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The last year of the Michigan Space Weather MURI
project was extremely successful. We accomplished sig-
ni�cant progress in all major areas: model development,
software architecture and physics simulations. However,
the focus of our activities was the modeling of the Hal-
loween solar storms. This huge modeling effort is contin-
uing and it will be the focus of our activity for the remain-
der of this MURI project.

In late October and early November 2003 a series of
some of the most powerful solar eruptions ever registered
shook the heliosphere. Dubbed ”the Halloween storms,”
the blasts damaged 28 satellites, knocking two out of com-
mission, diverted airplane routes and caused power fail-
ures in Sweden, among other problems. Long-distance
radio communications were disrupted because of the ef-
fects on the ionosphere, and northern lights (aurora bore-
alis) were seen as far south as Florida.

The Halloween storms followed a two-month quiet
period with the emergence of active region 10484 produc-
ing an X1.1 �are on October 19. During the next �ve
weeks, two additional active regions, 10486 and 10488,
produced some of the most intense �are activity and asso-
ciated geomagnetic storms during Solar Cycle 23. While
each of these regions was remarkable in size and magnetic
complexity, Region 10486 was by far the most signi�cant.
With a size exceeding 2600 millionths of the solar disk
(over 13 times the size of Earth), Region 10486 was the
largest sunspot group observed since November 1990. It
maintained its extreme size, complex magnetic structure,
and thus, great eruption potential, during its entire transit
across the visible solar disk. Twelve of the seventeen ma-
jor eruptions that occurred during this period came from
Region 10486. Of the twelve major events, three stand
out as de�ning events: the X17 on October 28, X10 on
October 29, and X28e on November 4, 2003.

1 The Space Weather Modeling
Framework (SWMF)

The Space Weather Modeling Framework (SWMF) has
been developed by our reserach group with support

from this DoD MURI grant, a NSF ITR award and the
NASA ESS Computational Technologies Project. It pro-
vides NASA and the modeling community with a high-
performance computational tool with plug-and-play capa-
bilities to simulate the physics from the surface of the
Sun to the upper atmosphere of the Earth. Presently,
SWMF links together nine models that incorporate dif-
ferent physics in the different regions of geospace.

One of the modules within the SWMF is BATS-R-
US, a �exible global MHD code that has the capability
of modeling the Earth's magnetosphere, the solar corona,
the inner and outer heliosphere, the magnetosphere of
comets, Mars, Jupiter and Saturn, and other magnetized
and unmagnetized bodies. BATS-R-US was developed at
the University of Michigan with support from the NASA
HPCC program.

The SWMF is made up of a series of interoperating
models of physics domains, ranging from the surface of
the Sun to the upper atmosphere of the Earth. This is
because tying the models together gives a self-consistent
whole, in which each region is described by a world-class
model, and those models communicate data with each
other.

In the existing implementation of the SWMF, as de-
picted in Figure 1, the following modules (scienti�c mod-
els) are included:

� A Solar Corona Model (SC) that covers the near-
solar region, utilizing solar observation data, which
includes an eruptive event generator based on cur-
rent understanding of the initiation of CMEs. This
model is driven by solar magnetograms measured
by different observations. BATS-R-US is used as
this model.

� An Eruptive Event Generator (EE) that inputs a
coronal mass ejection into the initial conditions of
the simulation. The CME then propagates outward
through the SC and IH models self-consistently.
The EE creates an unstable magnetic �ux rope at
a predetermined time, which is achieved using sev-
eral different methods.

� A Solar EnergeticParticlesModel (SP) describing



Figure 1: Schematic representation of SWMF and the coupled models

their transport, acceleration and scattering from the
solar event at which they originate to the Earth's at-
mosphere. Based on the well-established energetic
particle transport code developed at the University
of Arizona, SP solves for the acceleration and trans-
port of particles associated with solar eruptions.

� An Inner Heliosphere Model (IH) that models the
solar wind from the outer boundary of the solar
corona to the Earth's magnetosphere and beyond, it
is based on magnetohydrodynamics. BATS-R-US
is used as this model.

� A Global MagnetosphereModel (GM) describ-
ing the connection between the inner heliosphere
and the outer portion of the Earth's magnetosphere,
based on magnetohydrodynamics. BATS-R-US is
used as this model.

