UK-ATLAS, which operated on
March 27, 1992, provided continuous measurements of the electron density and the ion vector
velocity from which Xy and Zp and the ionospheric electric field were calculated. During the
substorm growth phase, Zp and Xy were less than 10 S and the ratio, R = X /Zp, was less than

1. Although both Zy; and Zp increased at the onset of the expansion phase, R remained close to
1. This ratio provides information on the mean energy of the precipitating particles responsible
for the enhanced conductances. A ratio of 1 implies a mean energy of the particles of 2.56 keV.
Two distinct expansion phases were identified, the second of which included a number of
intensifications. Both Ty and Zp increased toward the end of the second expansion phase with
peak values of 71 S and 34 S, respectively. The ratio R also increased to values exceeding 2,
equivalent to mean energies of more than 5.78 keV. The largest value of R was 3.25, which
occurred during the substorm recovery phase and is equivalent to mean energies of more than 10
keV. The increase in mean energy as the substorm progresses may be interpreted in terms of
changes in the acceleration processes in the magnetosphere. The maximum zonal (east-west)
current during this interval was 2.20 A m'! and occurred toward the end of the second substorm
expansion phase. At a number of intensifications, reversals or enhancements in the zonal current
were observed, for which the electric field was responsible in most cases. While the peak value
of the Pedersen conductance of 40 S is similar to recent published results, the Hall conductance

peak of 75 S is less than recent published measurements. Furthermore, the westward current
during the initial part of the expansion phase is dominated by the electric field, in contrast to a
previously published model which suggested that this current would be conductivity dominated.
It is suggested that further spatial structure of the current is necessary to explain these

observations.

1. Introduction

Modeling the large-scale three-dimensional current systems
associated with the coupling of the ionosphere and
magnetosphere has developed considerably in recent years [e.g.,
Richmond and Kamide, 1988; Emery et al., 1990; Lu et al., this
issue]. In particular, the technique of assimilative mapping of
ionospheric electrodynamics (AMIE) can be employed to derive
the distribution of the ionospheric conductances, electric fields,
currents, and other related quantities at high latitudes. Inputs to
the model include radar and spacecraft measurements of electric
fields or plasma velocities. The main input to the model,
however, is magnetometer data, and the results are dependent
upon the ionospheric conductance. Usually, models of
conductance [e.g., Spiro et al., 1982; Fuller-Rowell and Evans,
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1987] are employed in this technique, although radar and satellite
estimates of conductance can be included [e.g., Knipp et al.,
1989]. The height-integrated Pedersen and Hall conductivities,
the Pedersen and Hall conductances, can be inferred from
spacecraft measurements of precipitating electrons [e.g., Spiro et
al., 1982; Fuller-Rowell and Evans, 1987]. Incoherent scatter
radar measurements of plasma density can also provide estimates
of Pedersen and Hall conductances, Xp and Xy respectively [e.g.,
Brekke et al., 1974, 1989; Kirkwood et al., 1988]. Spacecraft
measurements can be made over a large spatial scale but cannot
provide information of the temporal evolution of the
measurements. Conversely, the ground-based incoherent scatter
measurements have a limited spatial coverage but the temporal
coverage is excellent. The AMIE modeling provides a global
coverage with improved temporal resolution but is reliant on data
inputs.

Perturbations of the ground magnetic field can arise due to
enhancements in conductivity, enhancements in electric field, or
some combination of both. The high-latitude nightside region is
particularly susceptible to large-scale magnetic perturbations,
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especially during magnetospheric substorms. The large-scale
auroral disturbances during substorms as well as potentially large
electric fields associated with the destruction of open magnetic
flux in the magnetotail can result in excursions of the horizontal
and vertical magnetic field which can be greater than 500 nT.
For the purposes of modeling the ionospheric electrodynamics in
this region it is necessary to have a complete picture of the
behavior of the conductivity and electric field. Unfortunately,
there have been relatively few attempts to undertake
simultaneous measurements of the ionospheric electric field and
conductivity during substorms. The Chatanika incoherent scatter
radar provided the first results of such simultaneous
measurements (see, for example, Kamide and Vickrey [1983, and
references therein]). Kamide and Vickrey [1983] concluded that
in the eastward electrojet in the evening sector, the magnitude of
the northward electric field increased when the magnitude of the
electrojet increased. Furthermore, £y remained at ~ 10 S even
when the current density became as large as 1 A m'l. The
westward electrojet, however, appeared to have two separate
components. In the 0000 - 0300 MLT sector, the electrojet
intensity was maintained by a weak southward electric field and a
high Xy. After 0300 MLT, however, the electrojet was
dominated by a strong southward electric field.

