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Abstract. The assimilative mapping of ionospheric electrodynamics (AMIE)
algorithm has been applied to derive the realistic time-dependent large-scale global
distributions of the ionospheric convection and particle precipitation during a
recent Geospace Environment Modeling (GEM) campaign period: March 28-29,
1992. The AMIE outputs are then used as the inputs of the National Center
for Atmospheric Research thermosphere-ionosphere general circulation model to
estimate the electrodynamic quantities in the ionosphere and thermosphere. It
is found that the magnetospheric electromagnetic energy dissipated in the high-
latitude ionosphere is mainly converted into Joule heating, with only a small
fraction (6%) going to acceleration of thermospheric neutral winds. Our study
also reveals that the thermospheric winds can have significant influence on the
ionospheric electrodynamics. On the average for these 2 days, the neutral winds
have approximately a 28% negative effect on Joule heating and approximately a
27% negative effect on field-aligned currents. The field-aligned currents driven
by the neutral wind flow in the opposite direction to those driven by the plasma
convection. On the average, the global electromagnetic energy input is about 4

times larger than the particle energy input.

1. Introduction

The high-latitude ionosphere is directly impacted by
the interaction between the solar wind and magneto-
sphere through magnetic coupling. As a result, the
high-latitude ionospheric plasma convection configura-
tion depends strongly on the orientation and strength
of the interplanetary magnetic field (IMF) [e.g., Heelis,
1984; Potemra et al., 1984; Reiff and Burch, 1985;
Lyons, 1985; Sojka et al., 1986; Heppner and Maynard,
1987]. The convecting ions in turn set the neutral gas
into motion through ion drag. The neutral wind there-
fore tends to follow the ion convection [e.g., Hays et
al., 1984; Killeen et al., 1984; McCormac et al., 1987].
On the other hand, the ionosphere is not totally pas-
sive in the determination of ion and neutral motions.
It is now well known that the thermospheric winds
can also produce dynamo effects that contribute to the
overall electrodynamics of the coupled magnetosphere-
ionosphere-thermosphere system [Blanc and Richmond,
1980; Killeen et al., 1984; Lyons et al., 1985; Richmond
and Roble, 1987; Forbes and Harel, 1989; Thayer and
Vickrey, 1992; Deng et al., 1993].

The National Center for Atmospheric Research ther-
mosphere-ionosphere general circulation model (NCAR
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TIGCM) as well as its older version, the TGCM, have
been widely used to investigate the thermospheric fea-
tures for different periods of geophysical interest [e.g.,
Killeen and Roble, 1984; Lyons et al., 1985; Roble et
al., 1987, 1988a; Forbes et al., 1987; Deng et al., 1991,
1993; Thayer and Vickrey, 1992]. All these studies
have invoked empirical magnetospheric inputs of con-
vection and particle precipitation to the models. Crow-
ley et al. [1989] made the first effort to incorporate
realistic time-dependent northern hemispheric convec-
tion patterns derived from the assimilative mapping
of ionospheric electrodynamics (AMIE) procedure into
the TGCM in their simulation of the thermospheric re-
sponse during the equinox transition study (ETS) inter-
val of September 18-19, 1984. However, they adopted
the empirical convection model of Heelis et al. [1982]
for the southern hemisphere and also made use of the
particle precipitation inputs that were based on emi-
pirical auroral parameterization of Roble and Ridley
[1987]. The focus of their study was thermospheric dy-
namics, that is, the distributions of the thermospheric
temperature, wind, and composition. In this paper,
we study the magnetosphere-ionosphere-thermosphere
coupling in the high-latitude region. We focus more
on the ionospheric/thermospheric electrodynamic fea-
tures, such as energy dissipation, Joule heating, and
field-aligned current. Unlike Crowley et al. [1989], we
use both realistic time-dependent ionospheric convec-
tion and auroral precipitation patterns derived from
the AMIE procedure as the inputs to the upgraded

19,643



19,644

TIGCM. The primary difference between the two mod-
els is the self-consistent calculation of the ionosphere
in the TIGCM [Roble et al., 1988b], whereas the iono-
sphere is empirically specified in the TGCM [Dickin-
son et al., 1981]. We study the period March 28-29,
1992, a Geospace Environment Modeling (GEM) cam-
paign period for which a set of comprehensive data has
been collected from satellites, radars, and ground mag-
netometers.

This paper is organized as follows. In section 2 we
will describe the theoretical approach of this study, the
AMIE procedure and the TIGCM model, as well as the
data sets used in this study. In section 3 we will present
and discuss the high-latitude height-integrated patterns
of Joule heating, mechanical power, electromagnetic en-
ergy dissipation, and field-aligned current in the north-
ern hemisphere. We will also discuss the comparison of
various global energy inputs. Our main findings will be
summarized in section 4.