� A Radiation Belt Model (RB) that tracks trapped
particles. This is a simple model being developed
at Rice University. As the model matures, it will be
regularly updated to provide more accurate descrip-
tions of the dynamics of radiation belts.

� A Inner Magnetosphere Model (IM) that calcu-
lates the dynamic behavior of particles and the elec-
tric �elds and currents in the Earth's inner magneto-
sphere and computes the effects on the inner mag-
netosphere and upper atmosphere. The IM code is
a high-performance version of the Rice Convection
model developed at Rice University. The advection
algorithm has been signi�cantly improved thus en-
abling the simulation of the time evolution of parti-
cle drifts more accurately.

� An Upper Atmosphere (UA) and Ionosphere
Model that calculates the dynamics of the Earth's
thermosphere and ionosphere. This model is
the new Global Ionosphere-Thermosphere Model
(GITM) recently developed at the University of
Michigan. This non-hydrostatic code extends from
90 km to 800 km and uses a block-adaptive grid
structure on a sphere.

� An Ionospheric ElectrodynamicsModel (IE) that
calculates the electric potential in the Earth's iono-
sphere. IE solves the electric potential using a
height-integrated ionosphere model. It was devel-
oped at the University of Michigan.
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Figure 2: . The layered hierarchy of SWMF

These models are coupled together by the framework code
including a control module that determines the overall
time-stepping of the code, the parallel decomposition of
the models, the initiation and termination of the model
runs, and the saving of restart �les of the models. This
involves code that determines when the coupling should
occur, how it happens, grid interpolation, message passing
between different components, and synchronization of the
model runs to allow for a physically meaningful coupling.

SWMF uses a component architecture, shown in Fig-
ure 2, with each component created from a physics mod-
ule, for example BATS-R-US, by making some minimal
required changes in the module and by adding two rela-
tively small units of code:

� A wrapper, which provides the standard interface to
control the physics module;

� A coupling interface, to perform the data exchange
with other components.

Both the wrapper and coupling interface are component
interfaces, i.e., the wrapper is an interface with the high-
level Control Module (CON) of the framework, and the
coupling interface is a link to another component. Both
the wrapper and the coupling interface are constructed
from building blocks provided by the framework.

The Framework Services consist of software units
(classes) that implement component registration, session
control, and input/output operations of initial parame-
ters. The Infrastructure consists of utilities, which de-

�ne physics constants and different coordinate systems,
time and data conversion routines, time pro�ling routines
and other lower level routines. The Superstructure Layer,
Physics Module Layer, and Infrastructure Layer constitute
the sandwich-like architecture similar to the Earth System
Modeling Framework (ESMF). The SWMF will also con-
tain a web-based Graphical User Interface, which is not
part of the ESMF design.

At the beginning of a run, the SWMF registers the
components. The registration provides information, such
as name and version, about the component to CON. In re-
turn, CON assigns an MPI communication group to each
component based on the processor layout de�ned by the
user.

The framework and components can be changed dur-
ing each separate session of the execution. A hierarchical
series of parameters are read and broadcast by CON and
the component speci�c parameters are sent to each com-
ponent for reading and checking. The CON related pa-
rameters de�ne the initial time, coupling schedules, fre-
quency of saving restart �les, �nal simulation time of the
session, and other information that is not restricted to a
single component. At the beginning of each session the
components are initialized and the interacting components
are coupled together for the �rst time. The SWMF cur-
rently contains two different session execution models,
time accurate and steady-state. The components commu-
nicate only when necessary. This is possible because the
coupling times are known in advance. The components
advance to the coupling time and only those processors
involved in the coupling need to communicate with each
other. Any physically meaningful subset can be selected
for the run. The SWMF allows execution of more than
one component on the same processor with the compo-
nents advancing in a time-shared manner. The possibility
of deadlocks is carefully avoided.

At user de�ned times CON instructs the components
to save their current state into restart �les, making possi-
ble the seamless continuation of a run from a given point
of the simulation. Check-point restart is an essential fea-
ture of a robust, user-friendly, and fault-tolerant software
design. At the end of the last session each component �-
nalizes its state. This involves writing out �nal plot �les,
closing log �les, and printing performance and error re-
ports. After the components have �nalized, CON also �-
nalizes and stops the execution.