While these results provide an important insight into the
behavior of Xy and electric fields, Kamide and Vickrey [1983]
pointed out a number of caveats that needed to be considered
because of limitations with the experiment. One of these was the
large uncertainties in the north-south electric field measurements.
It has become apparent from tristatic measurements of ion
velocity by EISCAT that the F region electric field perpendicular
to the magnetic field can vary on short (~1 min) timescales
[Williams et al., 1990, 1992]. It is important therefore that
simultaneous measurements of electric field and conductance be
made to confirm the earlier results of Kamide and Vickrey
[1983]. EISCAT is well suited to the task of making
simultaneous high time resolution measurements of the Hall and
Pedersen conductances and electric fields, especially during the
various phases of substorm activity.

Such an EISCAT study, employing high time resolution
measurements along the magnetic field of Xy and Xp, in
conjunction with electric field measurements made at 300 km on
the same field line, was reported by Kirkwood et al. [1988].
Unfortunately, the EISCAT experiment utilized in this study did
not make continuous measurements of the F region electric field:
Kirkwood et al. [1988] did, however, utilize auroral images from
the Viking spacecraft in order to place the observations of Xy, Zp,
and the electric field in a spatial context as well as in relation to
substorm phases. Concentrating on conductances associated with
the substorm westward electrojet, Kirkwood et al. [1988] found
that £y varied between 15 S and 30 S and the ratio R of Zy and
Zp between 2 and 2.5, with little variation from one substorm to
another. These observations were made within the diffuse
aurora. Conductances in the discrete aurora leading the westward
traveling surge (WTS) and the auroral bulge were much higher.
In these locations Xy varied between 60 S and 100 S and R
between 2 and 4. The highest observed values of Xy and Zp were
120 S and 48 S, respectively, at the equatorward edge of the
WTS. More recently, a similar study by Aikio and Kaila [1996],
who were able to use continuous simultaneous measurements of
Xy, Zp and the electric field, illustrated that Xy could be as high
as 214 S near the poleward boundary of the auroral bulge during
the substorm expansion phase. At the same time, Xp remained
less than 40 S. The ratio of the two conductances, R, was as high
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as 5.2 at this location. During the growth phase, large values of
both conductances, up to 30 S, were reached when discrete
auroral forms passed through the radar beam.

Previous estimates of conductances during substorms had also
been made by modeling ground magnetometer data and STARE
estimates of the electric fields. During auroral breakups at the
substorm expansion phase onset, Baumjohann et al. [1981]
estimated peak values of 30 S for Xy and 10 S for Zp close to the
western edge of the auroral active region. In the higher
conducting region behind the head of the WTS, Opgenoorth et al.
[1983] suggested values of 25 S and 20 S for the Hall and
Pedersen conductances, respectively.

The first ATLAS mission [Torr, 1993] of March 24, 1992 to
April 2, 1992, was the focus for a coordinated ground-based
campaign involving the SUNDIAL experimenters [Szuscsewicz et
al., this issue]. As part of this ground-based campaign, the
European Incoherent Scatter (EISCAT) UHF radar was operated
for a short, 6-hour, interval on March 27, 1992 in a special mode,
SP-UK-ATLAS. An extended CP-1-J run of the EISCAT UHF
radar also took place during the latter part of the ATLAS mission.
This paper presents estimates of Zp and Xy and associated
electric fields during substorm activity from the interval on
March 27, 1992.

2. Overview of 1800 - 2200 UT, March 27, 1992

The run of the EISCAT UHF special programme SP-UK-
ATLAS took place between 1600 and 2200 UT on March 27,
1992. This experiment was effectively the CP-1-J experiment
(see, for example, Davies et al. [1995]) in which the Tromsg
beam is pointed parallel to the magnetic field at an altitude near
the F region peak. The one significant difference, however, in
the SP-UK-ATLAS experiment is the continuous intersection of
the beams from the two remote site antennas, at Sodankyld and
Kiruna, with the Tromsg beam at a fixed height of 275 km. In
CP-1-J, the remote sites intersect the Tromsg beam at 278 km for
only 90 s in every 5 min, with the remaining time being spent in
the E region. In both the CP-1-] and SP-UK-ATLAS
experiments the same pulse schemes are transmitted, long pulse
for observations between 150 and 550 km, two power profiles
and an alternating code for measurements between 80 and 270
km. The SP-UK-ATLAS experiment provides continuous high
time resolution estimates of the electric field in the F region
which therefore allows us to make simultaneous high time
resolution measurements of conductance and electric fields. We
concentrate on the interval 1800 - 2200 UT and summarize the
EISCAT observations below.

