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Abstract. During the conjunctive SUNDIAL/ATLAS 1/GEM campaign period of
March 28-29, 1992, a set of comprehensive data has been collected both from space
and from ground. The assimilative mapping of ionospheric electrodynamics (AMIE)
procedure is used to derive the large-scale high-latitude ionospheric conductivity,
convection, and other related quantities, by combining the various data sets. The
period was characterized by several moderate substorm activities. Variations of
different ionospheric electrodynamic fields are examined for one substorm interval.
The cross-polar-cap potential drop, Joule heating, and field-aligned current are all
enhanced during the expansion phase of substorms. The most dramatic changes
of these fields are found to be associated with the development of the substorm
electrojet in the post midnight region. Variations of global electrodynamic quantities
for this 2-day period have revealed a good correlation with the auroral electrojet
(AE) index. In this study we have calculated the AE index from ground magnetic
perturbations observed by 63 stations located between 55° and 76° magnetic
latitudes north and south, which is larger than the standard AFE index by about
28% on the average over these 2 days. Different energy dissipation channels have
also been estimated. On the average over the 2 days, the total globally integrated
Joule heating rate is about 102 GW and the total globally integrated auroral energy
precipitation rate is about 52 GW. Using an empirical formula, the ring current
energy injection rate is estimated to be 125 GW for a decay time of 3.5 hours, and
85 GW for a decay time of 20 hours. We also find an energy-coupling efficiency of
3% between the solar wind and the magnetosphere for a southward interplanetary
magnetic field (IMF) condition.
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system, the first Atmospheric Laboratory for Applica-
tions and Science (ATLAS 1) mission was flown on the
Atlantis space shuttle from March 24 to April 2, 1992.
The mission focused on the chemistry, energetics, and
electrodynamics of the ionospheric-thermospheric sys-
tem through the comprehensive nature of its own mea-
surements combined with around-the-clock global ob-
servations of the SUNDIAL network of ionosondes and
radars (Szuszczewicz et al. [this issue]). In conjunction
with the SUNDIAL/ATLAS 1 mission, a Geospace En-
vironment Modeling (GEM) campaign was taking place
on March 28 and 29. The GEM campaigns are co-
ordinated multi-instrument observations with the aim
of understanding magnetospheric processes and their
coupling with the solar wind and the ionosphere. A
variety of data collected during the campaign is com-
bined to construct large-scale instantaneous patterns of
the high-latitude ionospheric conductivity, convection,
and other related quantities, using the assimilative map-
ping of ionospheric electrodynamics (AMIE) procedure
[Richmond and Kamide, 1988; Richmond, 1992]. The
purpose of this paper is to examine the high-latitude
ionospheric electrodynamic activity for this 2-day pe-
riod.

Distributions of the ionospheric convection and au-
roral precipitation are also important.inputs to simula-
tion models of ionospheric and thermospheric dynamics,
such as the National Center for Atmospheric Research
Thermosphere-Ionosphere General Circulation Model
(NCAR-TIGCM) [Roble et al., 1988]. In companion
papers, Szuszczewicz et al. [this issue] and Emery et al.
[this issue] compare the F region measurements from
a global network of ionosonde stations taken during
the ATLAS 1 mission with the model predictions from
TIGCM. Using realistic ionospheric inputs to the ther-
mospheric simulation models allows meaningful com-
parison between observations and model predictions, es-
pecially during coordinated campaign studies.

In a previous study [Lu et al., 1995], we have used
realistic time-dependent high-latitude ionospheric con-
vection and auroral precipitation patterns derived from
AMIE as inputs to the TIGCM to investigate how the
magnetospheric energy inputs affect the thermospheric
dynamics as well as the feedback of the thermospheric
neutral wind dynamo onto magnetospheric electrody-
namics. The focus of that study was mainly on the
TIGCM results. In this paper we present and dis-
cuss the AMIE results. Additional data sets have been
added to improve the estimates of the high-latitude
ionospheric electrodynamic fields since the previous
study. A detailed description of all data that are in-
corporated into AMIE is given in the next section.

2. Data and Procedure

2.1. Data Inputs

Satellite observations. During this 2-day period,
several satellites provided data to the assimilation of
global electrodynamic fields. The IMP 8 satellite was lo-
cated upstream of the Earth at about (31,-16,-16) Rz in
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GSE coordinates at 1500 UT on March 29, 1992. Unfor-
tunately, the interplanetary magnetic field (IMF) and
solar wind plasma data were only measured for about 6
hours during the 2 days under study. Plotted in Figure 1
is the IMP 8 data taken between 1320 and 1930 UT on
March 29. The top three panels show the z, y, and
z components (in GSM coordinates) of the IMF. Dur-
ing the interval, B, oscillated in sign frequently and B,
and B, were negative for most of the interval, but the
magnitudes of both components varied between about
0 nT and -6 nT. Except for a few spikes due to instru-
mental noise, the solar wind speed and density shown
in the bottom two panels were almost steady, around
350 km/s and 12 cm™3, respectively.

During the period of March 28-29, 1992, there were
four Defense Meteorological Satellite Program (DMSP)
spacecraft F8-F11 operating in Sun-synchronous polar
circular orbits at altitudes of about 840 km, with orbital
inclinations of 98.7° and orbital periods of 100 min. All
four DMSP satellites measured the cross-track horizon-
tal and vertical ion drift components, with F10 and F11
also measuring the along-track component. Because of
some technical difficulties in reducing the along-track
component, only the cross-track ion drifts or the along-
track electric fields were incorporated into AMIE. The
electric fields were mapped along the magnetic field
lines to a reference altitude of 110 km and averaged
to a 20-s time resolution before being fed into AMIE.
The DMSP satellites also provided measurements of au-
roral precipitating particles within the 32 eV to 30 keV
energy range. Since only high-energy particles pene-
trate into the lower thermosphere where the conductiv-
ity peaks, only those precipitating electrons with ener-
gies between 460 eV and 30 keV [Rich et al., 1987] were
considered in estimating the Pedersen and Hall conduc-
tances. The DMSP particle data were averaged in 30-s
segments.

NOAA 12 is also a polar-orbiting satellite which has
an altitude of 850 km and an orbital period of 100 min.
The primary data provided by the NOAA 12 satellite
were the fluxes of energetic particles in the 300 eV to
20 keV energy range averaged over about 40-s intervals.

