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Comparison of global MHD simulations with AMIE
simulations for the events of May 19-20, 1996
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J. G. Lyon®, and F. J. Rich’

Abstract.

Using WIND-measured solar wind data, we have simulated the magnetosphere
for the time between 1200 UT May 19 and 0200 UT May 20, 1996, with a three-
dimensional MHD model. This time period has been chosen as an International
Solar-Terrestrial Physics/Global Geospace Science event for community study, and
there is a large set of data with which to compare. In this paper we will compare the
simulation predictions with results from the Assimilative Mapping of Ionospheric
Electrodynamics (AMIE) analysis. We show comparisons for the convection, the
auroral precipitation, the ionospheric conductances, the field-aligned currents,
and the Joule heating distribution. The results concentrate on four time periods
when the two DMSP spacecraft, F12 and F13, and the POLAR. spacecraft were
passing over the northern (summer) polar region. The comparisons show excellent
agreement with the F13 electric field measurements. The ionospheric convection
patterns agree well between the simulation and the AMIE analysis with the cross
polar potential drop somewhat higher in the MHD model. The auroral electron
precipitation energy flux from the MHD model is too low, particularly in the late
morning, when compared with the POLAR UVI data because of the lack of electron
drift physics in the model. We show how the MHD auroral input can be improved

by adjusting the parameters in the auroral precipitation model.

1. Introduction

Understanding how energy is transported from the
solar wind, through the magnetosphere, and into the
ionosphere is becoming more important as our mod-
ern society depends on sophisticated and sensitive land-
and space-based electronic systems. The geospace
events on May 19 and May 20, 1996, have been cho-
sen for special study of the energy flow by the In-
ternational Solar-Terrestrial Physics/Global Geospace
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Science (ISTP/GGS) program. This is because of the
inherently interesting solar wind stream that occurred
during that time and because of the wealth of data avail-
able.

The purpose of this paper is to compare in detail
the results of two fundamentally different modeling
approaches to the description of the polar cap iono-
sphere and data from the DMSP and POLAR space-
craft. One model is a global, magnetohydrodynamics
(MHD) model of the interaction of the solar wind with
the Earth’s magnetosphere and ionosphere. The data
it uses are spacecraft-measured solar wind parameters.
The model is the Fedder-Lyon model [Fedder and Lyon,
1987, 1995; Fedder et al., 1995a, b]. The second mod-
eling philosophy is to use all available data and incor-
porate it into a physically realistic model. This is the
Assimilative Mapping of Ionospheric Electrodynamics
(AMIE) procedure [Richmond and Kamide, 1988; Rich-
mond, 1992]. The comparisons are made for the north-
ern polar cap ionosphere for the time between 1700 UT
on May 19 through 0200 UT on May 20, 1996. This
study is the first comprehensive comparison between
simulation and data for the polar ionosphere.

By its very nature, AMIE will show reasonable agree-
ment with the measurements it assimilates, but agree-
ment with data is by no means assured in the MHD
modeling. That it occurs for this event is a major suc-
cess of this study. This benchmarking of the MHD sim-
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ulation against AMIE and the measurements is used to
improve the model and refinements have already been
implemented as a result.

Only recently have the global MHD models ma-
tured enough to be compared directly with data. The
most extensive comparison published to date is the
Geospace Environment Modeling (GEM) Grand Chal-
lenge [Lyons, 1998]. During January 27-29, 1992, the
Interplanetary Magnetic Field (IMF) was very strong,
and there were several periods when its direction was
steady. There was also good data coverage of this pe-
riod. Comparisons of the global simulation models with
data and with AMIE were made by several groups [Fed-
der et al., 1998; Raeder et al., 1998; Winglee et al., 1997;
Lyons et al., 1996]. The results showed the models did
well in predicting the geometry of the ionospheric con-
vection flow patterns but tended to overestimate the
strength of the electric field. The event discussed in
this paper is less stressing and more typical than the
GEM event, and the comparison with AMIE is given in
greater detail.

The next section describes the events of late May 19
through early May 20, 1996. Section 3 briefly discusses
the MHD simulation model, while Section 4 outlines
the AMIE model and the data sets which were used for
this study. In section 5 we give detailed comparisons of
the polar cap ionosphere. We concentrate on four times
when the two DMSP spacecraft, F12 and F13, were
simultaneously over the pole. Section 6 summarizes the
comparison for the entire period and discusses the polar
cap potential drops. Conclusions are given in the final
section.

2. Events of May 19-20, 1996

During this period, 1200 UT on May 19 to 0300 UT
on May 20, the WIND satellite was located ~ 100 Rp
upstream of the Earth. Figure 1 shows the measure-
ment of the IMF by the Magnetic Field Instrument
(MFI) on WIND [Lepping et al., 1995]. The plots show
the field in solar magnetic (SM) coordinates which are
the coordinates used in the MHD simulation. The time
has been lagged by 25 min to allow for the propagation
of the solar wind from the WIND position to the sim-
ulation box. Also shown are the plasma measurements
made by the Solar Wind Experiment (SWE) on WIND
[Ogilvie et al., 1995]. The data in Figure 1, except for
B,, are input to the front boundary of the MHD sim-
ulation. The vertical lines show times that the DMSP
spacecraft are both over the northern polar cap. The
POLAR satellite was above the northern polar region
throughout this period.