The F region electron density and electron temperature were
highly variable between 1800 and 2200 UT. The peak value of
electron density in the F region varied between 5 x 10! m and
9 x 10" m3 and the altitude of the peak varied between about
250 and 450 km, generally increasing toward the end of the
interval. The electron temperature was enhanced between 1830
and 1900 UT and after 1930 UT shorter-lived periods of
enhanced electron temperature were observed. Several short
intervals of enhanced ion temperature resulting from ion
frictional heating [e.g., McCrea et al., 1991] were also observed.
At 1800 UT the ion velocity perpendicular to the magnetic field
was westward and southward, becoming eastward from about
1900 until 1930 UT. Variable flow followed with values
reaching 1 km s™l. "After 2015 UT the ion velocity remained
eastward, apart from two 2-min intervals starting at 2044 and
2141 UT.
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The alternating code measurements illustrating enhanced
levels of E region ionisation provide evidence that particle
precipitation occurred over much of the interval. Between 1830
and 1900 UT there were strong levels of particle precipitation
with values of electron density of order 1 x 102 cm™ at 120 km
altitude, densities which are higher than the F region peak
densities observed in the interval. The precipitation, however,
did not penetrate to altitudes much lower than 118 km. After
1930 UT there were several bursts of precipitation again only
penetrating to about 118 km. After about 2040 UT, stronger and
more continuous precipitation occurred and penetrated to about
100 km.

In summary, the SP-UK-ATLAS observations between 1800
and 2200 UT on March 27, 1992, can be divided into four
separate periods: 1800 - 1823 UT when there is no electron or ion
heating and the ion velocity is westward with a magnitude less
than 400 m s’!; 1823 - 1855 UT when there were intervals of
precipitation into the E and F regions, continuous electron
heating prefaced by a short-lived ion heating event corresponding
to a high ion velocity peaking at 1827 UT; 1855 - 1935 UT
during which there was precipitation but only into the F region
and some intervals of electron and ion heating with variable
westward/eastward ion velocity; 1935 - 2200 UT when there was
precipitation initially to 118 km and then to 100 km, variable
flow initially and then eastward flow between 400 and 800 m s°!
from 2015 UT.

The IMAGE network [Liihr, 1994], which is based upon the
EISCAT magnetometer cross [Liihr et al., 1984], can provide
information on the auroral electrojet currents flowing in the
vicinity of EISCAT during the interval. The locations of the
specific stations from the IMAGE array which have been used in
this study are given as stars in Figure 1. The location of the
EISCAT beam during the SP-UK-ATLAS experiment at 120 km
altitude is represented by a square. Investigation of
magnetometer data from the IMAGE network demonstrates that
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Figure 1. A map showing the locations of the IMAGE

magnetometer stations used in this study and the position of the
EISCAT beam at an altitude of 120 km during the experiment.
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Figure 2. The X (north-south) component of the magnetic field
measured at selected stations from the IMAGE magnetometer
array for the interval 1800 - 2400 UT on March 27, 1992. The
dashed vertical lines represent the times of Pi 2 Pulsations
identified in the SAMNET data (not shown).

the interval 1800 - 2200 UT contains substorm activity (Figure
2). One sensitive indicator of the substorm expansion phase and
subsequent intensifications is the Pi 2 pulsation [Rostoker et al.,
1980] and the first Pi 2 identified in the SAMNET data [ Yeoman
et al., 1990] was at 1936 UT. This was followed by Pi 2
pulsations at 2006, 2018, 2042, 2051, 2100, and 2118 UT, where
all times are accurate to within 1 min. These times are identified
in Figure 2 by the vertical lines. The first of these was associated
with a weak negative X (north-south) component bay at SOR of
approximately 100 nT, which is indicative of a weak westward
electrojet. Negative excursions of the X component were
associated with subsequent Pi 2 pulsations at 2006 UT (MUO and
PEL), 2018 UT (SOR and MAS), 2042 UT (SOR and MAS),
2051 (MAS and MUO), and 2100 UT (PEL). The magnitudes of
the bays associated with the pulsations were low to start (~-100
nT), but larger at the times of the later pulsations (-200 to -300
nT). The integral effect was negative bays of up to -800 nT at
MUO and -500 nT at SOR compared with the quiet time
magnetic variation. After the last Pi 2 pulsation, there was a
general recovery of the magnetic field at all of the stations,
although the minimum value of the X component occurred at
different times at different stations. Further discussion of the
electrojets and substorm current wedge associated with the
substorm intensifications will follow in section 4.
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Substorm identification can be difficult and often a single
characteristic phenomenon may not be sufficient to identify all
substorm expansion phases and intensifications [Yeoman et al.,
1994].  Another often used indicator of magnetospheric
substorms is the particle injection at geosynchronous orbit [e.g.,
Lanzerotti et al., 1971; Belian et al., 1981]. Such particle
injections can either be dispersionless in energy, which generally
indicates that the spacecraft is close to the field lines which map
to the auroral breakup region, or dispersed in energy which
indicates that the particles, once injected into the near-Earth tail,
have undergone curvature and gradient drift [Reeves et al., 1991].
Electron fluxes in the 30 - 500 keV range from four
geosynchronous spacecraft operated by Los Alamos indicate only