2. Procedure

2.1. Theoretical Approach

At high latitudes the electromagnetic interaction be-
tween the ionosphere and magnetosphere can be ex-
pressed in terms of energy exchange by Poynting’s the-
orem (see, for example, Thayer and Vickrey, 1992):
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where w is the electromagnetic energy density, E is the
electric field, B is the magnetic field, po is the mag-
netic permeability of free space, and J is the current
density. We work in a reference frame rotating with
the Earth, and also ignore the Coulomb force associ-
ated space charge density. For a static case, the first
term in (1) vanishes so that the electromagnetic energy
flux (or Poynting flux) flowing into or out of the surface
of a unit volume in the ionosphere is compensated by
the energy dissipated (i.e., J- E > 0) or generated (i.e.,

J-E < 0) within the volume. The rate of energy ¢ trans—
fer to the medium J - E is essent1a11y equal to Jy - E,
since the electric field component along B is usually
much smallet than the perpendicular component in the
ionosphere. This quantity can be written as the sum of

two terms,
Jo-E=J -E +U-(JxB) ()
S—— N ——
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where E' = E + U x B is the electric field in the frame

of neutral wind U. The term & is Joule heating, while

-

ew is the rate of work done by the Ampere force J x B
on the neutral gases. The total Joule heating rate can
be further expressed as
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where op is the Pedersen conductivity. The first term
on the right-hand side of (3), i.e., £o, is what the Joule
heating rate would be in the absence of any wind, and
has often been used in the past to give an approximate
estimate of Joule heating in the regions where the ion
drift velocity (E x B)/B? greatly exceeds U. The sum
of the second and third terms, i.e., €1, simply represents
the modification of Joule heating due to the presence of
neutral winds, and thus gives a measure of the error in
trying to estimate Joule heating by considering only ion
convection. For the sake of simplicity in terminology,
we call g9 “convection heating” and &; “wind heating.”
Note that the “wind heating,” €1, depends on both the
neutral wind velocity and the electric field (or the ion
drift velocity). Since the neutral wind speed is usually
smaller than the ion drift speed at high latitudes, the
value of the “wind heating” can be negative, if the wind
flows in the same direction as the ion drifts. In such
cases, the total Joule heating is reduced. It is apparent
that the magnetosphere, ionosphere, and thermosphere
are intrinsically coupled so that the contributions of the
neutral wind dynamo to the total electrodynamic fields
cannot be simply separated from that of the magneto-
spheric dynamo. » :

Thayer and Vickrey [1992] and Deng et al. [1993] in-
vestigated the relative importance of the neutral wind
dynamo and the magnetospheric dynamo; they found
that the neutral wind dynamo contributes significantly
to the ionospheric electrodynamics. In their simula-
tions, however, they treated the magnetospheric dy-
namo and the neutral wind dynamo as acting inde-
pendently by using the term, o = 0,E?, to repre-
sent the magnetospheric dynamo and a term, ey =
—ap([j x B)?, to represent the thermospheric wind dy-
namo. Although such simplification may provide some
general information about the two different energy gen-
erators, it does not take into account the interrelated
nature of the magnetosphere-ionosphere-thermosphere
system. To further elucidate this point, (2) can be
rewritten explicitly as

—

J-E=[op(E+UxB)+ogbx (E+U x B)]-E
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where b is a unit vector of the magnetic field. The egy
value in (4) readily cancels out ey and leaves two other
terms which depend on both the wind velocity and the
electric field. Therefore, the net electromagnetic energy
transfer from the magnetosphere to thermosphere, for
a coupled magnetosphere-ionosphere-thermosphere sys-
tem, cannot be wholly represented by the sum of &g and
v, as done in the studies of Thayer and Vickrey [1992]
and Deng et al. [1993].

Unlike the analysis of energy transfer, the analysis of
electric current does allow ready separation into com-
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ponents associated independently with E and U. The
field-aligned current density jj at the top of the iono-
sphere, defined to be positive, if it flows out of the iono-
sphere, is found from consideration of current continuity
to be
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where I'is the downward inclination angle of B, zis alti-
tude, and z; and z» are the bottom and top of the region
of significant Pedersen and Hall conductivity. The first
integral term on the right-hand side of (5) is the field-
aligned current density due to the plasma convection,
while the second integral represents the field-aligned
current due to the neutral wind. Strictly speaking, this
integral is meant to be taken along the slanted mag-
netic field line, but unless there are highly structured
features present, a vertical integration provides an ad-
equate approximation. Geometrical spreading of field
lines in altitude is also ignored in (5) for simplicity.

2.2. AMIE

The AMIE procedure [Richmond and Kamide, 1988;
Richmond, 1992] is an optimally constrained, weighted
least squares fit of coefficients to the observed data.
Each data set is weighted by the inverse square of its
effective error so that less reliable data contribute less
to the fitting. The AMIE procedure also incorporates
a priori empirical information about electric potential
and ionospheric conductance to improve the estimates
in the region where the data coverage is sparse (see
Richmond [1992] for more details).

The following is a brief description of the data that
are incorporated into AMIE to derive the global distri-
butions of the ionospheric convection and particle pre-
cipitation during the period of March 28-29, 1992.