During this event the solar wind speed and density
were fairly steady. The IMF was weakly northward un-
til a little after 1900 UT, when it turned weakly south-
ward for about an hour. The northern aurora were very
dim until a brightening and small substorm occurred at
2020 UT, localized in the premidnight sector. The au-
rora became less active again until after midnight at
the onset of a second substorm. This resulted from the
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steady southward IMF which began at 2100 UT. B,
was dawnward during the early part of this event but
had several significant duskward and dawnward fluctu-
ations later. The response of magnetosphere to these
IMF conditions during the early part of this period has
been discussed previously along with comparisons of the
simulation results with POLAR magnetic field measure-
ments [Fedder et al., 1997].

3. MHD Model Description

The simulation model solves the equations of MHD.
Details on the model equations and the numerical tech-
niques used to solve them can be found in the works
of Fedder and Lyon [1987, 1995], Fedder et al. [1995a,
b], and Mobarry et al. [1996]. The model is three di-
mensional with a nonuniform, distorted spherical grid.
The X axis is perpendicular to the Earth’s magnetic
dipole axis. The grid extends roughly 24 Rg sunward
of the Earth to X ~ -300 Rg tailward and 90 Rg in the
lateral Y and Z directions, with Z along the northern
dipole axis and Y positive to the duskward direction.
The simulation coordinate system is the same as the
solar magnetic, SM, system. The grid is a distorted
spherical mesh which has 50 cells in the “radial” direc-
tion and is 48x64 in the angular directions. There is
an inner boundary in the interior of the grid which is a
spherical region with a radius of ~ 3.2 Rg centered on
the Earth. Field-aligned currents (FACs), calculated in
the magnetospheric grid, are mapped from this bound-
ary to the ionosphere where they are the source for the
polar cap potential. The potential equation includes
both Pedersen and Hall conductances. The solution for
the potential provides an electric field which is mapped
back to the inner boundary of the magnetospheric grid
where it is used as a line-tying boundary condition for
the MHD solution.

The basic equation for the potential & solved in the
ionosphere is

1)

where ¥ is the ionospheric height-integrated conduc-
tance tensor and J)| is the current parallel to the field
line which is mapped from the magnetosphere. Our
conductance tensor has two parts: a solar EUV con-
ductance and an auroral precipitation-enhanced con-
ductance. The solar contribution depends on the ob-
served solar radio flux at 10.7 cm and the zenith angle.
In our model the seasonal and diurnal variations of the
magnetic dipole are taken into account. The solar con-
tribution to the Pedersen and Hall conductances come
from a fit to incoherent scatter radar data (H. Kroehl,
private communication, 1990). For this run the solar
Fyo.7 lux was taken as 70, which gave Pedersen con-
ductances on the dayside 60° magnetic latitude line of
~ 7 Siemens in the summer hemisphere and 3 Siemens
in the winter.

The auroral contribution to the ionospheric conduc-
tance involves estimating a precipitating electron en-
ergy flux and a “typical” energy, including effects due
to field-aligned potential drops, and then using the data
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Figure 1. Solar wind measurements by WIND [Lepping et al., 1995, Ogilvie et al., 1995] during
the event. The data were rotated to the solar magnetic (SM) system and delayed by 25 min
to account for propagation time to the Earth. These data, except for B;, are directly input to
the simulation. The four vertical lines indicate times when the DMSP spacecraft were over the

northern polar cap.

fits of Robinson et al. [1987], to estimate the conduc-
tances. The precipitating electron energy flux is the
product of the typical or average energy F and the par-
ticle flux ¥. These quantities are found in a two-step
process. The first step is an initial estimate based on
the magnetospheric plasma at the inner boundary of the
simulation. The second step includes the effects of field-
aligned potential drops and magnetic mirror physics to
improve the initial estimates. One of the purposes of do-
ing real event modeling is to compare ionospheric mea-
surements with the simulation in order to improve the
auroral precipitation model.

The initial energy and particle flux estimates are
found from

Ey = ac?, (2)
¥y = ﬂpEé/z’ (3)

where ¢, and p are the sound speed and the plasma
density taken from the inner boundary of the MHD
grid. Here o and (8 are parameters which are chosen
by benchmarking simulation results with observations.
Their values are fixed, both spatially and in time, for
each simulation run. They were originally set by com-
paring with auroral images from VIKING [Fedder et al.,
1995b] and revised in comparison with ionospheric sim-
ulations ( J. Sojka, M. Bowline, and R. Schunk, private
communication, 1996). As a result of this event, we will
adjust B by a factor of 2.56.

In the second step of the calculation the energy gained
in the field-aligned potential drop E along the dipole
field line between the inner boundary of the magneto-
sphere grid and its foot point in the ionosphere is given
by

By = RJ Ey*/p, (4)
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where R is an adjustable scaling factor for the potential
drop and includes an “effective resistivity” to FACs.
The factor R is chosen to be 5 times larger for current
out of the ionosphere as opposed to current into the
ionosphere. R is fixed in the model but may be adjusted
in the future as more comparisons with data are made.
Equation (4) is based on work of Chiv and Cornwall
[1980] and Chiu et al. [1981].