The Upper Atmospheric Research Satellite (UARS)
is in a near-circular orbit at about 585 km, with an inchi-
nation of 57°. The Atmospheric X ray Imaging Spectro-
gram (AXIS) instrument of the Particle Environment
Monitor (PEM) experiment on board UARS measures
3- to 100-keV X rays in 16 pixels covering 2000 km along
the Earth’s surface perpendicular to the satellite track
every 8 s (for detailed instrumentation, see Chenette et
al. [1993] and Winningham et al. [1993]). X rays are
generated by the energetic electrons as they are precip-
itating into the atmosphere. The characteristic energy
and energy flux of precipitating electrons are extracted
from the X ray spectrum [Chenette et al., 1993] and the
results are binned over neighboring pixels and averaged
to 1-min resolution.

The Japanese satellite Exos D is in an orbital incli-
nation of 75° and orbital period 212 min. The apogee
and perigee of the satellite are 10,500 km and 270 km,
respectively. During the March 1992 period, the satel-
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Figure 1. 1-min interplanetary magnetic fields (in GSM coordinates) and solar wind plasma
measured by the IMP 8 satellite between 1300 UT and 2000 UT on March 29, 1992.

lite altitude varied from about 1100 km to 8500 km
over the northern polar region. No data were obtained
from the satellite when it was passing over the southern
hemisphere because the ground receivers in the south-
ern hemisphere were not operating during that period.
Exos D measured the two components of the electric
field perpendicular to the satellite spin axis, and the
vector electric field was calculated with the assumption
that the electric field is perpendicular to the main mag-
netic field (see Hayakawa et al. [1990] for further infor-
mation). In addition, both UARS and Exos D provided
measurements of magnetic perturbations [ Winningham
et al., 1993; Fukunishi et al., 1990] by subtracting the
measured vector magnetic field from the International

Geomagnetic Reference Field (IGRF) 1990 model of the
Earth’s main field. The data from UARS and Exos D
instruments were incorporated into AMIE for the first
time.

Radar measurements. The Sondrestrom incoher-
ent scatter radar was operating between 0440 and 2000
UT on March 29, 1992. Vector ion drift velocities were
extracted from the line-of-sight components and binned
over 1° intervals between 72° and 76° magnetic latitude
every 5 min. The Wick VHF coherent scatter radar,
originally part of the Sweden and Britain Radar Ex-
periment (SABRE), measured F region line-of-sight ir-
regularity drifts from 0000 UT on March 28 until 0506
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Figure 2. Map of ground magnetometer stations at
0000 UT in the (top) northern and (bottom) south-
ern hemispheres in apex magnetic coordinates, with the
magnetic pole at the center and magnetic local time
shown around the periphery of the dial. Stations pole-
ward of £50° magnetic latitude are indicated by stars.

UT on March 29 with the data averaged every 5 min
over 1° bins between 60° and 68° magnetic latitude.
During this 2-day period, the Goose Bay HF coherent
scatter radar provided vector ion drift velocities which
were averaged every 10 min over 2° bins from 65° to 81°
magnetic latitude. The Halley Bay HF coherent radar
in Antarctica also provided vector velocities which were
averaged each 10 min in 1° magnetic latitude bins rang-
ing from -63° to -83°. The Goose Bay and Halley Bay
radars are approximately magnetically conjugate.
Ground magnetometers. During this campaign
period, the ground magnetic perturbations were mea-
sured by 93 magnetometer stations with 14 located in
the southern hemisphere. Figure 2 shows the locations
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of the magnetometer stations poleward of 50° magnetic
latitude in the northern and southern hemispheres as
indicated by stars. All three components of the magne-
tometer data were used in the study. The magnetome-
ter data were averaged to 5-min resolution. The effect
of magnetospheric currents, such as the ring current and
the magnetopause currents, is removed by subtracting
Dyg; cos |0| from the north-south component of the mag-
netic perturbations (where 6 is magnetic latitude).

The auroral electrojet (AE) index is the most com-
monly used indicator of substorm activity. The stan-
dard AF index (commonly referred to as AE(12)) is
based on the ground magnetic perturbations in the
north-south component from 12 selected auroral zone
stations in the northern hemisphere. The standard AF
index is an imperfect measure of electrojet strength.
The fact that the auroral zone varies in latitude from
time to time causes problems for this index, and the
designated AF stations tend to miss the intense elec-
trojet regions for very active or very quiet conditions.
A large collection of ground magnetometer data during
coordinated campaigns allows us to calculate the AE
index from a number of stations. During the conjunc-
tive SUNDIAL/ATLAS 1/GEM period of March 28-29,
1992, there were 63 ground stations located between 55°
and 76° magnetic latitudes north and south. The AE
index based on the measurements from these 63 sta-
tions (i.e., AE(63)) represents substorm activity more
accurately. See section 3 for more details.

2.2. AMIE Procedure

The AMIE procedure is an optimally constrained,
weighted least squares fit of coefficients to the observed
data. The procedure first estimates the height-inte-
grated Pedersen and Hall conductivities by modifying
statistical models. In this study, statistical Pedersen
and Hall conductivity models are obtained by combin-
ing the auroral conductivity model of Fuller-Rowell and
Evans [1987] with the conductances produced by solar
extreme ultraviolet (EUV) radiation. The auroral con-
ductivity model is parameterized by the 10-level Hemi-
spheric Power Index (HPI) [Foster et al., 1986]. Energy
fluxes and average energies of the auroral precipitating
electrons measured by the DMSP and UARS satellites
are used to calculate the height-integrated Pedersen and
Hall conductivities, based on the empirical formulas of
Robinson et al. [1987]. The estimates of the conductiv-
ities from the NOAA 12 data are based on an electron -
transport code under the full energy spectrum of the
electron precipitation [Fuller-Rowell and Evans, 1987].
In addition, the magnetic perturbations as measured
by ground-based magnetometers are used to modify the
ionospheric conductivities [Ahn et al., 1983b] and pro-
vide an improved temporal and spatial resolution of
high-latitude ionospheric conductances. The detailed
fitting procedure has been described by Richmond and
Kamide [1988] and Richmond et al. [1988]. We in-
corporate simultaneous observations from both hemi-
spheres, assuming that the auroral precipitation is ap-
proximately conjugate. But observations from the op-
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posite hemisphere are weighted 50% less in the fitting.