2 Simulation of the Halloween
Storms

The simulation of the Halloween storms is carried out in
several steps. First, the “quiet” solar wind solution based
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Figure 3: The solar corona for Carrington Rotation 2009. At the center we show active region 486 that caused most of
the Halloween storms.

on the solar magnetograms observed during Carrington
rotations 2008 (September 26 – October 23) and 2009
(October 23 – November 19) must be obtained. This so-
lution involves the SC and IH models. The global 3D SC
model extends from the low corona (r = 1 R� ) to beyond
the Alfvén point (r = 20 R� ). Near the active region
sheet the grid resolution is 1/512R� (1376 km) with a
total number of cells of approximately 2 million. The 3D
IH model extends from 20R� to beyond Earths orbit (250
R� ). It contains a total of� 4 million cells with resolution
varying from 1/8R� (87,000 km) to 8R� (5.57 Mkm).
The high resolution is focused near the heliospheric cur-
rent sheet and the Sun-Earth line. The vicinity of the Sun-
Earth line needs to be resolved to achieve high temporal
and spatial accuracy in predicting the effects of the erup-
tive solar events on the geospace environment.

Figure 3 shows the magnetic con�guration of the
“quiet” corona during the Halloween storms. Green mag-
netic �eld lines connect the various active regions, blue
lines represent closed coronal magnetic �eld lines, while
brown lines show open magnetic �ux. It can be seen
that the magnetic con�guration is exteremly complex and
there is a considerable amount of magnetic energy avail-

able to drive large eruptions.
Figure 4 shows the detailed magnetic con�guration of

active region 10,486. This unusuall volatile region is com-
posed of three magnetic “islands.” Two of these spots
have magnetic �elds of -80 G and +23 G, respectively.
The third spot has a somewhat weaker negative magnetic
�eld. As it can be seen in Figure 3 a fourth magnetic
island is also connected to this active region, even though
this fourth magnetic spot belongs to another active region.
The resulting magnetic �eld topology strongly resembles
to the “magnetic breakout” con�guration. Figure 4 also
show a current loop above active region 10,486. It is the
disruption of this current loop that results in the huge solar
eruptions associated with the Halloween storms.

Figure 4 also shows the computational grid in the
vicinity of active region 10,486. It can be seen that we
need to use very �ne grid resolution to be able to simulate
the Halloween storms. The use of solution adaptive grids
is essential to enable us to carry out such a challengung
simulation.

In the second step solar eruptions are launched at the
observed times and locations using the EE. Since the �rst
geoeffective eruption took place on October 19 at around
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Figure 4: Magneticon�guration of active region 10,486.

16:30 UT, while the last (and biggest) eruption happened
on November 4 at 19:30 UT the time-accurate simulation
needs to run for about 20 days (480 hours). This simula-
tion includes eight geoeffective events.

The time accurate simulation requires very signi�cant
computational resources. Several modules (SC, IH, and
GM) use adaptive mesh re�nement (AMR), thus the num-
ber of computational grid points vary during the simula-
tion. On the average, the full SWMF uses about 15-20
million cells. The smallest cells in the magnetosphere are
1/8RE (Earth radii) ( 800 km), while the smallest cells in
the ionosphere and upper atmosphere are about 200 km.
SWMF with all nine modules and about 15 million cells
runs about 10 times slower than real time on 128 proces-
sors. It is estimated to run the Halloween storms from the
Sun to the ionosphere on the DoD supercomputers will
take about 600,000 processor hours.

As part of our investigation of the Halloween storms a
more limited baseline simulation will also be carried out.
This involves only three modules in SWMF: the GM, the
IM (drift physics module) and the IE. In this case the sim-
ulation is driven by actual upstream solar wind observa-
tions obtained from several spacecraft data sets (mainly
ACE and Geotail). The observed time series of solar wind

density, velocity, pressure and magnetic �eld is used to
drive the geospace simulation.

The magnetospheric simulations are being run with
1/8RE resolution in the inner magnetosphere. This gives
approximately 1.7 million cells in the simulation. The
code is being run with the implicit time-stepping scheme,
allowing for a 1-2.5 second time step. On 128 processors,
the code runs about four times slower than real-time. Test
runs are running with 1/4RE resolution (about 800,000
cells), and can run signi�cantly faster than real-time.