LESTER ET AL.: HIGH-LATITUDE HALL AND PEDERSEN CONDUCTANCES

one large-scale dispersionless injection, at 2009 UT at spacecraft
1991-030 which was located at a local time of ~0051 MLT. This
was followed by a series of four increases in the particle flux at
the same spacecraft at 2018, 2030, 2045, and 2106 UT which
were also all dispersionless and are indicative of subsequent
substorm intensifications. There followed, at the three other
spacecraft, dispersed injections where the flux of the higher-
energy particles peaked before that of the lower-energy particles.
These dispersed injections could in general be related to the
dispersionless injections observed by spacecraft 1991-030. One
event, at 1848 UT, was observed by spacecraft 1989-046 at a
time of 0746 MLT and could not be related to a dispersionless
injection at any of the four spacecraft or to any other evidence of

SP-UK-ATLAS EISCAT 27/3/92

80 ! 1

Pederesen

60

Conductance (S)

T Rt

T

Pi 2 Onsets

18 19 20
Time (UT)

4-0 l | 1 LA
1 1T
1 Pt
) Tt
] it
1 [ ]
1 [ |
] |
] T

3.0 ’ bt
1 1]
1 1
] 1
1
1
1
1
]

2.0 Y
1
1]
1
]
1

Hall Conductance/Pedersen Conductance

R

0.0 T T
18 19 20

Time (UT)

Figure 3. (top) The Pedersen (solid line) and Hall (dotted line) conductances are plotted as a function of
universal time from 1800 to 2200 UT. (bottom) The ratio of Hall to Pedersen conductance for the same interval.
The dashed vertical lines in each panel represent the times of the Pi 2 pulsations.
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substorm activity, although particle precipitation into the E
region was indicated by EISCAT observations between 1823 and
1855 UT.

In summary, separate substorm expansion phases occurred at
1936 and 2006 UT. An earlier expansion phase may have
occurred before 1848 UT although this is difficult to confirm.
The expansion phase at 2006 UT involved a Pi 2 pulsation, an
enhanced westward electrojet and particle injection in the near-
Earth tail and was followed by a number of intensifications. We
argue that this is a separate expansion phase from the one at 1936
UT on the basis of the time difference from the first event of
more than 20 min, a similar time difference to that employed by
Farrugia et al. [1993] in their study of substorm activity during
the passage of an interplanetary magnetic cloud. This second
expansion phase lasted until at least 2118 UT, the time of the
final Pi 2 pulsation. During each expansion phase there were
intervals of particle precipitation into the lower ionosphere which
modified the Pedersen and Hall conductivities. No solar wind
plasma or IMF measurements are available for this interval.

3. Hall and Pedersen Conductances

The Hall and Pedersen conductances, Xy and Xp, respectively
(Figure 3) have been calculated between 1800 to 2200 UT from
the EISCAT SP-UK-ATLAS alternating code measurements of
electron density, analysed at an integration time of 60 s. The
conductances were calculated over the altitude range 86 - 200 km
along the magnetic field direction. The ion-neutral and electron-
neutral collision frequencies were calculated using the MSIS-86
model [Hedin, 1987] to provide estimates of the neutral
atmospheric composition and temperature within the altitude
range of interest. Estimates of the ion and electron
gyrofrequencies were based on values of the magnetic field from
the IGRF model. The magnetic latitude of Tromsg is between
that of SOR and MAS, but its longitude is some 5° to the west of
these stations.

The conductances were typically a few siemens at the start of
the interval (Figure 3, top). Between 1828 and 1855 UT, both
Hall (dotted line) and Pedersen (solid line) conductances
increased above 10 S, reaching peak values for Zp of 40 S at
1851 UT and 27 S at 1850 UT in the case of Xy. The ratio of the
two conductances, R = Xy/Zp, (Figure 3, bottom) remained, in
general, less than one. Following 1855 UT, both Zp and Zy
decreased to below 10 S and remained so until about 2015 UT
apart from three brief intervals centred at 1944, 1956, and 2005
UT. Between 1855 and 2015 UT the ratio of the two
conductances remained close to 1. Both Zp and Xy were higher
following 2016 UT, with the former peaking at values of between
22.and 27 S and the latter peaking at values between 30 and 45 S.
Higher conductances continued until 2036 UT, during which time
R was between 1 and 1.5. After 2036 UT, Zp and Xy increased
again, with £p peaking at values between 20 and 33 S, while Zy
now peaked at values above 50 S, and was well above 20 S until
2153 UT. Between 2016 and 2100 UT the ratio of the two
conductances was typically between 1.5 and 3.

The variation of R as a function of time (Figure 3, bottom)
demonstrates that the interval can be divided into two parts. The
first from 1800 to 2000 UT, where R was typically of order 1,
and the second from 2000 to 2200 UT where R was typically
larger than 1 and often of order 2 or more. The zonal component
of the ion velocity was typically eastward during the first interval
and westward during the sécond. Figure 4 further demonstrates
the relationship between Ly and Xp for the two parts of the
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Figure 4. (top) The Hall conductance is plotted as a function of
the Pedersen conductance for the interval 1800 - 2000 UT. The
dashed line represents Hall conductance equaling Pedersen
conductance. The solid line represents the best fit linear function
with the relationship at the top of the panel together with the
correlation coefficient. (bottom) The same but for the interval
2000 - 2200 UT. Note the difference in scale for the Hall
conductance in this panel.