Tonospheric electric fields and currents are related by
Ohm’s law, through the Pedersen and Hall conductivi-
ties. Thus, once a reliable conductivity distribution is
derived, the ionospheric convection pattern can be esti-
mated from the direct ion drift observations by satellites
and radars, and from the inversion of magnetic per-
turbations. Additionally, an a priori statistical poten-
tial model is often applied, which provides a first-order
estimate of the ionospheric potentials where there are
no in situ measurements. The statistical electric po-
tential model used in this study is based on Millstone
Hill radar observations [Foster et al., 1986], and is also
parameterized by the HPI index. The different data
sets are weighted by the inverse square of their effec-
tive errors so that less reliable data contribute less to
the fitting. AMIE uses apex coordinates [ VanZandt et
al., 1972; Richmond, 1995] with the apex latitude being
similar to invariant latitude and corrected geomagnetic
latitude in polar regions. All data are converted to apex
coordinates before being incorporated into AMIE. The
current grid size of AMIE is about 1.7° in latitude and
10° in longitude.

3. Results

3.1. Examination of Large-Scale Electrodynamic
Patterns

The period of March 28-29, 1992, is featured by a
series of moderate substorms. In this subsection we
examine the large-scale patterns of ionospheric convec-
tion, Joule heating, and field-aligned current density
during a substorm interval between 0800 and 1200 UT
on March 29. This is-the third largest substorm dur-
ing this 2-day period in terms of the magnitude of the
AF index; the other two largest substorms are associ-
ated with either an ambiguous onset time (AFE peaks
at about 0510 UT on March 29) or a poor coverage of
ground magnetometers over the Russian area near local
midnight (AF peaks at 1550 UT on March 29). Accord-
ing to the distribution of the AL and AF indices (see
Figure 7a and the text in the next section), the sub-
storm starts at about 0810 UT when the magnitudes of
AL and AE start to increase abruptly. The substorm
expansion phase exhibits an oscillatory nature and lasts
until about 1015 UT. After that, the substorm is in the
recovery phase as AL and AF gradually diminish, un-
til about 1200 UT. Ionospheric electrodynamic fields at
six selected UT times within the substorm are examined
in detail (described below in the text) and results are
shown in Figures 3-6. The times of interest are 0810 UT
when the onset of the expansion phase occurs; 0840 UT
and 0910 UT in the expansion phase; 0940 UT and 1000
UT as peaks of the expansion phase when the derived
AF index reaches maxima; and 1030 UT in the recovery
phase. It is worth pointing out that this is not a case
of a clear and isolated substorm event. This interval
is more likely a superposition of two or more smaller
substorms, which can be seen as AL and AF increase
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nonmonotonically during the expansion phase. There-
fore, identification of various substorm phases based on
the AL and AF indices is rather crude. Nevertheless,
our intention is to demonstrate the variations of the dif-
ferent electrodynamic parameters associated with geo-
magnetic activity.

The high-latitude electrodynamic fields shown in Fig-
ures 3-6 are derived from data sources described in the
previous section. Satellite precipitating particle obser-
vations and radar ion drift measurements taken within
+5 min of each analyzed time are utilized in the AMIE
fitting procedure. The ground magnetometer data are
averaged over 5-min in the vicinity of each given time.
As we will discuss in the next section, the satellite ion
drift or electric field measurements can have a signif-
icant influence on the cross-polar-cap potential drop.
Therefore, in order to make a direct comparison be-
tween the patterns derived at different UT times dur-
ing the substorm, we do not use the satellite ion drift
data that are only available during a satellite overflight.
However, we do utilize the satellite particle precipita-
tion measurements to modify the ionospheric conduc-
tivities so that the inference of electric fields from the
magnetometer data becomes more reliable.

Ionospheric convection. Figure 3 shows consec-
utive patterns of ionospheric convection during the sub-
storm. The convection or electric potential contours are
in solid lines where the AMIE procedure infers an uncer-
tainty of less than 50% in the large-scale electric field;
otherwise the contours are in dashed lines. The total
cross-polar-cap potential drop given at the upper right
corner of each pattern is the difference between the most
positive and most negative potentials. At 0810 UT, the
onset of the expansion phase, the convection pattern
consists of two cells that are nearly symmetric about
the noon-midnight meridian, but the positive potential

dawn cell penetrates slightly into the pre-midnight re-
gion. The primary positive potential peak of the dawn

cell is located at about 0200 magnetic local time (MLT)
as indicated by the plus sign; in addition, there is a
secondary positive potential peak at about 0630 MLT,
which is not clearly visible with the 5-kV contour in-
terval. At 0840 UT, the substorm expansion phase,
the magnetic perturbations in the midnight and early
morning sectors have increased dramatically. The en-
hanced magnetic perturbations also enhance the plasma
convection, and the total cross-polar-cap potential drop
rises from 42 kV to 65 kV. The double peaks on the
dawnside are now both visible. The primary potential
peak has moved to 0300 MLT while the secondary peak
remains at the same location. The pattern at 0910 UT
is nearly the same as that at 0840 UT, but the total po-
tential drop is slightly smaller (61 kV). As mentioned
above, this is not a typically isolated substorm event. A
dip in the AL and AF indices is seen at about 0900 UT.
At 0940 UT, the first peak of the expansion phase, the
ground magnetic perturbations are most enhanced, and
the cross-polar-cap potential drop reaches 78 kV. The
nightside tip of the dawn cell has protruded into the pre-
midnight region up to 2200 MLT. The primary potential
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Figure 3. Consecutive northern hemispheric convection patterns derived between 0810 UT and
1030 UT. The patterns have a contour interval of 5 kV. The cross-polar-cap potential drop given
at the upper right of each pattern is defined as the difference between the most positive and
negative potential. Overlain are the horizontal magnetic perturbations which have been rotated
90° clockwise to indicate the direction of overhead equivalent current.
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Figure 4. Patterns of ionospheric horizontal currents for the same time interval as Figure 3.
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peak now is located at 0400 MLT, and the secondary
peak near dawn remains at the same location at about
0630 MLT. At 1000 UT, the second peak of the ex-
pansion phase, the magnetic perturbations are slightly
weaker than at the previous peak in the midnight-to-
early morning sector, but stronger near the dawn. At
this time, the potential peak at 0630 MLT becomes the
primary one, and the peak near 0400 MLT becomes sec-
ondary. At 1030 UT, the substorm recovery phase, the
magnetic perturbations decrease further, and so does
the cross-polar-cap potential drop. The potential peak
in the morning sector becomes invisible as the substorm
subsides.