Finally, the calculation adjusts Ey, and ¥y for the
effects of the field-aligned potential drops in the geo-
magnetic mirror field configuration. Following Orens
and Fedder [1978],

¥ = ¥,(8 — Tezp[—E)/(TE0)]) E; >0, (5)
¥ = Yoezp[E) / Eo) E) <0, (6)
E = FEy + E". (7)

The model discussed by Robinson et al. [1987] is then
used to get the auroral contribution to the ionospheric
conductance,

6%p = 2.5E(EQ)Y/2/(1 4 0.0625E2) (8)
6Zg = 0.45E*®56Tp, (9)

where X p and X g are the Pedersen and Hall conduc-
tances in Siemens when F is in keV and EV¥ is in mW
m~2. The auroral conductances are combined with the
solar radiation conductances as the square root of the
sum of the squares.

The simulation is run by specifying the solar wind
and IMF conditions at the sunward side of the grid. The
parameters used as input are the plasma density, plasma
sound speed, the three components of the velocity, and
the ¥ and Z components (in the SM system) of the
IMF. All of these input conditions are assumed to be
independent of Y and Z. B, is set to zero in order
that the magnetic field entering the simulation box is
divergenceless. For this event the measurement of the
solar wind by the WIND spacecraft as shown in Figure
1 was used.

The initial condition of the magnetosphere at the be-
ginning of the simulation was chosen from a database
which contains many previous runs. We choose a mag-
netospheric configuration which we expect to be approx-
imately correct. Preliminary runs are made to make a
transition to a more accurate initial state of the mag-
netosphere as can be best guessed. Once the simulation
begins the dayside magnetosphere approaches the ac-
tual situation within 10 to 20 min, whereas the proper
state of the magnetotail takes longer to develop, de-
pending on how close the initial conditions were to the
real state of the tail.

4. AMIE Model

The Assimilative Mapping of Ionospheric Electrody-
namics (AMIE) procedure combines statistical models
and data in four separate least square fitting solutions
to find [Richmond, 1992; Emery et al., 1996]: 1) the
auroral energy flux, 2) the average auroral electron en-
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ergy, 3) the Pedersen and Hall height-integrated con-
ductances, and 4) the electric potential, currents, and
other electrodynamics.

The May 19-20, 1996, study used values of the auro-
ral energy flux and mean energy derived from two N
Lyman-Birge-Hopfield (LBH) filters on the UltraVio-
let Imager (UVI) aboard the POLAR satellite [Torr et
al., 1995; Germany et al., 1997; Lummerzheim et al.,
1997]. The sunlight emissions were removed, resulting
in images of the entire auroral oval about every 5 min
in the northern hemisphere. The Pedersen and Hall
conductances were then found in an analogous manner
to Lummerzheim et al. [1991] from the UVI estimates
of the auroral energy flux and average energy, adopt-
ing the updated model results from Rees et al. [1995].
Therefore it was unneccessary to find least square fits
to (1)-(3) using sparser data sets and statistical models,
and the only solution found was for the electric poten-
tial and currents, using the given auroral information
from UVI on POLAR. The statistical electric potential
model used was the Weimer [1995, 1996] model based
on season (dipole tilt), IMF (B and B, ), and the solar
wind velocity. The electric and deviation magnetic field
data sources used were the following: 1) 95 ground mag-
netometers (85 in the northern hemisphere), 2) DMSP-
F12 and F13 Ion Drift Meter (IDM) ion drifts perpen-
dicular to the satellite track, 3) Six northern hemisphere
SuperDARN HF radars with ion drift velocities, and 4)
Sondrestrom IS radar ion drifts.

Solutions were found for the four times of the north-
ern hemisphere DMSP overpasses using data averaged
over 26 min. Different patterns were found using data
averaged over 5 minutes for 115 POLAR UVI images
between 1705 UT on May 19 and 0303 UT on May 20.
With the large amount of data, the initial electric po-
tential patterns were not very important to the final
results.

5. Comparisons During DMSP
Spacecraft Passes

The DMSP spacecraft, F12 and F13, were record-
ing plasma convection and electron precipitation dur-
ing this time [Rich et al., 1987]. These spacecraft are in
polar orbits at altitudes of around 800-900 km and take
20-25 min to pass over the high-latitude polar regions.
There were four times during this period, ~ 2009, 2151,
and 2332 UT on May 19 and 0116 UT on May 20 when
both satellites were simultaneously over the northern
polar cap. DMSP data are routinely assimilated into
the AMIE procedure. At these four times, detailed com-
parisons between the AMIE and MHD simulations will
be shown in this section.

The MHD model covers both the northern and south-
ern polar ionospheres, while AMIE can model either one
or both depending on the availability of the data. For
May 1996 the solar Fjo.7 output was low (we used 70
in the MHD simulation), so the amount of He™ was in-
creased in the winter pole, making the DMSP ion drift
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measurements difficult there, and so comparisons were
not made for the southern hemisphere passes for this
event.