To describe the magnitude of the October 29 storm,
it should be noted that the solar wind velocity became so
large that some of the instruments on ACE could not keep
up and failed to measure the density of the solar wind.
This has been one of the greatest challenges so far, since
density is a primary quantity in the MHD boundary condi-
tion. Comparing simulation results with satellite measure-
ments within the magnetosphere shows that the agreement
strongly depends on the upstream solar wind densities that
are used in the simulation. Figure 5 shows a snapshot im-
age of the magnetospheric simulation at 07:30 UT on Oc-
tober 29, 2003. This is a time when the magnetosphere
was just starting to become very active, and the ring cur-
rent was building up. The ring current �ows around the
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Figure 5: Magnetospheric con�guration at 07:30 UT on October 29 following an X17.2 solar eruption. Shown are the
last closed magnetic �eld lines color coded with pressure. The gray sphere is located at 3 Earth radii, while the red
band on that sphere is the 100nPa iso-surface.

Earth at around 4RE , and is caused by pressure building
up in this region. The grey sphere in Figure 3 is the in-
ner boundary of the MHD code, while the red sphere is a
pressure iso-surface at 100 nPa. This is a very large pres-
sure, which causes a signi�cant ring current. The multi-
colored lines show magnetic �eld line traces, colored by
the pressure. These �eld lines are the last-closed �eld
lines, thus representing the boundary between the magne-
tosphere and the shocked solar wind. The black lines are
solar wind stream traces, showing how the solar wind is
de�ected around the magnetosphere. The colored translu-
cent planes show the current that is �owing through the
magnetosphere and across it's surface. The big red cur-
rent that is �owing just behind the red iso-surface is the
ring current and the cross-tail current. The red current that
is �owing in the region where the solar wind �ow is just
de�ecting around the magnetosphere is the magnetopause
current.

Figure 5 implies that the magnetosphere was only
about 7RE in size on the dayside (the side that is to
the left). This means that some geosynchronous satellites
may have come close to going outside of the magneto-

sphere at this time. Because of the uncertainty in the solar
wind data, the exact location of the magnetopause was un-
known.

3 Heliospheric Tomography of the
Halloween Events

Figure 6 presents a sequence of Solar Mass Ejection Im-
ager (SMEI) “�sheye” sky maps that show the outward
progression of the 28 October 2003 CME in 2D sky maps.
Because the �t to a heliospheric solar wind model uses
time series from multiple direct image sky maps that help
remove signals that do not participate in the outward pro-
gression of the solar wind, bad spots in the data can be
�lled to provide continuous coverage. In addition, since
few unwanted signals remain, the scale of the map excur-
sions can be enhanced above those of direct sky maps, and
thus far more detail can be discerned in them. This analy-
sis shows not only the bright heliospheric CME response
primarily to the solar northeast that engulfs the Earth, but
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Figure 6: Sun-centered ecliptic �sheye sky maps as derived from the edited time series and 3D reconstructions. These
are shown to 110 elongation as viewed from SMEI for the October 28, 2003 CME as it moves outward from the Sun
over a period of two days. Anr � 2 density model is removed from the model to scale the brightness with elongation
so that CME features can be more directly compared as they move outward. a-d) The faster portion of the CME
directed towards Earth lies primarily to the solar northeast and begins to engulf Earth (reach90 deg) about midday on
October 29. At the same time the large prominence-associated ejecta to the south of the Sun has reached just beyond
45 elongation. Different CME portions can be observed to move outward over the next two sky maps. Since there are
no data from SMEI midday 30 October 2003, the presentation attime (d) is a model interpolation resulting from the
time series data on either side of the gap in SMEI observations.

also details of the large prominence and white-light erup-
tion �rst observed in the LASCO coronagraphto the south
of the Sun.