As illustrated in Figure 3, a distinctive feature of the
ionospheric convection or electric potential during the
substorm is the formation of double potential peaks
within the dawnside positive potential cell. As the
substorm progresses, the potential peak in the post-
midnight sector moves counterclockwise; whereas the
peak near dawn remains nearly steady. A similar phe-
nomenon was found by Shue and Weimer [1994] in their
statistical study. As explained by Kamide et al. [1994],
the peak near dawn represents the “normal” magne-
tospheric convection which is controlled mainly by the
interaction between the solar wind and the magneto-
sphere, while the peak in the post-midnight sector is
primarily caused by substorm activity, and therefore its
motion directly reflects systematic variations associated
with substorms.

Horizontal current. Variations of the horizontal
ionospheric currents are shown in Figure 4. At the on-
set of the substorm expansion phase (0810 UT), there
are three distinct current jets or electrojets: (1) the
eastward electrojet between 1200 and 2200 MLT; (2)
the westward electrojet between 0600 and 1100 MLT;
and (3) the westward electrojet between 2300 and 0300
MLT. These currents are primarily Hall currents. Spa-
tial separation between the two westward current jets
indicates that they may be associated with different
processes in the different magnetospheric regions. The
intensity of the eastward electrojet and the morning-
side westward electrojet is mainly controlled by the di-
rect energy input due to solar wind-magnetosphere in-
teraction; whereas the enhancement of the electrojet
near local midnight is the manifestation of substorms
as a result of sporadic unloading of magnetotail energy
[Clauer and Kamide, 1985; Kamide and Baumjohann,
1993]. The westward edge of the nightside westward
electrojet is the location of the westward traveling surge
(WTS) [Akasofu et al., 1965; Kamide and Akasofu,
1975; Baumjohann, 1983]. During the expansion phase,
the auroral electrojets on the dawnside and duskside
are nearly unchanged. The electrojet near midnight,
however, is not only enhanced in its strength but also
expanded longitudinally to join with the westward elec-
trojet from the dawnside, as well as to abut with the
eastward electrojet from the duskside near 2300 MLT.
At the peak of the expansion phase, the nightside elec-
trojet is most intense and at the same time, the dawn-
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side and duskside electrojets are also enhanced. During
the recovery phase, all three electrojets gradually decay,
and the nightside electrojet retreats to the morning sec-
tor.

Figure 4 has shown clearly that the nightside west-
ward electrojet develops separately from the westward
electrojet in the late morning sector following the on-
set of the expansion phase. As the substorm evolves,
the nightside electrojet expands longitudinally as well
as intensifies at a greater rate than the morning elec-
trojet, which shows no obvious change until at the peak
of the expansion phase. During the recovery phase, the
nightside electrojet diminishes rapidly but the morning
electrojet persists. Owing to the different causes for the
two westward electrojets, the former is called the sub-
storm electrojet and the latter the convection electrojet
[Baumgjohann, 1983; Kamide et al., 1994].

Field-aligned current. The field-aligned current
density jj| is found from the divergence of the horizontal
current:

ji=Vi- (ZpE)+ VL (Zubx E) (1)

where ¥, and Yy are the height-integrated Pedersen

and Hall conductances, respectively, b is a unit vector
of the magnetic field, and E is the ionospheric electric
field. Thus the field-aligned current depends on the
divergence of the electric field as well as the gradient
of the conductances. In the AMIE procedure we as-
sume that the magnetic field is vertical and neglect the
neutral wind dynamo effect. Figure 5 illustrates the
field-aligned-currents’ response to the substorm. Solid
(dashed) contours represent downward (upward) field-
aligned currents with contour intervals of 0.2 pA/m?
starting at £0.1 uA/m?. The total downward field-
aligned current given at the upper right is defined as
one half the hemispheric integral of the absolute value
of the current density over the area poleward of 50°. At
0810 UT, the large-scale distribution shows upward re-
gion 1 and downward region 2 currents on the duskside,
and downward region 1 and upward region 2 currents
on the dawnside, similar to the statistical patterns of
Lijima and Potemra [1978]. However, unlike the sta-
tistical distribution of the field-aligned current which
peaks at about 0900 MLT for downward region 1 current
and at 1400 MLT for upward region 1 current [[ijima
and Potemra, 1978], Figure 5a shows double peaks for
both dawn and dusk region 1 currents at the onset of
the substorm. The duskside upward current peaks at
about 1600 and 2200 MLT, and the dawnside downward
current peaks at 0800 and 0130 MLT, respectively. In
addition, a weak upward current appears poleward of
the dawnside region 1 current. Along with the upward
region 2 current from the dawnside, they form triple
current sheets in the post-midnight sector. However,
the polarities of the triple current sheets are opposite
to those associated with the Harang discontinuity in
the midnight sector [lijima and Potemra, 1978]. The
field-aligned currents become more intense as the sub-
storm progresses. The dayside peaks of current density
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appear relatively stable; whereas the nightside peaks
tend to move counterclockwise. Between 0810 UT and
0840 UT, the nightside peak of the upward current has
moved from pre-midnight to post-midnight at about
0200 MLT. It remains at about the same MLT as the
downward region 1 current peak throughout the sub-
storm expansion phase as well as at the substorm peaks.
During the substorm recovery phase, the intensity of
the field-aligned current decreases. The upward cur-
rent that is poleward of the downward region 1 current
in the early morning sector nearly disappears at 1030
UT.