5.1. Synoptic Maps

Figures 2-5 give detailed comparisons between the
MHD simulation and the POLAR UVI data and AMIE
simulation for the four times when F12 and F13 were
over the northern polar region. Figure 2 shows the
northern polar cap at 2009 UT. Figure 2a gives the
UVI/AMIE result, and Figure 2b gives the MHD sim-
ulation result. The plots are centered on the magnetic
pole and circles are drawn every 10° in magnetic lati-
tude down to 60°. The AMIE simulation provides re-
sults to 44° magnetic latitude while the lower limit of
the MHD model is about 58°. In these plots, noon is at
the top, and dawn to the right.

The first row of Figure 2 plots contours of the pre-
cipitating energy input to the ionosphere. The AMIE
result is the averaged data that was derived from the
UVI measurement. The total power into the northern
polar cap is 33.5 GW. The MHD simulation result was
5.1 GW. For the MHD contour plot we have multiplied
the intensity in the MHD results by 2.56, rather than
use different contour levels, so that more contours are
seen. The total power of 5.1 GW was not scaled. The
model described in section 3 for the ionospheric precipi-
tation in the MHD simulation gives a total hemispheric
power input to the ionosphere from precipitating elec-
trons much lower than that inferred from the UVI mea-
surements throughout this event. Part of the purpose
of this study is to adjust the MHD model to get bet-
ter agreement with measurement, and in fact, we have
chosen to increase the factor G in eq. (3) by 2.56 in fu-
ture simulations. This multiplies the auroral Pedersen
conductance by a factor of 1.6.

Figure 2. Comparison of northern polar cap quantities
between the (a) AMIE model and the (b) MHD simu-
lation at 2009 UT. Noon is at the top, and dawn is to
the right in each polar plot. The north magnetic pole
is at the center and latitude circles are drawn every
10°. The first row shows contours of the precipitat-
ing electron energy flux with contour levels at 0.5 mW
m~2. The AMIE result is the averaged UVI measure-
ment. The contours (but not the total) for the MHD
result have been multiplied by 2.56. The second row
gives the Pedersen conductance with contour levels 1
Siemens. The third row is the Hall conductance with
contour levels 2 Siemens. The fourth row gives contours
of the field-aligned currents with contour levels of 2 pA
m~2 and upward current (negative values) dashed. The
zero contour is not drawn. The fifth row is the polar cap
potential with contours every 5 kV and the 0 contour
not drawn. The trajectories of F12 and F13 are shown
with the spacecraft traveling from left to right. Only
the part of the F12 orbit is shown for which data was
used. The last row give contours of the Joule energy
deposition rate with 3 mW m™2 levels.
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In the MHD model, once the precipitation is known,
the fits of Robinson et al. [1987] (equations (8) and (9))
give the auroral enhancement to the ionospheric con-
ductance. For AMIE, the results of Rees et al. [1995]
are used. Combining this with the solar EUV contribu-
tion, the Pedersen and Hall height-integrated conduc-
tances are found. These are displayed in rows 2 and 3
of Figure 2.

The second row shows contours of the height-
integrated Pedersen conductance in the ionosphere,
with levels drawn every Siemens and every even value
labeled. The third row gives the Hall conductance with
levels every two Siemens. Dayside conductance is dom-
inated by the solar EUV contribution so both models
agree fairly well there. Both models show enhanced
conductance along the auroral oval, with morning side
enhancements agreeing well. The evening enhancement
in the oval is somewhat higher in the MHD simulation.
Both models have the morning oval at slightly lower
latitude than the evening oval. The most striking dif-
ferences in conductances occur at noon and midnight.
The MHD simulation shows a much stronger conduc-
tance feature at noon where there is an extension of
the upward Region 1 current across noon due to the
negative By in the solar wind. This current is also de-
duced from AMIE but at a weaker magnitude (see the
fourth row of Figure 2). Both F12 and F13 just miss
this region. However, we feel the MHD model tends to
overestimate the conductance here. The reason is that
the model assumes a single ratio of the electron tem-
perature to the ion temperature. (This is related to the
spatial constancy of the model parameter « in equation
(2)). That number was benchmarked against data in
the midnight regions where the plasma sheet plasma is
hotter than the cusp/cleft plasma which precipitates on
the dayside.

The second major disagreement is the enhanced con-
ductance seen in the UVI/AMIE plots a little before
midnight. For reasons we do not understand, the MHD
simulation did not reproduce this auroral activity in the
northern hemisphere, although substorm activity was
occurring in the south.

Note that the differences between the two models in
the Pedersen conductance are not as great as might
be expected from the difference in total precipitating
power shown in the first row. If the average energies
are comparable, then eq. (8) shows that the Pedersen
conductance scales with the square root of the energy
flux. In addition, the dayside is dominated by the so-
lar contribution. For a given energy and energy flux,
the Pedersen conductance in the Rees et al. [1995] for-

Figure 3. Comparison of AMIE and MHD results at
2151 UT. The format and contour levels are the same as
Figure 2. The contours of precipitating electron energy
flux for the MHD result have been multiplied by 2.56.
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mulation used in AMIE is somewhat higher, typically
20%, than the Robinson et al. [1987] result used in
the MHD model. For this reason, we have chosen to
increase the conductance by 60%, using an enhanced
factor of f=2.56 for the electron flux. This will bring
the conductances in AMIE and the MHD closer, but
the MHD precipitating power will still be low. Future
event studies will be used to reconcile the differences be-
tween the simulation models, the conductance models,
and the measurements.