interval. Between 1800 and 2000 UT (Figure 4, top), the two
conductances were similar, although Zp was typically larger than
Xy, with most values below 10S. Between 2000 and 2200 UT
(Figure 4, bottom) Xy had a much wider distribution of values
and was closer to twice the value of Zp. Robinson et al. [1987]
have demonstrated that the ratio R is given by
R=045E08

where E is the average energy in keV of the precipitating
electrons. From this expression we note that a ratio of 1 is
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produced by precipitating electrons with average energy of 2.56
keV, while to produce a ratio of 2, the average energy of the
precipitating electrons would be 5.78 keV. These values
illustrate that the average energy of the particle spectrum during
the second interval was higher with more particles penetrating to
lower altitudes. Thus not only did the level of precipitation
increase but also the particle spectrum changed from the first to
the second interval. Discussion of the conductances and their
relationship to substorm phase is given in section 4.

The electric field measurements by EISCAT were made at a
height of 275 km, compared with the conductances which were
measured between 86 and 200 km. Although the EISCAT beam
was parallel to the magnetic field at 275 km, the nature of the
magnetic field is such that the measurements at lower altitudes
were not exactly on the same field line. The differences are,
however, small and we assume that measurements of electric
field, Zp, and Xy are effectively along the same field line. Before
discussing in detail the electric field variation we note that the
integration period of 1 min is not short enough to cope with
extremely short lived (a few seconds) variations in the electric
field recently measured by EISCAT [Lanchester et al., 1996].
For the purposes of this study, however, a temporal resolution of
1 min is more than adequate.

The components of the electric field perpendicular to the
magnetic field are illustrated in Figure 5. The north-south
component (positive north) is typically larger than the east-west
component (positive east), although the latter is between -10 mV
m'! and -25 mV m! for much of the interval. At 1800 UT the
electric field is directed northward and westward and around
1900 UT both components change direction, consistent with the
motion of the radar through the electric field Harang
Discontinuity. Following the first expansion phase onset at 1936
UT, the north-south component returns northward. It is only
following the Pi 2 pulsation at 2018 UT, however, that the field
remains consistently southward, apart from two very brief
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intervals. The magnitude of the north-south component during
this interval is typically larger than 25 mV m™!. All but the last
of the Pi 2 pulsations are followed by an enhancement or a
change in direction of the north-south electric field. Only the
events at 2018 and 2042 UT had simultaneous increases in Xy.

4. Discussion

It is instructive to consider how the conductances varied as a
function of substorm phase. The interval has been divided into a
growth phase, two expansion phases, the second of which is
divided into three separate intervals, and a recovery phase.
Average values of Xy, Zp and R plus their ranges are given in
Table 1 for each of these intervals. As there were no
interplanetary magnetic field (IMF) data, it is not possible to
identify the time of any southward turning which is normally
expected to be the initiation of the substorm growth phase [Lester
etal., 1993]. Since the growth phase is generally expected to last
between 30 and 60 min [Lui, 1991], we have selected the interval
1900 - 1935 UT as representative of the growth phase in this
case. Taking a longer interval may have included the response to
the possible expansion phase identified by the geosynchronous
spacecraft 1989-046, which observed an energy dispersed particle
injection at 1848 UT. During the growth phase, £y and Zp were
both typically less than 3 S and their ratio R less than 1.0. The
average values of £y and Xp between 1900 and 1935 UT were
2.4 S and 2.7 S respectively and the mean value of R was 0.88
(see Table 1).

The interval following the first Pi 2 pulsation, 1936 to 2005
UT, is taken to represent the first expansion phase. There was a
clear increase in both Zy and Zp, to 9.3 S and 9.6 S respectively,
in the expansion phase, although R was only marginally larger
than in the growth phase. The second expansion phase, which
followed the first of the dispersionless injections, is divided into
three intervals, 2006 - 2018 UT, 2018 - 2042 UT, and 2042 -
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Table 1. Summary of the Hall and Pedersen Conductances and the Ratio R for the various phases

of the substorm.

Interval Mean Range
uT Iy (S Zp(S) Iy (S) Zp(S) R

Growth

1900 - 1935 24 2.7 0.88 07 -175 13 -50 0.38 -2.57
Expansion 1

1936 - 2006 9.6 9.3 1.02 34 -295 42 -250 0.63 - 1.61
Expansion 2

2006 - 2018 7.8 7.7 1.02 32 -18.0 4.1 -18.0 0.74 - 1.82

2018 - 2042 21.1 15.6 1.32 9.3 -445 7.9 -27.0 1.00 - 1.65

2042 - 2130 40.6 20.2 1.99 16.5-170.5 12.0-33.5 125-2.50
Recovery

2130 - 2200 36.3 15.8 222 16.5 - 76.5 9.0 -25.5 2.59 - 3.25

2130 UT. The first two of these intervals begin with a Pi 2
pulsation and include no other pulsation activity. The third
interval includes the last three Pi 2 pulsations (or substorm
intensifications). During the first of these intervals (2006 - 2018
UT), Zp, Zy, and R were similar to the earlier expansion phase.
During the second (2018 - 2042 UT), however, there was a
significant increase in all three parameters with three major
peaks, at 2020 UT (Zy was 45 S and Zp 22 S), at 2026 UT (Zy
was 37 S and Zp 25 S), and 2031 UT (X4 was 30 S and Zp 25 S).
In the third interval (2042 - 2130 UT), all three parameters again
increased. Ly and Zp peaked at 71 S and 34 S, respectively, at
2045 UT after which both then tended to decline with 2y
showing the highest variability.