The 3D reconstruction from which these sky maps
were derived is also available. This has the major advan-
tage that results can be viewed from any vantage-point and
not just from Earth, as for the original sky maps. Determi-
nation of the 3D structure has the advantage of more com-
pletely allowing measurement of the directions of travel of

heliospheric structures over time and their masses since
several objects often overlap in the 2D views. Figure 7
shows a 3D reconstruction of this CME at four times as a
remote observer would view the event from30 degabove
the ecliptic plane and about45 degwest of the Sun-Earth
line at the same times as the sky map images of Fig-
ure 6. Only the portion of the heliosphere on the earth-
ward hemisphere encompassing about110 degrelative to
Earth in longitude is depicted in this reconstruction. The
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Figure 7: 3D reconstructions at four successive times of theheliospheric response to the October 28, 2003 CME as
viewed from 3AU30 degabove the ecliptic plane and� 45 degwest of the Sun-Earth line. The location of the Earth
is indicated by a blue circle with the Earths orbit viewed in perspective drawn as an ellipse. The Sun is indicated by a
red dot. Densities are contoured between10 � 30 cm� 3 and have anr � 2 density gradient removed from them. The
fast structure moving to the solar northeast as observed from Earth is the dominant object here. The ejecta associated
with the solar prominence are observed to the south of the Sunin these views.

3D resolution is presently limited by the numbers of lines
of sight used in the analysis, here far fewer than will ulti-
mately be available. Even so, these reconstructions show
that the fast portion of the CME engul�ng Earth was far
more extensive and dense to the solar northeast than in
other directions. The analysis also shows that a portion of
the connected density structure extends back to near the
prominence ejection, and that the prominence begins to
break up into separate pieces in the inner heliosphere.

To provide a mass estimate of the CME we assume
one electron is associated with2:0 � 10� 24 g, a combi-
nation of 10% helium ions and 90% hydrogen ions. The

CME mass derived for this event is made up of two por-
tions that include an ambient that is swept up and moved
outward by the large pulse of energy input to the lower
corona, and a portion that was originally closer to the
Sun and expelled during the event. Although we can not
distinguish unambiguously between these two mass types
from the SMEI analysis alone, we can model both with
solar distance if we assume a standard heliospheric back-
ground ambient mass and, noting the location and volume
of the CME structure, derive both a total and an excess
mass for it. For ejecta associated with the prominence
this modeling effort is not dif�cult since the structure is
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Figure 8: Mass measurement of the prominence- associated ejecta portion of the May 28 CME (highlighted in blue)
as described in the text. The view is from about20 degnorth of the ecliptic plane, and110 degeast of the Sun-Earth
line. Dense foreground portions of the CME (see Figure 7) have been removed by cutting planes leaving this portion
of the event easy to view. Part of the more southward portion of the prominence ejecta lies below and in front of the
highlighted portion from this viewpoint. The insert to the lower right of the �gure gives a histogram of the number of
volume elements at different densities, their colors, and the selected lower contour level at 30 cm� 3. The total mass
highlighted in the table is8 � 1015 g and the volume is 0.014 AU3.

fairly isolated from the rest of the CME and has a rea-
sonably well-de�ned shape. We determine an excess and
total mass of the earthward-directed mass for this event
within the 10 cm� 3 contour of6:7� 1016 g and8:3� 1016

g, respectively. For the southward-directed arch-shaped
structure associated with the prominence we determine an

excess and total mass of7:1 � 1016 g and8:9 � 1016 g,
respectively.

Since few other papers in the literature detail this
method of determining heliospheric mass the technique
(partially funded by our Michigan MURI contract) is
demonstrated in Figure 8 for an example structure (a por-
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tion of the prominence-associated ejecta observed on 0UT
31 May). A 3D contour level is set isolate the mass of
the structure from others, and the heliospheric structure is
then approximated by cubes that occupy the volume con-
tinuously throughout the contour interval. The sum of the
mass within these cubes determines the total mass of the
structure, and the summed volume of the cubes gives the
heliospheric volume of the structure. By assuming an am-
bient solar wind (we here use a density of 5 cm� 3 at 1 AU
with anr � 2 falloff as used for the 3D reconstruction), we
obtain a value of excess mass above the ambient within
this contour as a difference of the total mass and the am-
bient.