The fourth row of Figure 2 gives the FACs for the two
models with upward current contours dotted. Both re-
sults show the upward Region 1 system extending across
noon into the morningside, typical of a negative IMF
B,. The dawn downward current is more concentrated
in the AMIE result and more to the dayside, consis-
tent with the potential patterns. Region 2 currents are
slightly stronger in the MHD results, with the dawn
Region 2 shifted to the nightside.

The FACs are the most fundamental quantities in
the model of the ionosphere in the MHD simulation
in that the other quantities depend on them, and the
FAC systems extend out into the magnetosphere and
are generated there. In contrast, in the AMIE formula-
tion, the FACs are one of the most derived quantities.
AMIE uses the precipitation to determine the conduc-
tances and then the magnetometer, radar, and DMSP
measurements to obtain the horizontal ionospheric cur-
rents. The FACs can then be found assuming that the
total current density is divergenceless.

The fifth row shows the polar cap potentials with
the F12 and F13 orbits superimposed. The F12 orbit
shows only the part of the trajectory for which data
was used. The total potential drop, geometric shapes
of the convection pattern, and electric fields along the
spacecraft trajectories agree between the simulations.
The crescent-circular two-cell patterns result from the
negative B, of the IMF. AMIE shows the center of the
dawn cell slightly to the dayside of the F13 path, while
the MHD model has it slightly nightward. For the MHD
model, the potential is found from eq. (1). For AMIE,
the horizontal ionospheric current systems inferred from
the magnetometers, the electric fields from DMSP, and
the ion convection measured by the radars, combined
with the conductance, are used to find the potential.

Again, the agreement in the models might be sur-
prising given the difference in precipitation reflected in
row 1 of Figure 2. However, the main potential drop is
across the dayside where the solar conductance domi-
nates.

The sixth row shows contours of the expected Joule
heating input to the ionosphere with contours drawn

Figure 4. Comparison of AMIE and MHD results at
2332 UT. The format and contour levels are the same as
Figure 2. The contours of precipitating electron energy
flux for the MHD result have been multiplied by 2.56.
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every 3 mW m~2. Both models show three regions of
heating: the weakest one along the evening auroral oval
at ~ 70° a second along the dawn oval, and a third
extending longitudinally at ~ 80° across the dayside.
The most intense Joule heating occurs on the dayside.
This quantity is a derived quantity in both models.

Figure 3 shows the same quantities with the same
contour levels as Figure 2, but at 2151 UT, the next
time F12 and F13 pass over the northern polar cap. The
IMF B, has remained near 0, while B, after holding
near —5 nT, has swung duskward and is also small.

The geometric distribution of auroral precipita-
tion agrees fairly well between the two models, with
UVI/AMIE producing more along the morning oval.
The MHD result is about a factor of 5 lower in total
hemispheric power input.

The conductances from the two models agree bet-
ter than at the previous time. Both show the largest
enhancements in the premidnight sector at ~ 70° mag-
netic latitude. The dayside hotspot has disappeared
from the MHD result.

The FACs have weakened. Both models now show
current wedge systems near midnight which were not
there at 2009 UT. The AMIE currents are post-
midnight while the MHD currents are most intense pre-
midnight. Again, the MHD model shows stronger Re-
gion 2 systems.

Because the strength of the IMF has dropped, the
total cross polar potential is less. Both models show
about the same value. The potential structures seen
along the F13 path are very similar. The MHD pattern
for ‘F12 is more structured than the AMIE pattern in
the premidnight sector, showing a greater influence of
the auroral enhancement there. The AMIE patterns
are more skewed in the clockwise direction showing a
stronger IMF B, effect.

The Joule heating rate has decreased with the most
intensity along the afternoon oval. AMIE sees stronger
heating at midnight, while the MHD simulation has
more along the morning oval.

The next DMSP transits occurred near 2332 UT
and the simulation results are compared in Figure 4.
UVI/AMIE gives more intense auroral precipitation
input in the dayside dawn oval. Both models show
strongest input near 70°, 2100-2200 MLT, and also at
1700 MLT. The total power is about a factor of 3 lower

Figure 5. Comparison of AMIE and MHD results at
0116 UT. Since the ionosphere is more active at this
time the contour levels have changed in some of the
plots. The contour levels for the precipitating electron
energy flux (row 1) are 1 mW m~2; for the Pedersen
conductance (row 2) they are 2 Siemens; for the Hall
conductance (row 3) they are 3 Siemens; and for the
potential (row 5) they are 8 kV. The contours of pre-
cipitating electron energy flux for the MHD result have
been multiplied by 2.56.
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in the MHD simulation. The most striking difference in
the conductances occurs along the dusk oval, where the
MHD shows some intensifications which are especially
strong in the Hall conductance. Both models show the
dawnside oval at slightly lower latitude than the dusk-
side.