Satellite measurements. Satellites provide valu-
able data during this period, including the four De-
fense Meteorological Satellite Program (DMSP) space-
craft (F8-F11), the NOAA 12 satellite, the Akebono
(EXOS D), and the Upper Atmospheric Research Satel-
lite (UARS). The DMSP spacecraft are in Sun-synchro-
nous circular orbits at an altitude about 840 km, with
orbital inclination of 98.7° and orbital period of about
100 min. All four DMSP satellites measure the cross-
track horizontal and vertical ion drift components. In
addition, F10 and F11 can also measure the along-track
velocity component. However, due to some technical
problems in reducing the along-track velocity compo-
nent, only the cross-track ion drift data are used in the
AMIE procedure. The precipitating particles with en-
ergies between 32 eV and 30 keV are measured by the
DMSP satellites, whereas only those electrons within
the restricted energy range from 460 eV to 30 keV are
considered in calculating the average energy and en-
ergy flux [Rich et al., 1987] that are incorporated into
AMIE. The NOAA 12 satellite is also a polar-orbiting
satellite, with an altitude of 850 km and orbital pe-
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riod of 100 min. The satellite observes the auroral pre-
cipitating particles in the energy range from 300 eV
to 20 keV. EXOS D is in an orbit of inclination 75°
and orbital period 212 min. The apogee and perigee of
the satellite are 10,500 and 270 km, respectively. Dur-
ing the March 1992 period, the satellite altitude varied
from about 1100 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 southern hemisphere were
not operating during that period. EXOS D measures
the two-dimensional electric fields, perpendicular to the
satellite spin axis. The vector electric field is calculated
with the assumption that the electric field along the
main magnetic field is zero (see Hayakawa et al. [1990]
for further information). UARS is in a near-circular
orbit at 585 km, with an inclination of 57°. The on-
board atmospheric X ray imaging spectrometer (AXIS)
measures 3- to 10-keV X rays that are generated as en-
ergetic electrons penetrate the atmosphere [Chenette et
al., 1993; Winningham et al., 1993]. The characteris-
tic energy and energy flux of the precipitating electrons
can then be extracted from the X-ray spectra [ Chenette
et al., 1993; Winningham et al., 1993].

Radar observations. The Sondrestrom incoher-
ent scatter radar was operating between 0440 and 2000
UT on March 29, 1992. Ion drift vectors were extracted
from the line-of-sight components and averaged every
5 min over 1° bins between 72° and 76° magnetic lat-
itude. Additionally, the Sondrestrom radar measured
the ionospheric conductances. During this 2-day pe-
riod, the Goose Bay HF radar provided vector ion drift
velocities which were averaged every 10 min over 2° bins
from 65° to 81° magnetic latitude.

Ground magnetometer data. During this cam-
paign period, there were 68 ground magnetometer sta-
tions monitoring the magnetic perturbations; among
them seven stations were from the southern hemisphere.
The magnetic perturbations are used primarily to de-
termine the ionospheric current and electric field but
are also used to modify the ionospheric conductance
based on the empirical formula of Ahn et al. [1983b).
The average energy and energy flux of the precipitating
electrons can then be inverted from the empirical for-
mulas of the height-integrated Pedersen and Hall con-
ductances [Robinson et al., 1987).

Figure 1 shows the northern hemispheric patterns of
the ionospheric convection (top), mean electron energy
(middle), and precipitating electron energy flux (bot-
tom) derived from AMIE at 1000 UT on March 29. The
patterns are based on the data described above, as well
as the information from the statistical models of electric
potential [Foster et al., 1986] and auroral conductance
[Fuller-Rowell and Evans, 1987]. The convection pat-
tern consists of two cells: a round-shaped dusk cell and
a crescent-shaped dawn cell. The total cross-polar-cap
potential drop is 81 kV, given at the upper right. Al-
though there were no IMF data available at this partic-
ular time, such a well organized two-cell pattern usually
corresponds to an IMF with positive B, and negative
B, [e.g., Reiff and Burch, 1985; Heppner and Maynard,
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Figure 1. (a) The northern-hemisphere ionospheric
convection pattern derived at 1000 UT on March 29,
1992, plotted in apex magnetic coordinates. The pat-
tern has a contour interval of 10 kV, with dashed lines
indicating negative potentials and solid lines indicat-
ing positive potentials. (b) Distribution of the mean
electron energy, with a contour interval of 1 keV. (c)
Distribution of the precipitating electron energy flux.
The contour interval is 1 mW /m?.
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1987]. The electron precipitation is mainly confined to
the auroral region, with a mean energy between 3 and 5
keV and a median energy flux around 3 mW/m2. The
total hemisphere-integrated energy flux from electron
precipitation is 50 GW.

2.3. TIGCM

The NCAR TIGCM model has been developed to cal-
culate a self-consistent thermospheric and ionospheric
structure, taking into account the dynamic coupling
between the thermospheric neutral wind and the iono-
spheric plasma [Roble et al., 1988b]. However, no
electrodynamic feedback from the thermospheric wind
to the magnetospheric electric field is considered in
the model. The TIGCM has an effective 5° latitude-
longitude geographic grid with 25 constant pressure lev-
els in the altitude range from approximately 97 to 500
km. The time step can be flexible, varying from 3 to 6
min, depending on the inputs. The external inputs to
the TIGCM are the solar EUV and UV fluxes, the au-
roral particle precipitation, the ionospheric convection,
and the semidiurnal tides at the lower boundary.