The recovery phase of the substorm followed the last of the Pi
2 pulsations. The onset of the recovery phase is difficult to
identify as the minimum values of the negative bays in the
IMAGE stations occurred at very different times. We have,
therefore, chosen the interval 2130 to 2200 UT (the end of the
data) as representative of the initial part of the recovery phase if
not the full recovery phase. During the first ten minutes of the
recovery phase, y was larger than 40 S with peaks of 65 and 77
S at 2134 and 2139 UT, respectively. Following this last peak,
Xy decreased in an almost monotonic fashion to 20 S at 2200 UT.
The corresponding peaks in Zp were 26 and 24 S, and Xp
decreased to 10 S at 2200 UT. The ratio R was larger than 2 until
2145 UT, with a peak value of 3.25 at 2139 UT. During the last
15 min, R was between 1.6 and 2.4. The mean value of Zy; was
36.3 S, Zp was 15.8 and R was 2.22 (see Table 1).

In summary, we find that the Pedersen conductance was
dominant during the growth phase, the first expansion phase and
the initial part of the second expansion phase. The Hall
conductance eventually became dominant in the latter part of the
expansion phase and continued to dominate well into the
recovery phase. Indeed, the ratio R was largest in the earliest
stages of the recovery phase. The largest value of Xp was 34 S
which occurred late in the expansion phase, although a higher
value had occurred as part of the possible expansion phase before
1848 UT. The largest value of Zy of 76,S occurred in the early
recovery phase. The increase in R from less than 1, in the growth
phase, to greater than 3 in the recovery phase, demonstrated an
increase in the average energy of the electrons which resulted in
the enhanced conductances.

Before comparing these observations with previous results, it
is helpful to determine the location of the substorm currents

relative to Tromsg. The substorm current wedge [McPherron et
al., 1973] provides a simple representation of the large-scale
currents associated with substorm expansion phase onset. At the
time of the first Pi 2 pulsation, at 1936 UT, the current wedge
was located east of the SAMNET array and hence east of
Tromsg. The X component at SOR was indicative of a westward
electrojet whereas at Tromsg the direction of the ion velocity in
the F region became westward immediately after the Pi 2
pulsation. The zonal (east-west) current derived from the
observations by EISCAT (Figure 6) was initially westward at the
onset of the Pi 2, but became eastward at 1939 UT and thereafter
oscillated between westward and eastward until 2000 UT. For
the next three Pi 2 pulsations, at 2006 UT, 2018 UT and 2042
UT, the centre of the current wedge was east of NUR (~102°
magnetic longitude), whereas the western (upward) field-aligned
current (FAC) was between GML and NUR (78 - 102° magnetic
longitude). Unfortunately, the station at KVI (96° magnetic
longitude) was not operational, and we are therefore unable to
determine the position more accurately. The IMAGE array
indicates a westward electrojet centred at latitudes equatorward
of Tromsg. Following the first Pi 2 pulsation of this expansion
phase at 2006 UT, there was a rapid increase in westward flow to
values exceeding 1 km s™!, at 2013 UT, but the ion flow had then
turned eastward by 2015 UT. The current was eastward from
2001 to 2004 UT and then again from 2011 to 2014 UT. The
peak in ion flow at 2013 UT also corresponded to a peak in
current of ~76 mA m!, but following the pulsation at 2018 UT
the westward current peaked at nearly 1 A m'! at 2021 UT.
Following the intensification at 2042 UT the zonal current
measured by EISCAT briefly turned eastward. Thus Tromsg is
likely to have been located poleward of the electrojet centre and
possibly close to the downward FAC for the second expansion
phase onset, at 2006 UT, east of this FAC for the following
intensification at 2018 UT, and possibly back close to the FAC at
2042 UT. For the last three intensifications, at 2051 UT, 2100
UT and 2118 UT, the western FAC was west of GML (78°
magnetic longitude), while the electrojet remained centred
equatorward of Tromsg. The ion flow was eastward and the
current was directed westward. Thus we expect Tromsg to have
been located within the substorm current wedge during these
intensifications.