The MHD FAC patterns again show more structure
and stronger Region 2 systems than the AMIE patterns.
In the premidnight sector the MHD result shows current
pairs where the auroral enhancements are located.

The IMF B, has remain southward and has strength-
ened somewhat resulting in a greater potential drop. B,
has oscillated around zero and the patterns are fairly
symmetric between dawn and dusk. The MHD result
has a stronger dawn cell, but the potential fields along
the DMSP paths are similar in both models. Geomet-
rically, the Joule heating patterns agree between the
simulations, with the MHD showing stronger deposi-
tion and morningside heating more sunward. The total
hemispheric power input due to Joule heating is ~ 1.3
times higher for the MHD simulation at this time.

The IMF remained southward and a substorm oc-
curred after midnight. The ionosphere is still in a dis-
turbed state by the time of the next DMSP transit
around 0116 UT as shown in Figure 5. For this last
figure we have changed some of the contour levels from
the previous three figures but still keep the AMIE and
MHD contour levels the same, remembering that the
MHD auroral precipitation levels have been multiplied
by 2.56.

The greatest conductance enhancements occur in the
late evening sector, with the UVI/AMIE result slightly
stronger and at a higher latitude. UVI/AMIE shows
much more activity in the dawnside oval at late morn-
ing, while the MHD model has an intense spot in the
afternoon. The FACs are stronger than at the previous
times with the MHD result more structured than the
AMIE output. Both models show a downward current
sheet in the premidnight sector where the most intense
activity is.

The MHD model has a larger potential drop mainly
because of the stronger positive potential cell in a region
where the AMIE analysis does not have data. The po-
tential structures along the F13 orbit are very similar.
The MHD result shows the dusk cell extending across
the F12 path around 75° in the late evening which is
not as pronounced in AMIE, however, there may be in-
dications of a small signal at F12 there (see Figure 6a,
bottom, at 1.1 UT below).

As a result of the higher potential drops, the Joule
deposition is stronger, by a factor of 2, in the MHD
result, both models giving the most intensity around
65° in the midafternoon. There is also midafternoon
auroral precipitation. Again, the MHD simulation does
not show late morning intense precipitation probably
because of the lack of electron drift physics in the model.
We are currently investigating ways to account for this
in the MHD code. The MHD precipitation power is a
about a factor of 4 lower at this time.
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5.2. Electric Fields

Figure 6 shows the electric field along the spacecraft
track for F12 and F13. F12 traveled from around 2100
MLT to 1000 MLT and F13 from dusk to dawn on the
dayside of the terminator. The spacecraft measures the
ion velocity distribution perpendicular to the path. The
convection velocity is derived and then mapped to 110
km altitude where it is converted to the electric field
along the orbit. The data are averaged over 20 s and
any offsets are removed. The electric field is then used

"in AMIE. In Figure 6a the F12 electric field is shown

as a solid line. The value which AMIE returns after
the measurement is assimilated with all the other input
is shown as a dashed line. The value derived from the
MHD simulation is dotted. The time step in the MHD
simulation is a fraction of a second, but for these plots,
we have picked a fixed time in the middle of the space-
craft overpasses and calculated the field along the entire
orbit path. These times are shown in Figures 2-5. Dur-
ing periods when conditions change rapidly compared
to the 20-min orbit crossing time, this comparison could
be improved by resolving the simulation electric fields
more frequently. This would produce only minor im-
provements for this event. Figure 6b shows the electric
field for F13.

Agreement of the MHD simulation with F13 electric
field data is much better than with F12. The signal on
F13 is much cleaner, whereas F12 moves from darkness
to the sunlight making the measurement more difficult.
Moreover, Figures 2-5 show that F13 passes near the
peaks of the two ionospheric convection cells, while F12
passes between the cells.

5.3. Precipitation Measurements

Figures 7a and 7b show the precipitating electron en-
ergy flux. The solid line shows data from F12 and F13
taken every 15 s. The dashed line shows the precipi-
tating electron energy flux from the UVI measurements
which were averaged spatially over 2 deg of latitude and
1 hour of MLT. The UVI measurements were averaged
over 25 min. The dotted line gives the MHD simula-
tion result. We have multiplied the simulation result by
2.56, so that it can be seen on the same scale. Geomet-
rically, the curves match up fairly well showing that the
simulation is predicting the position of the auroral oval
accurately. Even with the enhancement factor, which
will be incorporated in future simulations, the morn-
ing precipitation is too low in the model. However,
this is not surprising as the electrons move to the day-
side around the dawn by drifts which are not described
in the ideal MHD formulation. The UVI and DMSP
measurements agree well, with the UVI flux somewhat
stronger and broader. The broader fluxes are due to
spatial averaging in the UVI data, while the temporal
averaging favored higher flux measurements. The data
for the second pass of F12 were discussed by Germany
et al. [1997].
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Figure 6. (a) The electric field along the F12 trajectories over the north pole for the four
overpasses during this event. The solid line gives the measurement. The dashed line is the AMIE
result, and the dotted line gives the MHD simulation prediction. The spacecraft trajectories are
shown in Figures 2-5. (b) The electric field along the F13 trajectories.