Compared with the horizontal ionospheric current,
the field-aligned current distribution is more compli-
cated. In the post-midnight region, the downward
region 1 current from the morningside is surrounded
by the upward field-aligned currents at the poleward
and equatorward edges. Using simultaneous imagery,
high-resolution magnetic field, and precipitating parti-
cle measurements from the DMSP F7 satellite, Bythrow
and Potemra [1987] found that the most poleward up-
ward field-aligned current near the head of the WTS
corresponds to a narrow discrete auroral arc and the
equatorward upward current corresponds to broad and
bright auroral emission. The downward field-aligned
current in the middle separates the discrete arc at the
poleward edge of the WTS from the bright auroral oval
of the WTS. They attribute the WTS to the expansion
of the central plasma sheet into the plasma sheet bound-
ary layer in the distant magnetotail. Lyons et al. [1990]
have also related the poleward boundary of the WTS to
the separatrix between the open and closed magnetic
field lines. Because of the lack of satellite observations
in the midnight region during this substorm event, we
are unable to examine the magnetospheric origins of
the different field-aligned currents associated with the
WTS. Furthermore, enhanced upward field-aligned cur-
rents are often found at the westward edge of the WTS
and the more widespread downward currents in the
eastern part [e.g., Baumjohann et al., 1981; Opgenoorth
et al., 1983]. This east-west pair of field-aligned cur-
rents is fed by the westward substorm electrojet, which
forms the substorm current wedge [McPherron et al.,
1973]. However, as shown in Figure 5, the pair of field-
aligned currents in the post-midnight sector lines up in
the north-south direction, instead of in the east-west
direction. Because there was no satellite passing over
the region near midnight during the substorm to pro-
vide valuable information about auroral precipitation,
the ionospheric conductances in that region were mainly
determined by the statistical models which tend to have
a larger gradient in the north-south direction than in the
east-west direction. During substorms, the field-aligned
currents in the midnight sector are influenced strongly
by conductivity enhancements generated by energetic
precipitating electrons associated with the WTS.

Joule heating rate. Joule heating is attributed
as the main dissipation channel of the magnetospheric
energy into the ionosphere [Lu et al., 1995]. As demon-
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strated by Richmond and Kamide [1988], a very impor-
tant feature of AMIE is its ability to give quantitative
information about the error de associated with the es-
timated large-scale electric field E at each grid point.
Thus the height-integrated Joule heating rate Qs is es-
timated by [Richmond et al., 1990]:

Qs = EPE2 + ZP(((SG)Z) (2)

Here the second term represents the adjustment in esti-
mated Joule heating rate due to the E-field uncertainty.
Figure 6 shows the distribution of the estimated height-
integrated Joule heating rate. The total Joule heating
rate integrated above 50° magnetic latitude is given at
the upper right corner of each pattern. By examining
these patterns, it is easy to see that Joule heating is
concentrated in the regions of the duskside eastward
electrojet, the dawnside westward electrojet, and the
nightside westward electrojet. As the substorm pro-
gresses, Joule heating becomes more and more intense,
especially in the early morning sector. As a compar-
ison, we also estimate the Joule heating rate without
taking into account the second term of the above equa-
tion for the same six UT times (the patterns are not
shown). Though the general distribution is about the
same, the magnitude of the total hemisphere-integrated
Joule heating rate without the second term is about
10-20% smaller than that using the full expression.

Our procedure for estimating Joule heating rate ac-
counts for uncertainty in the estimation of large-scale
(~ 150 km and greater) electric fields, as discussed
by Richmond et al. [1990], but does not account for
smaller-scale fields or for conductivity uncertainties.
Recently, theoretical calculations conducted by
Codrescu et al. [1995] show that there could be a 30%
increase in Joule heating due to small-scale E-field vari-
ability. Although neglected conductivity variability will
alter the local distribution of Joule heating, it is unlikely
to affect the total hemisphere-integrated Joule heating
significantly because of cancellations between localized
enhancement and reduction in conductivity.

Joule heating represents the major magnetospheric
energy dissipation in the ionosphere and thermosphere.
Our results indicate that, during the substorm expan-
sion phase, the WTS becomes the primary energy dis-
sipation source because of the Cowling effect [Baumjo-
hann, 1983]; it can account for about one half of the
total hemisphere-integrated Joule heating.

3.2. Variations of Global Ionospheric Electrody-
namic Quantities

Global ionospheric quantities, such as the cross-polar-
cap potential drop, the hemisphere-integrated Joule
heating rate, and the total field-aligned current, rep-
resent important features of the electrodynamic states
associated with geomagnetic activity. In this subsection
we examine these global quantities and their interrela-
tionships.

Figure 7 shows variations of different parameters rep-
resenting electrodynamic conditions at high latitudes
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Figure 7. Distribution of various global electrodynamic quantities for the 2-day period of March
28-29, 1992. The spikes in the cross-polar-cap potential drop as well as Joule heating and field-
aligned current correspond to the times when the potential drops were determined from the
DMSP passes. See the text for more details.

over the period of March 28-29, 1992. The top panel sured by 63 ground stations between 55° and 76° mag-
shows the auroral electrojet indices AU (dash-dotted), netic latitudes north and south. As a comparison, the
AL (dashed), and AE (solid) calculated from the north- dotted line in the top panel represents the AE index
south component of the magnetic perturbations mea- calculated from 10 out of the 12 standard AFE stations
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that were available for this study. The “standard” AE
index (i.e., AE(10) in this case) monitors reasonably
well the substorm activity during these two moder-
ately disturbed days, but the averaged value of AE(10)
is about 28% smaller than the “true” AF index (i.e.,
AE(63)). AL and AEF indicate that there are about
10 moderate substorms during this 2-day period. The
second panel shows the distribution of the cross-polar-
cap potential drop in the northern (solid) and south-
ern (dashed) hemispheres. The potential drops in the
two hemispheres are generally comparable, indicating
that the IMF is likely to be southward or weakly north-
ward, as evident during the 1320 to 1945 UT interval
on March 29. It should be noted that the accuracy of
the ionospheric convection estimated from AMIE is de-
termined by the underlying data coverage. The most
reliable measurements of the cross-polar-cap potential
are from the perpendicular-to-track ion drifts or along-
track electric field measurements from near dawn-dusk
polar orbiting satellites, such as the DMSP F8 and F11
spacecraft. AMIE tends to underestimate the potential
drop when there is a lack of satellite electric field or ion
drift measurements for periods of southward IMF. In
fact, the spikes of potential drop shown in the second
panel of Figure 7 correspond to the intervals of DMSP
overflights. We find that, for this equinox period, the
cross-polar-cap potential drop without the satellite data
is usually about 20-30% lower than that with the satel-
lite data. Since the ground magnetometer coverage is
sparse in the southern hemisphere, on a few occasions,
the difference in potential drops with and without the
satellite data can be as high as 50%. Figure 8 shows
one such case, where Figure 8a is the statistical pattern
of Foster et al. [1986] corresponding to a hemispheric
power index of 6, Figure 8b is the pattern derived from
ground magnetometer data only, and Figure 8c is the
pattern derived from both ground and satellite data.
With the ground magnetometer data only, the pattern
tends to resemble the statistical model applied, and the
resulting cross-polar-cap potential drop is 44 kV. By in-
corporating the satellite ion drift data into AMIE, both
dawn and dusk cells are enhanced, and the potential
drop increases to 79 kV.