For the period March 28-29, 1992, the 2-day aver-
age solar radiation index S, is 188.5 x 10~22W/m’Hz.
The time-dependent patterns of the high-latitude iono-
spheric convection and particle precipitation are de-
rived from AMIE, with 5-min resolution; while the
low-latitude and midlatitude ionospheric convection is
derived from the empirical model of Richmond et al.
[1980]. Because of relatively poor ground data cov-
erage in the southern hemisphere, on a few occasions
when there is no satellite passing overhead, the southern
hemispheric patterns derived from AMIE become unre-
alistic. In such cases the convection patterns from the
northern hemisphere are adopted but altered in the po-
lar cap to account for the IMF By-induced asymmetry
between the two hemispheres, whereas the correspond-
ing northern hemispheric auroral precipitation patterns
are used for the southern hemisphere, assuming there
is conjugacy. For this reason, we concentrate on the
physical interpretation of the northern hemisphere sim-
ulations. Although the lower-thermospheric waves gen-
erated in the southern hemisphere may propagate into
the northern hemisphere [Crowley et al., 1989], the use
of the adjusted northern hemispheric patterns in the
southern hemisphere is not expected to significantly af-
fect the northern hemisphere simulations, especially the
height-integrated electrodynamic quantities which are
the main interest for this study. Before being incorpo-
rated into the TIGCM, the AMIE patterns are first con-
verted from magnetic coordinates to geographic coordi-
nates. The semidiurnal tide model as described by Fe-
sen et al. [1991] is included at the lower boundary of the
TIGCM. The TIGCM is first run to obtain a diurnally
reproducible solution. For this background run, the pat-
terns of the ionospheric convection and particle precip-
itation at 0200 UT on March 28 are chosen as inputs to
the TIGCM, which corresponds to a relatively quiet ge-
omagnetic condition. The time-dependent AMIE pat-
terns are then incorporated into the TIGCM for a real-
istic simulation of the high-latitude thermospheric dy-
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namics. A 3-min time step is used for the entire simula-
tion, and linear interpolations of input values are made
at a given time step. The TIGCM histories are recorded
hourly for the 2 days that we studied.

3. Results

3.1. Joule Heating

Previous studies on the global distribution of Joule
heating were based on either spatially limited direct
radar observations [e.g., Banks et al., 1981; Vickrey et
al., 1982; Foster et al., 1983] or indirect measurements,
such as those involving magnetogram inversion tech-
niques [Ahn et al., 1983a; Kamide and Kroehl, 1987)].
Furthermore, these studies have all excluded the neu-
tral wind effects on the heating owing to the difficulty
in obtaining a realistic wind pattern. In the TIGCM
model, the thermosphere and ionosphere are calculated
self-consistently so that accurate estimations of the neu-
tral wind dynamics can be achieved.

Plate 1 presents the hourly patterns of the height-
integrated “convection heating” (i.e., €¢ in (3)), at 0800,
0900, 1000, and 1100 UT on March 29, 1992. This
was a period of a moderate substorm, and Plates 1a-1d
correspond approximately to the pre-substorm phase,
the expansion phase, the peak of the expansion phase,
and the recovery phase. The patterns are plotted in the
northern hemisphere above 42.5° geographic latitude,
with the geographic pole at the center and local solar

- time shown around the periphery of the dial. The color
scale represents the power intensity in units of mW/m?2.
Note that the color scale is from 0 to 24 mW /m? except
for the pattern at 1000 UT, in which the color scale is
from 0 to 65 mW/m?2. The arrows indicate the ion
drift velocities that have been externally imposed on
the TIGCM. As illustrated in Plate 1, Joule heating
is distributed nonuniformly over the polar region, with
some localized hot spots. At 1000 UT, the peak of the
substorm expansive phase, the heating is most intense
(notice the change in the color scale). Plate 1 also shows
that the intense heating is mostly found on the dawn
and dusk sides of the polar cap, where the higher speed
sunward convections are located.

Plate 2 shows the height-integrated “wind heating”
(i-e., €1 in (3)). Note that the color scale now ranges
from -9 to 5 mW/m?, with negative values indicating
cooling and positive values indicating heating. The ar-
rows represent the effective neutral winds which have
been weighted in altitude by the Pedersen conductivity.
The effective winds correspond roughly to the neutral
winds at about the z = -1 constant pressure surface
(around 160 km altitude). Comparison between Plates
1 and 2 shows an anti-correlation between the convec-
tion heating and the wind heating, that is, the winds
tend to counteract the convection heating. This occurs
in the regions where the convection speed is relatively
large so that ion drag becomes locally important.

The high-latitude ionospheric convection is controlled
by the solar wind-magnetosphere interaction both at
the dayside magnetopause and at the nightside mag-
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netotail and therefore is highly variable and dependent
upon the interplanetary magnetic field orientation [e.g.,
Cowley et al., 1991, and references therein]. Observa-
tions have shown that the response time to changes in
the IMF is about 4-5 min in the dayside ionosphere
[Lockwood et al., 1986; Todd et al., 1988; Etemadi et
al., 1988], and about 30 min on the nightside [Baker et
al., 1983]. As illustrated in Plate 1, during this 4-hour
substorm period, the ion convection varies drastically.
The maximum convection speed increases from 750 m/s
at 0900 UT to 1500 m/s at 1000 UT, the peak of the
substorm, then reduces to 700 m/s at 1100 UT.