Differences between the DMSP- and UVI-derived en- tion time. In the subsequent analysis of the images,
ergy flux and average energy are due to different in- many pixels are averaged together to obtain spatial av-
. herent spatial and temporal resolution of the measure- erages on a grid of 2 deg of latitude and 1 hour of
ments. DMSP makes a 1 s (~ 7 km) average along MLT. The DMSP data are averaged over a compara-
a one-dimensional track, while UVI image pixels are ble time but remain a one-dimensional cut through the
two-dimensional spatial averages over a 37-s integra- two-dimensional image.
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Figure 7. (a) The precipitating electron energy flux measured by F12 (solid), measured by the
UVI (dashed), and predicted by the MHD simulation (dotted). The MHD results were multiplied
by 2.56 so they could be seen. (b) The precipitating electron energy flux seen by F13.

Figures 8a and 8b show the average energy measured
by the DMSP spacecraft and the UVI along with that
predicted by the simulation. This number is difficult to
infer from the precipitation measurements. The DMSP
average energy is computed from the ratio of the elec-
tron energy flux to the number flux using energies be-

tween 460 eV and 30 keV [Rich et al, 1987.] The

UVI average energy is computed using the technique
described by Lummerzheim et al. [1997] and Germany
et al. [1997). For the spacecraft, energies are plotted
only where the flux is greater than 0.1 mW m~2. The
simulation appears to get significantly lower energies in
the dayside oval.
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(a) The average energy of the precipitating electrons measured by F12 (solid), the

UVI (dashed), and that given by the MHD simulation (dotted). The spacecraft data are plotted
only where the measured flux is greater than 0.1 erg cm™3 s=1. (b) The average energy for F13.

6. Overall Comparison

The MHD simulation began using the WIND solar
wind measurements recorded at 1200 UT. The AMIE
analysis using 5-min averages around of UVI images was
begun around 1700 UT, so there were about five hours

of MHD simulation before the comparison starts. How-

ever, we have made comparisons with the measurements
of the Magnetic Field Experiment (MFE) [Russell et al.,
1995] during this period, and the data were reproduced

fairly accurately [Fedder et al., 1997]. Around 2020 UT
a small substorm onset was observed with an auroral in-
tensification in the premidnight sector. This substorm
did not happen in the MHD simulation. A stronger
substorm occurred after midnight, and this activity was
reproduced fairly well.

It should be noted that once the MHD simulation
began at 1200 UT no adjustments were made to the
model or its parameters for the 14 hours of real time
simulated apart from the solar wind inputs from WIND.
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Figure 9a shows the total northern cross polar po-
tential from the MHD simulation (solid) and the AMIE
analysis (dashed) for the entire period during the AMIE
run. The four vertical lines indicate the passage of the
DMSP spacecraft which was discussed in detail in the
last section. Figure 9b shows the ratio of the MHD re-
sult to the AMIE result. For this event the MHD cross
polar potential is typically 30% higher during the first
few hours of comparison. During the disturbed time
after midnight, the ratio is more like 80%.

In previous published studies the total cross polar po-
tential predicted by global MHD models has been much
higher than AMIE values, sometimes by factors of 2 to
4 [Fedder et al., 1998; Raeder et al., 1998; Winglee et
al., 1997; Lyons et al., 1996; Lyons, 1998; Slinker et al.,
1998; Knipp et al., 1998]. The first five papers discussed
the GEM challenge event of January 27-28, 1992; the
last two papers modeled the magnetic storm which be-
gan on November 3, 1993. In both events the IMF was
much larger than normal. The MHD simulation models
usually agree with AMIE in the geometry of the con-
vection patterns but with higher strengths.

In light of these earlier comparisons the closer agree-
ment between the MHD and AMIE simulations for this
event for which the strength of the IMF is typical, is
encouraging.

The cause of the divergence of the results at highly
disturbed times is not known. General theoretical ar-
guments predict that the cross polar potential should
scale linearly with the magnitude of the IMF [Vasyli-
unas et al., 1982]. This scaling is consistent with our
simulation, at least up to IMF magnitudes of 30 nT.
Many data-based analyses of spacecraft measurements
support a linear scaling at least up to 10 nT [Boyle
et al., 1997; Reiff and Luhmann, 1986, and references
therein]. Though the IMF exceeds 10 nT several times
a year, it is rare that a spacecraft is in a good observing
position at the same time. Reiff and Luhmann [1986]
discuss evidence for a saturation of polar cap potential
and suggest possible mechanisms, but the question is
still open. This is an important point to resolve since
the most geoeffective events are those which are induced
by a strong southward IMF.

Figure 9c shows the Joule heating of the northern
polar cap predicted by the two models. The higher
potentials in the MHD model lead to higher values.