We begin our comparison with previous estimates of
conductances by considering the growth phase values. Kirkwood
et al. [1988] noted that in the diffuse aurora associated with the
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Figure 6 . The east-west current density for the interval 1800 - 2200 UT. The dashed vertical lines in each panel

represent the times of the Pi 2 pulsations.

growth phase, Zy was typically between 2 and 15 S, Zp between
1 and 8 S, and their ratio R was between 1.6 and 2.0. The growth
phase discussed above had values which were typically less than
these; in particular, £y reached a value of only 7.5 S, and the
ratio R was typically less than 1. Aikio and Kaila [1996] report
observations of £y and Xp up to 30 S with EISCAT in
conjunction with all-sky camaera optical measurements in the
growth phase of a substorm in January 1993. These high values
in the growth phase were measured in discrete auroral arcs.
Outside of the arcs, £y and Zp were typically between 2 and 3 S.
Unlike Kirkwood et al. [1988] or Aikio and Kaila [1996],
however, we have no direct evidence for the diffuse aurora in the
radar beam during the growth phase. The values of £y and Zp
during the growth phase are higher than those measured in quiet
periods during the extended run of CP-1 later in the campaign.
We therefore believe that the values of Xy and Zp discussed here
are related to particle precipitation associated with diffuse aurora.
Other estimates of the growth phase conductances include 9 S for
Xy [Mishin et al., 1986], based upon a modified model of Spiro
et al. [1982]. Assuming that the higher values of Xy and Zp
during the growth phase are associated with particle precipitation,
we can estimate the average energies of the precipitating
electrons [Robinson et al., 1987]. Assuming a Maxwellian
electron distribution, the mean particle energy for values of R
between 0.5 and 1 is typically between 1.13 and 2.56 keV
[Robinson et al., 1987].

The peak values of 2y and Zp during the first expansion phase,
29.5 and 25.0 S respectively, may have been associated with
discrete auroral forms but the values of Xy are lower than those
reported by Kirkwood et al. [1988] for discrete auroral forms at
expansion phase onset, which were typically larger than 30 S.
Furthermore, Aikio and Kaila [1996] report observations of Zp
and Ly which reach 40 and 214 S, respectively, with a
corresponding value for R of 5.4 at the poleward boundary of the
auroral bulge. It is only during the later intensifications of the

second expansion phase that Xy began to reach values similar to
those associated with discrete arcs as well as expansion phase
diffuse aurora of 15 - 30 S reported by Kirkwood et al. [1988]
and Aikio and Kaila [1996]. Furthermore, we appear to have
lower values of R, which may be due, in part, to the larger range
of altitudes over which we have integrated the conductivity since
there is a significant contribution to Zp at altitudes between 160
and 200 km. A comparison of Zp over the altitude range 86 - 200
km with Zp over the range 86 - 150 km, similar to that employed
by Kirkwood et al. [1988] indicates the former is, on average
over the whole interval, 20% higher than the latter. This does not
fully account for the lower values of R reported here. We believe
it is necessary to integrate up to altitudes of 200 km in order to
gain a complete picture of the behavior of Zp. The location of the
breakup region was, based upon the current wedge identification,
close to Tromsg for the second expansion phase onset, 2006 UT,
and again for the intensification at 2042 UT. At the times of
other intensifications during the second expansion phase, Tromsg
was to the east of the breakup region and within the westward
electrojet. Values of R up to 2.5 indicate average particle
energies of 7.52 keV associated with these conductances.

Both Xy and Zp reach high values, 76.5 and 25.5 S
respectively, in the recovery phase. Neither Kirkwood et al.
[1988] nor Aikio and Kaila [1996] discuss observations of
conductances during the recovery phase. While there is
considerable variability in the conductances during the recovery
phase, the average values and the ranges are typically higher than
at any other time in the substorm interval. It is unclear whether
these values of conductance are assocjated with discrete or
diffuse aurora. The recovery phase also includes the peak value
of R of 3.3 which is consistent with mean energies of 10.42 keV.
This suggests that the spectrum of the precipitating particles
changed considerably by the time of the recovery phase. This
could be due to acceleration processes in the tail which result in
the increased average energy of the precipitating particles. If this
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is so, then it suggests that the late expansion phase/early recovery
phase is an important time within the substorm cycle in the tail.
An alternative suggestion is that this is a spatial effect rather than
a temporal one and that the radar has rotated into the region
where the higher energy electrons are located. Such a study
reported here cannot distinguish between the two possibilities. It
is necessary, however, for future studies to investigate this in
more detail.

It is instructive to calculate the current measured by EISCAT
during the substorm interval. Rather than compute the Hall
current we follow Aikio and Kaila [1996] who have computed the
total current measured by EISCAT and in Figure 6 present the
east-west component of this current. The peak value of the
current was 2.20 A m™! flowing in the westward direction at 2054
UT. The current is quite clearly at its largest toward the end of
the second expansion phase and during the recovery phase.