The neutral winds, on the other hand, take a much
longer time to respond to changes in ionospheric con-
vection. The time lag between the ion convection and
neutral wind is roughly one and a half hours in the
F region, and about 3 hours in the E region [Killeen
and Roble, 1984; Roble et al., 1987]. Even after the
ionospheric convection totally ceases, the neutral winds
can persist for several hours [Roble et al., 1987] and
drive a significant ionospheric current system [Lyons et
al., 1985]. Such wind dynamo effects are referred to as
the “flywheel” effect [Banks, 1972]. The effective wind
patterns shown in Plate 2 consist of two cells, with an
enhanced antisunward flow over the polar cap and sun-
ward flow in the auroral region. The wind patterns,
however, do not exactly resemble the two-cell convec-
tion patterns. For instance, at 0800 UT, there is about a
lé-hour time lag between the winds and the ion drifts
across the polar cap. There is also an apparent spa-
tial asymmetry between the dawn and dusk cells in the
neutral wind patterns: a broad dusk cell and a con-
fined dawn cell. This asymmetry is caused by the weak
sunward flow in the dawnside auroral region. At lower
latitudes, the flow even becomes antisunward. Simi-
lar features have been reported previously, and are at-
tributed to the Coriolis force which contributes more
favorably to the clockwise circulation on the duskside
than it does to the anti-clockwise circulation on the
dawnside [Fuller-Rowell and Rees, 1981, 1984; Killeen
and Roble, 1984, 1986; Thayer et al., 1987; Crowley et
al., 1989]. Unlike the highly variable ion drifts during
the different substorm phases, the neutral wind speeds
do not change greatly and the maximum wind speed
remains about 350 m/s, which is about half of the max-
imum convection speed before and after the substorm
onset. Plate 2 also shows that the overall wind pat-
tern rotates counter-clockwise with UT. Such a univer-
sal time variation in the neutral wind pattern is due to
the offset of geomagnetic pole from the geographic pole,
which introduces a diurnal variation of ionospheric con-
vection in geographic coordinates [Killeen and Roble,
1984]. Although the ion-drag force due to ionospheric
convection has a strong influence on the high-latitude
thermospheric wind, the overall neutral flow is deter-
mined mainly by the balance between ion drag, pres-
sure, Coriolis, and advective forces [e.g., Killeen and
Roble, 1984; Fuller-Rowell and Rees, 1984]. During the
2 days under present investigation, there was a series of
substorms, as manifested by the variations in the auro-
ral activity indices (see Figure 2a). The average sub-
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Height-Integrated “Convection Heating”
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Plate 1. Hourly patterns of the height-integrated “convection heating” (i.e., g¢ in (3)) derived
at (a) 0800 UT; (b) 0900 UT; (c) 1000 UT; and (d) 1100 UT on March 29, 1992, respectively.
The patterns are plotted in the northern hemisphere above 42.5° geographic latitude, with the
geographic north pole at the center of the pattern and local solar time shown around the periphery
of the dial. The maximum and minimum values of the heating are §iven underneath each pattern.
The color scale represents the power intensity in units of mW/m*. The arrows indicate the ion
drift velocities that have been externally imposed on the TIGCM. A scale factor is given at the

lower right of the pattern.

storm recurrence period is about 4 hours. Therefore,
because of the large residual forces, the neutral wind
does not have a chance to follow the ion convection ex-
actly.

The distribution of total height-integrated Joule heat-
ing is presented in Plate 3, which is the sum of “con-
vection heating” and “wind heating.” Plate 3 resem-

bles Plate 1 in terms of general structures. However,
the total Joule heating rate is noticeably smaller than
the “convection heating” rate. The heating patterns of
Plate 3 are roughly of an oval shape, centered around
the magnetic pole (as indicated by the asterisk) which
is about 79°N and 71°W in geographical coordinates.
There also exist pronounced spatial and temporal vari-
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Height-Integrated ‘“Wind Heating”
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Plate 2. Hourly patterns of the height-integrated “wind heating” (i.e., &1 in (3)), with the same

format as Plate 1.
details).

ations in the distribution of the total Joule heating.
During relatively quiet periods (e.g., Plates 3a and 3d),
the intense heating is colocated with the eastward elec-
trojet in the evening sector; while during disturbed peri-
ods (Plates 3b and 3c), the Joule heating remains about
the same in the evening sector but becomes more inten-
sified in the morning sector, which corresponds to the
westward electrojet. In addition, at the peak of the sub-
storm, an isolated hot spot, which may correspond to
the so-called substorm electrojet [Kamide et al., 1994],
is seen near local midnight.

The arrows now indicate the effective neutral wind velocities (see text for

3.2. Mechanical Power

Plate 4 shows the distribution of the mechanical
power exerted on the neutral wind by the Ampere force
(or ion drag), that is, the height-integral of ew in (2).
The color scale is from -3 to 5 mW/m?. Positive val-
ues indicate where the winds are in the same direction
as the dragging force so that they act as a load on the
magnetospheric dynamo, in the frame of reference of
the rotating Earth. Negative values indicate where the
winds are in the opposite direction to the dragging force
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Height-Integrated Joule Heating
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(c)
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Plate 3. Hourly patterns of the height-integrated Joule heating, that is, the sum of “convection
heating” and “wind heating.” The asterisks indicate the geomagnetic pole.

and therefore they act as a generator. Though the mag-
nitude of the mechanical power is small compared to the
Joule heating, Plate 4 clearly shows the thermospheric
dynamo feature in the polar region. At 0800 UT, prior
to the onset of the substorm, the ionosphere is still re-
covering from the previous substorm. The distribution
of the mechanical power (Plate 4a) shows that the winds
flow against the ion-drag force over nearly half of the
polar cap. The hemispheric integral of the mechani-
cal power above 42.5° geographic latitude is -0.91 GW.