The third panel in Figure 7 shows the hemispheric
integrals of the estimated Joule heating in the north-
ern and southern hemispheres as well as the incident
auroral electron energy flux. The total auroral energy
input due to precipitating electrons in the two hemi-
spheres is about the same, because conjugate observa-
tions have been used in the fitting. Although energetic
particle precipitation can become a locally dominant
dissipation source, particularly within the auroral arcs
[Evans et al., 1977; Vickrey et al., 1982; Kelley et al.,
1991], it is globally less significant than Joule heating.
During the 2 days, the average value of hemisphere-
integrated Joule heating rate is 51 GW, and the aver-
age value of the hemisphere-integrated auroral energy
precipitation rate is about 26 GW. So the hemispheric
auroral energy dissipation is about one half of the hemi-
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Figure 9. Scatter plots of hemisphere-integrated Joule heating U; versus the cross-polar-cap
potential ® squared in the (a) northern and (b) southern hemispheres. The solid line shows a

linear regression fit.

spheric integrated Joule heating rate. It is noted that
the Joule heating estimated from AMIE in this study
is about 50% smaller than the “convection heating”
(e.g., without taking into account the neutral winds)
estimated from the TIGCM in the previous study [Lu
et al., 1995]. One of the causes for the discrepancy
is the way that ionospheric conductivity is calculated.
The AMIE procedure adopts the empirical formulas of
Robinson et al. [1987], whereas the TIGCM calculates
ionospheric conductivities through the self-consistent
estimates of electron and ion densities and tempera-
tures within the model. It is found that, over the au-

roral regions, the height-integrated Pedersen conduc-
tivity from the TIGCM is about 30% larger than that
of AMIE, but the height-integrated Hall conductivity
is about the same. It should be emphasized here that
the AMIE procedure neglects the neutral wind dynamo.
From the TIGCM simulations, Lu et al. [1995] found
that the neutral winds can have a significant influence
on the ionospheric electrodynamics by reducing the to-
tal Joule heating by approximately 28%.

Harel et al. [1981] have derived an empirical relation
between the hemisphere-integrated Joule heating rate
Uy and the cross-polar-cap potential drop @:
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Figure 10. Height-integrated Pedersen conductances derived at 0325 UT and 1730 UT on March
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patterns on the bottom. The contour intervals are 2 S.

Uj = X5 @2 (3)

where Y.y is an effective ionospheric Pedersen conduc-
tance, which is about 30 Siemens (S) from their study.
To follow this idea, Figure 9 is the plot of Uy versus
®2, with a correlation coefficient of 0.83 in the northern
hemisphere (top), and 0.75 in the southern hemisphere
(bottom). The obtained effective conductance is 14.5 S
in the northern hemisphere and 16.3 S in the south-
ern hemisphere, which is about half of the magnitude
derived by Harel et al. [1981].

The bottom panel of Figure 7 is the hemisphere-
integrated field-aligned current Jj in the northern (solid)
and southern (dashed) hemispheres. The field-aligned
current in the southern hemisphere is larger than that
in the northern hemisphere between about 0300 and
0500 UT on both days, when the south magnetic pole
is toward the Sun. Between about 1300 and 2200 UT,
the field-aligned current in the northern hemisphere is
larger than that in the southern hemisphere. The dif-
ference in field-aligned current between the two hemi-
spheres can be attributed to the asymmetry of the iono-
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spheric conductivity due to the hemispheric asymmetry
in deposition of solar irradiation. Figure 10 shows the
height-integrated Pedersen conductivities in the north-
ern (top) and southern (bottom) hemispheres derived
at 0325 and 1730 UT on March 29, 1992. At 0325
UT, the terminator of the solar-induced conductivity
is about 10° nightside of the dawn-dusk meridian in
the northern hemisphere, and about 30° in the south-
ern hemisphere. In contrast, at 1730 UT, the north-
ern magnetic pole is toward the Sun; the terminator
is about 30° nightside of the dawn-dusk meridian in
the northern hemisphere and about 10° dayside of the
dawn-dusk meridian in the southern hemisphere. The
offset of the magnetic pole from the geographic pole in-
troduces a diurnal variation of ionospheric conductivity,
even during equinoxes. In the auroral zone, the conduc-
tivities are produced by both auroral precipitation and
solar irradiation. The auroral-produced conductivities
are nearly the same in the two hemispheres because con-
jugate observations have been used; whereas the solar
EUV-produced conductivities in the auroral zones.have
a difference of about 30% between the two hemispheres
at these two UT times. Such hemispheric differences
are also apparent in the hemisphere-integrated Joule
heating for the same reason, and similarly in estimates
of the Joule heating rate in the TIGCM where neutral
winds are included (Emery et al. [this issue]).