Figure 9d shows the energy into the polar cap by
precipitating electrons. This quantity is inferred from
data of the Ultraviolet Imager (UVI) on POLAR [Lum-
merzheim et al., 1997] and is used as part of the input to
AMIE (dashed line). The result plotted here is higher in
the quiet period than that reported by Lummerzheim
et al. [1997] because in that calculation a threshold
of 0.3 mW m™2 was used, whereas we used a thresh-
old of zero. The dotted line shows hourly averages of
estimated hemispheric auroral heating using precipita-
tion measurements from the two NOAA [Fuller-Rowell
et al., 1987] and three DMSP spacecraft [Rich et al.,
1987]. The solid line is the MHD simulation result
which greatly underestimates this source. Electron pre-
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cipitation energy, as discussed in section 3, is used in
the MHD model only as a means of estimating the iono-
spheric conductance through the Robinson et al. [1987]
expression, equations (8) and (9). If the electron energy
flux is viewed as a product of a average energy E times
a particle number flux ¥ then the auroral Pedersen con-
ductance depends mainly on F to the 3/2 power and the
square root of ¥. The ratio of the Hall to Pedersen con-
ductances depends only on E. Therefore, if we adjust
the particle flux estimate in our model by a factor, f,
and leave the average energy calculation alone, we will
adjust the energy flux by f and the auroral conduc-
tances by the square root of f. Of course, this neglects
the feedback of the adjustment in the time evolution
of the system. As a result of the benchmarking of the
MHD model with the UVI precipitation measurements
for this event, we have used a value of f=2.56 which
leads to an increase of 1.6 in the Pedersen and Hall
conductances in our recent simulations. We also reran
a section of this event with the improved flux estimate,
and the results for the precipitation are shown as aster-
isks on Figure 9d. The result is still low compared to
the UVI estimate, but the agreement is better and we
will reevaluate the model in future runs.

For the time period of the rerun of this event, the
general characteristics of the simulation did not change
much. In particular, the simulation still did not pick
up the premidnight auroral activation observed by the
UVI at 2020 UT.

As noted above, increasing the flux estimate in the
MHD model will increase the conductance, and to low-
est order, decrease the polar cap potential according
to eq. (1). This will bring the result closer to the
AMIE potentials. However, the bulk of the potential
drop usually occurs sunward of the terminator where
the conductance is primarily due to ionization by sun-
light.

Figure 9e shows the total downward field-aligned cur-
rent flowing into the northern polar cap. (In the MHD
simulation, the net hemispheric current is typically a
few percent of the downward FAC.) The AMIE values
and MHD values agree well, although there are differ-
ences in the geometric distribution as was pointed out
in the last section.

Figure 9f shows the ratio of the polar cap potential
drop to the total downward FAC giving a bulk resis-
tance for the polar cap. Finally, Figure 9g gives the
AE, AL, and AU calculated from the 52 stations be-
tween 55° and 76° magnetic latitude which were used

in the AMIE analysis.

7. Conclusions

We have compared results in the northern polar iono-
sphere for a well-documented event from two models.
One is an MHD global simulation model of the so-
lar wind, the magnetosphere and the ionosphere which
uses measured solar wind data as input. The other,
AMIE, is a data assimilation model which incorporates
many diverse ground- and space-based data sets. More-
over, the fundamental and derived ionospheric quanti-
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ties differ between the two methods. For example, the
field-aligned currents are a fundamental quantity in the
MHD model formulation, but are derived for AMIE.
There are many similarities in the results, giving con-
fidence that both models are reproducing the behavior
of the ionosphere in many respects.

The MHD model results did not diverge from the
AMIE results as time progressed. AMIE is continually
refreshed as new data is available while the MHD sim-
ulation uses only the measured solar wind information
and is not otherwise adjusted as the simulation pro-
gresses. In fact, the MHD simulation actually began
around 1200 UT nearly 5 hours before the AMIE com-
parisons were started. This shows the importance of the
directly driven aspect of the solar wind on the Earth’s
magnetosphere/ionosphere system. It shows that even
with no knowledge of the initial state of the system,
given the solar wind parameters, one can have a pretty
good idea of the current state of the system after several
hours. It shows that if one could predict the solar wind
as it reaches the Earth, one could predict the behavior
of the magnetosphere and ionosphere reasonably well.

The MHD simulation underestimates the total auro-
ral precipitation energy. This can and has been ad-
justed in the model. The ionosphere acts essentially
as a boundary condition for the MHD simulation of
the magnetosphere, so this adjustment is easy to im-

‘plement. The model will be reevaluated in future event
simulations.

The MHD simulation does not reproduce the intense
morning precipitation. This effect is due, in part, to
electron drifts which are not described in an ideal MHD
formulation. To include this physics in the model would
require some supplementary modification in the magne-
tospheric region which is not easily formulated. Various
alternatives to address this issue are under considera-
tion.

The MHD simulation predicts a somewhat higher to-
tal cross polar cap potential drop than AMIE, although
the agreement is much better during the actual DMSP
measurements of the field. This is in contrast to much
greater differences seen under very disturbed condi-
tions. The behavior of the polar cap potential under
disturbed conditions is an important topic because of
geoeffective considerations, and it is still an open ques-
tion.
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dashed).
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solid) and AMIE (dashed). (g) The AE (solid), AU (dashed), and AL (dotted) calculated from
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