This net negative value of the mechanical power rep-
resents the neutral wind dynamo effect; however, the
magnitude is trivial in comparison with the hemispheric
integral of the total Joule heating, which is 55 GW.

3.3. Electromagnetic Energy Dissipation

The electromagnetic energy dissipation/generation in
the ionosphere, as shown in Plate 5, is the sum of the to-
tal Joule heating and the mechanical power exerted on
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Height-Integrated Mechanical Power
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Plate 4. Hourly patterns of the height-integrated mechanical power, that is, ew in (2).

the winds by the Ampere force J x B. The distribution
of the total energy dissipation (shown as solid contours)
is very similar to that of the total Joule heating in terms
of both spatial structure and magnitude. This indicates
that the majority of the magnetospheric energy dissipa-
tion goes to heating and only a small portion of energy
goes to accelerate the winds. There is also a very small
amount of power generated by the neutral wind dynamo
(shown as dashed contours) at the center of the polar
cap as well as in the midlatitude region. However, the

total energy provided by the wind dynamo is insignifi-
cant compared to that by the magnetospheric dynamo.

An accurate estimate of the energy transfer rate or
energy dissipation/generation rate is important in un-
derstanding the magnetosphere-ionosphere-thermo-
sphere coupling processes. Under steady state condi-
tions (at timescales of greater than 1 min), the energy

dissipation or generation rate is equal to the electromag-
netic energy flux flowing into or out of the ionosphere.
Kelley et al. [1991] calculated the energy flux to the
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Height-Integrated Energy Dissipation/Generation
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Plate 5. Hourly patterns of the height-integrated energy dissipation generation, that is, the sum

of Joule heating and mechanical power.

high-latitude ionosphere by using measurements from
the HILAT satellite. They found upward energy fluxes
in some localized auroral regions, suggesting a neutral
wind dynamo. Such dynamo effects of the neutral wind
have also been simulated by Thayer and Vickrey [1992]
and Deng et al. [1993]. They first calculated the height
integrals of €9 and ey separately, and considered them
as the electric energy fluxes from the magnetospheric
dynamo and the neutral wind dynamo, respectively.
The net energy flux was then obtained by adding the
two fluxes together. The net energy fluxes thus ob-

tained can point upward in some high-latitude regions,
indicating a dominating neutral wind dynamo. Espe-
cially during post-storm period, the whole polar cap can
be overwhelmed by the upward energy fluxes [Deng et
al., 1993]. However, as has been discussed in the previ-
ous section, because of the interaction between electric
fields and neutral velocities, the two dynamos cannot
be treated as independent sources. Accordingly, the
distribution of the total energy flux in Plate 5 is rather
calculated from first principles, that is, the energy con-
servation law. It is also worth noting that the post-
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Field-Aligned Current (ion drift)
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Plate 6. Hourly patterns of the field-aligned current (ion drift) density driven by the ionospheric
convection. The color scale represents the current density in units of pA/m?.

storm simulation by Deng et al. [1993] corresponded
to extreme geomagnetic conditions, in which the cross-
polar-cap potential drop was artificially reduced from
150 to 11 kV immediately following the storm so that
the wind velocity actually exceeded the convection ve-
locity in most of the polar cap region.

3.4. Field-Aligned Currents
Plate 6 presents the distribution of the field-aligned

current density driven by the convection. In spite of the-

small-scale structures, the general features illustrated
here are similar to the statistical patterns of Iijima and
Potemra [1978]: upward region 1 and downward region
2 currents on the duskside, and downward region 1 and
upward region 2 currents on the dawnside. Of particu-
lar interest is the pattern derived at 1000 UT, in which
not only is the current density intensified but also an
upward field-aligned current sheet appears poleward of
the dawnside downward region 1 current sheet. Along
with the region 2 current from the dawnside, they form
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Field-Aligned Current (neutral wind)
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Plate 7. Similar to Plate 6, but for the field-aligned current driven by the neutral wind.

a triple current sheet in the early morning sector (in ge-
ographic coordinates). This kind of current distribution
is often found to be associated the westward traveling
surge, one of the ionospheric manifestations of a sub-
storm [Opgenoorth et al., 1980, 1983; Baumjohann et
al., 1981].

The neutral-wind-driven field-aligned currents shown
in Plate 7 are more organized and consist of two current
sheets surrounding the magnetic pole. The patterns

also show no apparent change during the course of sub-
storm. However, the field-aligned currents driven by the

neutral wind tend to flow in the opposite direction to
those driven by the ion convection, i.e., downward re-
gion 1 and upward region 2 on the duskside, and upward
region 1 and downward region 2 on the dawnside. The
magnitude of the field-aligned current density driven by
the wind is of the order of 10~7 A/m?2. At 0800 UT (the
pre-substorm phase), the ratio of the peak downward
current density driven by the wind to that driven by the
convection is about 0.22; whereas, at 1000 UT (the peak
of the substorm), this ratio decreases to 0.09. Although
the current density is weaker, the neutral-wind-driven
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field-aligned currents expands to a wider latitude range
than the convection-driven currents, which are mainly
confined within the auroral oval. Since the field-aligned
currents that flow into and out of the ionosphere, inte-
grated over the globe, should be the same in order to
maintain charge neutrality, the total field-aligned cur-
rent can be considered as one-half the integral of the
absolute value of j; over the hemisphere. On the av-
erage for the two days, the hemispheric integral of the
total field-aligned current driven by the wind is about
27% of the total field-aligned current driven by the con-
vection.