As illustrated in Figure 7, the cross-polar-cap poten-
tial drop, the hemispheric integrated Joule heating rate,
and the total field-aligned current are apparently cor-
related with AE. To further examine the interrelation-
ships among the various global quantities, Figure 11
shows the scatter plots of the different quantities ver-
sus the AF index (i.e., AE(63)) in both northern and
southern hemispheres. Each panel also lists the linear
correlation coefficient, the average value, and the linear
fitting of each quantity to AE. Overall, the correlation
coefficient r in the southern hemisphere is smaller than
that in the northern hemisphere. This is because only 3
of the 63 ground magnetometer stations contributing to
the calculation of the auroral indices are in the southern
hemisphere. Therefore, the auroral indices presented in
this study mainly reflect geomagnetic activity in the
northern hemisphere. Additionally, the ground data
coverage in the southern hemisphere is poorer than that
in the northern hemisphere. The average values of the
three global quantities over the 2-day period are nearly
comparable between the two hemispheres, and this is
consistent with the fact that this period is in an equinox
season. From the linear regression fit, the proportion-
ality factor between ® and AFE is 0.08 kV/nT in the
northern hemisphere and 0.07 kV/nT in the southern
hemisphere, while the proportionality factor between Jj
and AEis 0.005 MA /nT in the northern hemisphere and
0.004 MA /nT in the southern hemisphere. These pro-
portionality factors are about 30% smaller than those
given by Richmond et al. [1990]. Note that Richmond
et al. [1990] adopted AE(12) in their study while we
used AE(63). If we had used the “standard” AFE (i.e.,

AE(10)) which is about 28% smaller than AFE(63), our
results would be nearly the same as Richmond et al.
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[1990]. Previous studies have resulted in a proportion-
ality factor of Uy versus AE between 0.21 GW/nT and
0.33 GW/nT [Richmond et al., 1990; Ahn et al., 1983a;
Baumgjohann and Kamide, 1984]. As a comparison, the
proportionality factor derived from this study is some-
what smaller: 0.16 GW/nT in the northern hemisphere
and 0.13 GW/nT in the southern hemisphere. The
reason for such discrepancy between these independent
studies is complicated, but it may be attributed to the
fact that different AF index (for example, AE(12) of A.
D. Richmond et al.; AE(71) of B.-H. Ahn et al. and
W. Baumjohann and Y. Kamide; and AE(61) for this
study) and different conductivities (empirical conduc-
tivity models of B.-H. Ahn et al. and W. Baumjohann
and Y. Kamide, and AMIE-derived conductivities of A.
D. Richmond et al. and this study) are used for differ-
ent studies. Seasonal effect may also contribute to the
discrepancy.

3.3.
Rate

Estimate of the Ring Current Injection

In addition to the energies dissipated into the high-
latitude ionosphere, mainly through Joule heating and
auroral precipitation, energy that has been stored in
the magnetotail is partially converted into particle en-
ergy in the ring current after the onset of a geomagnetic
storm. A sophisticated calculation of the ring current
energy injection rate is rather complicated, which would
require detailed information about the dynamic proper-
ties of the inner magnetosphere. Unfortunately, such in-
formation is not available during this period due to the
lack of good satellite coverage in the magnetosphere. In
this study, we estimate the ring current injection rate
by using an empirical formula.

The solid line in Figure 12a is the standard 1-hour
D,; (the provisional data from the World Data Center-
C2 at Kyoto University, Japan) which has been linearly
interpolated to 5-min resolution. As a comparison, the
dashed line shows the 5-min D,; index from the mea-
surements of 11 stations located equatorward of +45°
magnetic latitude. The standard D,; represents well the
low-frequency variation, while the measured D,; shows
more high-frequency structures.

The ring current injection rate Ug (in centimeter-
grams-seconds units) can be calculated according to
Akasofu [1981]:

aDst + Dst
ot TR

where 7p in seconds is the ring current particle lifetime,
and D, in nT is the pressure-corrected Dy index de-
fined by [Zwickl et al., 1987]

Ur = 4 x 10% ( (4)

l_)st = IDstI - Dst(P) (5)

with Dy (P) = aPY? — b, a = 0.2 nT/(eV cm™3)'/2,
b =20 nT, and P is defined as the solar wind dynamic
pressure. During the interval of 1320-1930 UT on March
29, the available solar wind plasma data indicate a so-
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the cross-polar-cap potential drop, hemisphere-

integrated Joule heating, and hemisphere-integrated field-aligned current versus AE. The north-

ern hemisphere is on the left, and the southern

lar wind pressure of 16 x 10%eV/cm3, corresponding to
Dy (P) of 5 nT. We assume that the solar wind pres-
sure is constant for the entire 2-day period. The ring
current energy injection rate depends on 7g, which is a
highly uncertain parameter that varies from less than

hemisphere on the right.

1 hour to about 20 hours [e.g., Akasofu, 1981; Zwickl
et al., 1987], depending on the solar wind energy trans-
fer rate e. In Figure 12b, the dashed and solid lines
are the ring current injection rate Ug corresponding to
7r = 3.5 hours and 20 hours, respectively, using the
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dotted line is the ring current injection corresponding to 7z = 20 hours, using the measured Dg;.
(c) The total magnetospheric energy inputs corresponding to 7g = 3.5 hours (dashed line) and
Tr = 20 hours (solid line).

standard D, values. Choosing 7r = 3.5 hours ensures can also take 7g = 20 hours [Akasofu, 1981]. Choosing
that Up is always larger than zero. Alternatively, since 7r = 20 hours, however, makes Ur became negative
€ is less than 5 x 10'® ergs/s during the interval when at several intervals. This implies that 7g should be a
the solar wind data are available (see Figure 13), one time-dependent parameter that varies between 3.5 and
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Figure 13. Comparison of the solar wind energy transfer rate ¢ (dotted line) and the total
magnetospheric energy input Ur for 7g = 3.5 hours (dashed line) and 7g = 20 hours (solid line).

20 hours, rather than a constant during this 2-day pe-
riod, even though the Dy; index is relatively steady. The
average value of Ug is 124 GW (or 1.24 x 108 ergs/s)
for 7r = 3.5 hours and 85 GW for 7g = 20 hours. The
dotted line represents the ring current injection rate
corresponding to 7g = 20 hours, using the measured
Dy, which shows some superimposed fine structures.
Figure 12c shows the total magnetospheric energy in-
put Ur, which is the sum of Joule heating and auroral
energy precipitation in both hemispheres and the ring
current injection rate Ug. The solid line corresponds to
Tr = 20 hours and the dashed line for 7g = 3.5 hours.