Following the first two Pi 2 pulsations, at 1936 and 2006 UT,
the current reverses direction from westward to eastward. In both
cases, however, the resultant maximum current was small, 200
mA m'! after the first event and 75 mA m™! after the second. The
third event resulted in an enhancement of the westward current to
1.05 A m'l. Another reversal in current direction followed the Pi
2 pulsation at 2042 UT, with the current peaking at 320 mA m'L.
This reversal coincided with both a reversal in the northward
component of the electric field and a peak in Xy of 70.5 S, the
highest value outside of the recovery phase. The Pi 2 pulsation at
2051 UT was followed by the peak current measured during the
interval, 2.20 A m'! at 2054 UT. A small enhancement in the
current followed the Pi 2 at 2100 UT but not the final one at 2118
UT. All of the reversals in current direction or enhancements in
current were related to similar reversals or enhancements in the
north-south electric field.

There were a number of other peaks in the current (Figure 6),
particularly following the final Pi 2 pulsation. Most of these
were due to the electric field variation rather than the
conductance, although the highest current during the recovery
phase, 2.18 A m!, was related to the largest £y in the complete
interval. The significance of choosing peaks in current close to
the Pi 2 pulsations is that these times relate to changes in the tail
associated with substorm expansion phases. The peak currents
are much larger than the AMIE estimates in the premidnight
sector from substorm activity later in the SUNDIAL interval [Lu
et al., this issue]. The largest current density estimated in this
later interval was of order 625 mA m'! at the time of the second
peak in the AE index during the expansion phase [Lu et al., this
issue]. Thus it seems in both cases the current was at its largest
in the late expansion phase or early recovery phase in the
premidnight sector.

We do not attempt to relate directly the current measured at
EISCAT with the ground magnetic perturbations. One major
problem with such a study is the limited area over which the
radar measurements were made compared with the relatively
large area over which the magnetometer averages. Furthermore,
without any E region measurements of ion velocity, it is not
possible to estimate the effect of neutral winds on the currents
[Kirkwood et al., 1988]. We note, however, that the zonal current
was at its largest between 2042 and 2100 UT. The north-south
component of the magnetic field (Figure 2) at the nearest staion
to Tromsg, MAS (Figure 1), also reached a minimum in that time
interval.

Kamide and Vickrey [1983] divided the nightside electrojets
into three separate regions. The eastward electrojet was
characterised as being dominated by a northward electric field.
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The westward electrojet was split into two local time sectors: the
initial one in the midnight and early morning sector where the
conductivity dominated a weak southward electric field, and a
later one following 0300 LT where the southward electric field
became dominant. Figure 5 demonstrates that the electric field
following the pulsation at 2018 UT was southward and, although
highly variable, was on average between 25 and S0 mV m!. The
westward current was strongest only following the pulsation at
2042 UT. Thus the initial part of the westward electrojet was
dominated by a southward electric field, and only after 2042 UT
was the conductivity dominant. This differs from the picture
suggested by Kamide and Vickrey [1983] and suggests that yet
further spatial structure exists in the currents during these initial
substorm phases.

5. Conclusions

In summary, simultaneous measurements of electric field and
height-integrated Hall and Pedersen conductivities at a time
resolution of 1 min and during an interval of substorm activity
have been presented. The measurements were made in the
premidnight sector and in the region of the eastward electrojet
and substorm associated westward electrojet. Growth phase
conductances were typical only of diffuse aurora while the
current remained weakly westward. Peak values in Xy and Zp
did not occur until well into the expansion phase or early in the
recovery phase of the substorm. The ratio of the two
conductances also changed during the interval, from less than 1
during the growth phase, to of order 1 during the early expansion
phase to greater than 2 during the late expansion phase and
recovery phase. Thus the average energy of the particles which
caused the enhanced conductances increased during the substorm
from less than 1 to ~ 10 keV. It is unclear if this is due to a
significant temporal change in the acceleration process in the tail
during the substorm cycle or to a spatial variation as the radar
moves toward midnight.

Peak values of Xy and Zp were 76.5 and 40 S, respectively,
during the recovery phase in the case of £y and an earlier
expansion phase in the case of Xp. The peak Xp is similar to
those reported by Kirkwood et al. [1988] and Aikio and Kaila
[1996], 48 and 40 S, respectively. The peak Xy is, however,
much smaller than those reported by these authors, 120 and 214
S. The peak value in Xy also lead to a peak in the east-west
current of 2.18 A m’!, which was coincident with a minimum X
perturbation at MAS. The east-west current either reversed or
was enhanced following the first 6 of the 7 Pi 2 pulsations used to
identify substorm expansion phases and intensifications. These
reversals or enhancements in magnitude were a result of the
electric field, irrespective of direction of current.” These
observations differ somewhat from those of Kamide and Vickrey
[1983] who had suggested that the westward electrojet in this
local time sector would be conductivity dominant. The work
demonstrates that localised currents can often be larger than the
average values, but, with the correct conductivity model,
magnetic field perturbations can be inverted to get correct
currents in the ionosphere. Further measurements at high time
resolution of Xy and Zp, together with large spatial scales
measurements of the electric field and auroral activity are
necessary to investigate the spatial extent of the large values of
conductance.
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