Lyons et al. [1985] modeled the neutral wind effect
on the ionospheric current system. They found that, af-
ter magnetospheric convection ceases, the neutral wind
can drive significant ionospheric currents for about 6
hours. The field-aligned currents driven by the neu-
tral winds flow out of the ionosphere on the dawnside
and into the ionosphere on the duskside, same as the
inner current sheet shown in Plate 7. The estimated
mean value of jj is of the order of 1078 A/m?, which
is about one order of magnitude smaller than that from
our calculation. The field-aligned current density es-
timated by Lyons et al. is rather crude. They have
assumed a uniform ionosphere, so that the contribution
to field-aligned current due to the ionospheric conduc-
tivity gradient is not included in their study. A recent
simulation by Deng et al. [1993] also shows that during
the recovery phase of a major storm the Hall current
driven by the neutral winds could account for up to
80% of the total ionospheric current, when the magne-
tospheric forcing was cut off almost completely. Their
magnitude of j; (mainly driven by the neutral winds)
as well as its distribution are similar to those shown in
Plate 7 (note that their patterns are plotted in magnetic
coordinates).

3.5. Comparisons of Global Energy Inputs

The top panel of Figure 2 shows the AU, AL, and AE
indices deduced from the measurements of 43 ground
stations located between 55° and 76° magnetic lati-
tudes. However, the longitudinal coverage of the ground
magnetometer data is limited for this particular pe-
riod, because of a big data gap over the Russian area.
The bottom panel of Figure 2 shows the four differ-
ent energy inputs integrated above 42° geographic lat-
itude in the northern hemisphere, with the solid line
for the electromagnetic energy dissipation, the dashed
line for the total Joule heating rate, the dotted line for
the “convection heating,” and the dashed-dotted line
for the electron precipitation. The difference between
the dashed and dotted lines represents the contribution
of the neutral wind to the heating, that is, the “wind
heating.” The magnitude of the hemisphere-integrated
“wind heating” increases with the AF index, and so
does the total hemisphere-integrated Joule heating rate.
As a result, the ratio between the “wind heating” and
the total Joule heating shows no apparent dependence
on the AE index. During this 2-day period, the aver-
age value of this ratio is -0.28, which means that the
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Figure 2. (a) The distribution the AU, AL, and AE
indices throughout the 2-day period of March 28 and
29, 1992. (b) The distributions of the different energy
inputs integrated above 42.5° geographic latitude over
the northern hemisphere for these 2 days.

neutral winds reduce the Joule heating by about 28%.
On the other hand, comparison between the dashed and
solid lines reveals that the total hemisphere-integrated
electromagnetic energy dissipation, in general, is only
slightly larger than the total Joule heating. The average
ratio of the total Joule heating to the total electromag-
netic energy dissipation is about 0.94. Thus the major-
ity (94%) of the electromagnetic energy dissipated to
the ionosphere is converted to thermal energy and only
a small portion (6%) of it goes to mechanical energy to
accelerate the neutrals.

In addition to electromagnetic energy dissipation
(mainly via Joule heating), energy is also deposited to
the ionosphere through the precipitation of energetic
particles. Observations have shown that the particle
energy deposition rate can at times greatly exceed the
Joule heating rate, particularly within an auroral arc
[e.g., Evans et al., 1977; Vickrey et al., 1982; Kelley
et al., 1991]. However, globally, Joule heating is larger
than particle energy dissipation because it extends over
a wider range of latitudes [Ahn et al., 1983a; Doyle et
al., 1986; Richmond et al., 1990]. Figure 2b shows that
the energy input from the precipitating particles is sim-
ilar to the electromagnetic energy input during quiet
periods, but significantly smaller during disturbed pe-
riods. On the average for these two days, the ratio
between the hemisphere-integrated electromagnetic en-
ergy input and particle energy input is about 4. This
result is consistent with those obtained by Ahn et al.
[1983a] and Richmond et al. [1990].
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The hemispheric energy dissipation is related to the
auroral activity index. We have calculated the corre-
lation coefficients of electromagnetic energy dissipation
versus the AL, AU, and AF indices, respectively. The
best correlation is found between the energy dissipa-
tion and the AF index, with a correlation coefficient
r=0.76 (compared to r=0.58 against |AL| and r=0.55
against AU). To further quantitatively examine the re-
lation between the electromagnetic energy input and
the AF index, Figure 3 shows scatterplots of the energy
dissipation versus AE, with the solid line representing a
linear fit in the top panel and an exponential fit in the
bottom panel. The linear regression analysis yields a
slope of 0.33 GW/nT. The least squares fitting of data
to an exponential function is slightly better than the
simple linear fitting by reducing the standard deviation
o from 36.2 to 34.0 GW. The exponential fitting yields
a dependence of energy input on the AF index to the
power 1.645, with a variation £ 0.006.