3.4. Estimate of the Solar Wind Energy Transfer
Rate

The solar wind is the ultimate energy source which is
responsible for virtually all electrodynamic processes in
the magnetosphere. Only a small fraction of solar wind
kinetic energy is transmitted into the magnetosphere,
and the energy transfer rate from the solar wind to the
magnetosphere is largely controlled by the IMF orienta-
tion [Perreault and Akasofu, 1978; Akasofu, 1981]. The
energy transfer rate is given in Gaussian units by [Per-
reault and Akasofu, 1978]

€= Vstin4 (9) 2 (6)
= 5 )1

where v is the solar wind speed, B is the interplanetary
magnetic field, § is the angle between the 2z direction
and the projection of the IMF in the y — 2 plane of the

GSM coordinate system, and Iy = 7 Rg corresponding
to an effective magnetospheric width of 10 Rg [Per-
reault and Akasofu, 1978]. Plotted in Figure 13 are Up
and e. During this 6-hour interval, the average € is
slightly larger than Ur with 75 = 20 hours, but about
half of Ur with 7g = 3.5 hours. Therefore, in order to
match e with Ur, either 75 should be 20 hours or larger,
or Iy should be increased from 7 Rg to 10 Rg (corre-
sponding to an effective magnetospheric width of about
14.3 Rg). For this case, the latter condition seems more
reasonable since it is consistent with the statistical mag-
netopause configuration of Sibeck et al. [1991] for the
given IMF values. It should also be pointed out that,
in addition to Ur, part of the solar wind energy input
€ is stored in the magnetotail as well as contributing
to plasma sheet heating. Unfortunately, we are unable
to quantify this part of energy loss for this particular
period. Previous studies [Weiss et al., 1992, and ref-
erences therein| indicate that typical values of energy
storage in the magnetotail and plasma sheet heating
are about 5 x 10''W and 1 x 10''W, respectively.

The solar wind energies are transmitted to the mag-
netosphere and ionosphere through magnetic coupling.
It is of interest to estimate the coupling efficiency be-
tween the solar wind and the magnetosphere by com-
paring the solar wind energy input with the energy dis-
sipation into the magnetosphere. During the 6-hour
interval, the average B, is about -4 nT, which implies
a corresponding dawn meridian magnetopause distance
of 14.5 R, [Sibeck et al., 1991]. Thus the effective cross-
sectional area of the magnetopause is about 3 x 102°cm?.



26,716

Given the average solar wind speed of 350 km/s and
density of 12 amu/cm?®, the solar wind energy input
Usw is about 1 x 102%rg/s or 1 x 10*GW. Therefore,
the coupling efficiency, defined as the ratio of Ur over
Usw, is about 0.03. This value is approximately 1 or-
der larger than that during strong northward IMF con-
ditions [e.g., Tsurutani and Gonzalez, 1995).

4. Summary

We have presented in this paper the large-scale high-
latitude ionospheric electrodynamics during the AT-
LAS/GEM period of March 28-29, 1992. The high-
latitude auroral precipitation, plasma convection, and
other related electrodynamic quantities are important
to the thermospheric dynamics in terms of ion drag and
Joule heating. This work can be summarized as follows:

1. The 2-day campaign period is characterized by
several moderate substorms. Examination of the large-
scale patterns of various electrodynamic fields associ-
ated with the different phases of a substorm reveals the
following features: (a) Distributions of the ionospheric
convection show clearly the coexistence of double posi-
tive potential peaks during the expansion phase of the
substorm: one peak is located near 0300 MLT, the other
near dawn. During the recovery phase, the peak poten-
tial in the early morning sector gradually decreases. (b)
At the onset of the substorm, there are three distinc-
tive ionospheric electrojets: the eastward electrojet on
the duskside; the westward electrojet in the postdawn
sector; and the westward electrojet in the post-midnight
sector, that is, the substorm electrojet. As the substorm
progresses, the substorm electrojet not only is enhanced
in its strength but also expands longitudinally toward
both dawn and dusk. On the other hand, the dawn and
dusk convection electrojets are much slower in response
to the development of the substorm. No significant en-
hancement of these electrojets is seen until the peak of
the substorm. As the substorm subsides, the substorm
electrojet gradually decays and eventually merges with
the dawnside convection electrojet. (c) During the ex-
pansion phase, the distribution of field-aligned current
shows that the downward current sheet is surrounded by
upward currents poleward and equatorward in the vicin-
ity of the WTS, and the current density is intensified.
During the recovery phase, the field-aligned currents
tend to die away, especially the most poleward com-
ponent. (d) Ionospheric Joule heating is concentrated
in the regions associated with auroral electrojets. Dur-
ing substorms, the WTS becomes the primary energy
dissipation source due to the Cowling effect.

2. Variations of global ionospheric quantities, such
as the cross-polar-cap potential drop, the hemisphere-
integrated Joule heating, and the total field-aligned cur-
rent, represent important electrodynamic features asso-
ciated with geomagnetic activity. A reasonably good
correlation has been found between the various global
quantities and the AF index, with a correlation coeffi-
cient between 0.5 and 0.8. In this study, we have calcu-
lated the AE index from ground magnetic perturbations
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observed by 63 stations that are located between 55°
and 76° magnetic latitudes north and south. The AFE
index thus obtained (i.e., AE(63)) is the most accurate
one possible for this particular period, and it is larger
than the standard AF index by 28% on the average over
the 2 days.

3. On the average over this 2-day period, the to-
tal globally integrated Joule heating rate, summed over
the two hemispheres, is about 102 GW, and the total
globally integrated auroral energy precipitation rate is
about 52 GW. This implies that although auroral en-
ergy precipitation can be locally important, it is glob-
ally less significant then Joule heating. As indicated by
the AFE index, this 2-day period is featured by several
moderate substorms and the AF index never exceeds
800 nT. The average value of the Joule heating rate
derived from this study is rather moderate, which is
consistent with the moderate geomagnetic activity level
during these 2 days. Individual event studies have re-
ported estimates of the Joule heating rate between 10
GW (or 1019 W) and 1000 GW (or 10'? W) [e.g., Baker
et al., 1985; Richmond et al., 1990; Cooper et al., 1995],
depending on geomagnetic activity.

4. Using an empirical formula, we have estimated the
ring current energy injection rate to be 125 GW for a
decay time of 3.5 hours, and 85 GW for a decay time
of 20 hours. In this study, we also estimate an energy-
coupling efficiency of 3% between the solar wind and
the magnetosphere when the IMF B, is southward.
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