Previous studies on the quantitative relation between
global Joule heating and the AF index have derived
different linear proportionality factors. A proportional-
ity factor was found to be 0.21 GW/nT for the period
January 18 and 19, 1984 [Richmond et al., 1990], 0.23
GW/nT for the 3 days of March 17-19, 1978 [Ahn et
al., 1983a], and 0.33 GW/nT for July 23 and 24, 1983
[Ahn et al., 1989]. The difference in the proportionality
factors by the independent studies may be due to the
difference in estimating Joule heating. A seasonal vari-
ation can have a direct effect on the ionospheric conduc-
tivities, which in turn affect Joule heating. Even for the
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same period of March 17-19, 1978, a linear regression
analysis by Baumgjohann and Kamide [1984] derived a
factor of 0.32 GW/nT, which is about 40% larger than
that found by Ahn et al. [1983a]. This difference has
been ascribed to the different ionospheric conductivi-
ties used in the two studies. In the study by Ahn et al.
[1983a], the ionospheric conductivities were estimated
from ground magnetic perturbations [Ahn et al., 1983b],
whereas the study by Baumjohann and Kamide [1984]
adopted the empirical conductivity model of Spiro et al.
[1982].

It is clear that the accuracy of estimates of Joule
heating is limited by the accuracy in estimating the
ionospheric conductivities, especially for those stud-
ies using the magnetic-inversion technique [e.g., Ahn
et al., 1983a, 1989; Baumjohann and Kamide, 1984].
The TIGCM solves for the ionospheric structure giving
global distributions of electron and major ion densities,
and electron and ion temperatures. Thus, for given
fluxes of auroral electrons, it provides a realistic esti-
mate of the ionospheric conductivity. Furthermore, in
those studies mentioned above, the Joule heating rate,
or more accurately, the “convection heating” rate, was
considered as the total electromagnetic energy input.
As has been illustrated in Figure 2b, the “convection
heating” rate does not equal the real electromagnetic
energy input.

The solar wind is the ultimate power source which
is responsible for the electrodynamic processes in the
magnetosphere and ionosphere. One can estimate the
coupling efficiency between the solar wind and Earth’s
magnetosphere by comparing the solar wind energy in-
put with the energy dissipation into the magnetosphere.
During the 2-day period, the upstream solar wind con-
ditions were monitored by the IMP 8 satellite only from
1320 to 1930 UT on March 29, 1992 (the solar wind data
were kindly provided by A. Lazarus). For this 6-hour
interval, the average solar wind density p is about 10
amu/cm® and the average solar wind velocity v is 350
km/s. Assuming that the effective cross-section area of
the magnetosphere A is (15 Rg)? ~ 3x10'® m?, the
available solar-wind power is thus 3pv®A ~ 103 W. For
the same interval, the total average energy (including
both electromagnetic energy and particle precipitation)
dissipated into the high-latitude ionosphere is 1.5x101*
W. Therefore only 1.5% of the solar wind energy pene-
trates into the ionosphere.

We should point out that in this study we have quan-
titatively estimated large-scale energy dissipation/gener-
ation channels. Due to the limitations of data cover-
age as well as spatial resolutions in both AMIE and
TIGCM, we are unable to resolve accurately the small-
scale energy inputs, such as those associated with dis-
crete auroral arcs. The electric field is often depressed
within an arc where the particle precipitation is most
intense, so that Joule heating tends to be reduced there
le.g., Evans et al., 1977]. The AMIE procedure does
not reproduce this effect, since it tends to smear out
the discrete arc features. We cannot quantify the net
effect of auroral arcs on the total energy dissipation at
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present time; however, we do not expect the estimate
of the global energy dissipation derived in this study to
be altered significantly due to the presence of auroral
arcs.

4. Summary and Conclusions

We have used realistic time-dependent high-latitude
patterns of the ionospheric convection and auroral par-
ticle precipitation derived from AMIE as inputs to the
TIGCM model to investigate the magnetosphere-iono-
sphere-thermosphere coupling processes during the pe-
riod of March 28 and 29, 1992. Our study has led to
the following conclusions:

1. The electromagnetic energy dissipated from the
magnetosphere to the ionosphere is converted into ther-
mal and mechanical energy. The results of our study
show that majority (94%) of this energy input is con-
verted to Joule heating, and only a small portion (6%)
goes to accelerate the neutrals.

2. Joule heating is nonuniformly distributed over
the high-latitude region, with some localized hot spots.
During relative quiet periods, the heating is mainly
found in the dusk sector associated with the eastward
electrojet. During disturbed periods, the heating inten-
sifies in the morning sector associated with the west-
ward electrojet.

3. The influence of neutral wind on Joule heating can
become significant. On the average, the wind dynamo
can have approximately a 28% negative effect on the
heating,.

4. The field-aligned currents driven by the neutral
wind tend to flow in the opposite direction as those
driven by the plasma convection. On the average, the
wind-driven field-aligned currents amount to 27% of the
total field-aligned currents driven by the plasma convec-
tion.

5. The global energy input from particle precipitation
is similar to the global electromagnetic energy input
during quiet periods, but is substantially less during
disturbed periods. On average, the ratio between the
two energy inputs is about a factor of 4.

We recognize that the NCAR TIGCM mode! used
in this study does not take into account the electro-
dynamic feedback of the thermospheric neutral wind
to the overall magnetospheric electric fields. A fully
coupled magnetosphere-ionosphere-thermosphere elec-
trodynamic model would be required to take this feed-
back into account. Such a model remains to be devel-
oped.
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