4 Solar Energetic Particles (SEP)

4.1 SEP Module Development

The UNH group has collaborated with I. Sokolov and I.
Roussev of the MURI team at the University of Michigan
to calculate the proton distribution function of solar ener-
getic particles (SEPs) produced at a CME driven shock for
a speci�c event. The calculation is based on the results of
a three-dimensional simulation done with the University
of Michigan coronal/heliospheric 3D MHD code (BATS-
R-US) and magnetogram data from the Wilcox Solar Ob-
servatory. The BATS-R-US code calculates the shock pa-
rameters as functions of time, but the wave intensities re-
quired for effective ion scattering adjacent to the shock
are not yet calculated self-consistently. Instead, they are
chosen to be representative of intensities predicted analyt-
ically under simplifying assumptions. A more complete
discussion of this work can be found elsewhere in this re-
port, and a paper submitted to Astrophysical Journal Let-
ters describing this work is now in press (see reference 7
in the list below).

The University of Arizona team is developing the SEP
(Solar Energetic Particle) module, which is designated to
describe and potentially predict SEP events. SEP events
are an important element of Space Weather: the dramatic
increase of the energetic particle �ux during these events
is potentially dangerous for spacecraft and human activity
in the near Earth space environment. The largest and most
dangerous events are associated with Coronal Mass Ejec-
tions (CMEs). Our present understanding is that CME
driven shocks are responsible for accelerating charged
Several aspects of this acceleration process are still under
theoretical studies.

The SEP module calculates both the acceleration of
charged particles to high energies and the subsequent
transport of these particles by employing a Fokker-Planck
equation that is valid at both high and low particle en-
ergies so that acceleration at the injection energies can

Figure 9: (Top) Time evolution of predicted particle �uxes
at various energies (300 keV to 500 MeV) at the Earth.
The vertical dashed line marks the arrival of the shock.
(Bottom) Time evolution of predicted �uxes at the shock.
Note that high energies reach a maximum in a short time
indicating fast acceleration.

be handled. We couple our SEP code with the realistic
CME simulations obtained by the 3-D MHD code, BATS-
ARE-US of the Michigan group. These simulation reveal
that the CME driven shock cannot be described as a sin-
gle parallel shock, but has a more complex structure. The
parallel shock in front of the CME is followed by a re-
gion of strong increase of the magnetic �eld as �eld lines
are draped around the CME. Charged particles are accel-
erated at both sites. Our SEP code has the capability to
include evolving magnetic �eld and shock con�gurations
and to handle more than one shock, so the whole com-
plex, evolving structure of the CME can be included in
the simulations. We also note that, in addition to the two
sites outlined above, a further reverse shock may form, the
effect of which is being studied.

Our numerical simulations indicate that particles can
be accelerated to energies of hundreds of MeVs, and this
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acceleration can occur within 10-15 minutes. We also
�nd that the pitch-angle distributions at the two sites of
acceleration are highly anisotropic. This high anisotropy
underlines the need for a description that retains the full
pitch-angle information.

The present code gives encouraging qualitative re-
sults. To obtain more quantitative predictions the injec-
tion process needs to be described in a more realistic and
quantitative way. At present we are working on details of
the injection process.

4.2 Analytic Model

In addition to the numerical modeling work, the UNH
group also made progress on two projects concerned with
the propagation and acceleration of SEPs at an evolving
CME-driven coronal/interplanetary shock. M.A. Lee has
revised and resubmitted to the Astrophysical Journal his
comprehensive theory on the coupled evolution of the ion
distribution functions and the proton-excited wave inten-
sities at these evolving shocks. This paper is now in press
(see reference 8 below). In collaboration with A. J. Tylka,
Lee has completed a study which suggests that some of
the compositional variations in SEPs can be understood
in terms of the changing orientation of the �elds at the
CME shock as it propagates out of the corona. Initially,
the shock tends to be quasi-perpendicular, but when it
reaches the height of the overlying helmet streamer it be-
comes quasi-parallel. This change in orientation affects
the acceleration process signi�cantly and leads to observ-
able changes in the composition and spectrum of the ac-
celerated particles.

5 Modeling the Inner Magneto-
sphere

In this area research was concentrated in three topics: (i)
Coupling the Rice Convection Model (RCM) to BATS-
R-US; (ii) Development of a radiation belt module for
BATS-R-US; (iii) Scienti�c use of BATS-R-US to study
ULF waves in the magnetosphere.

5.1 Coupling the Rice Convection Model to
BATS-R-US

In the inner magnetosphere, electric �eld (E� B) and gra-
dient/curvature drifts determine the dynamics of the in-
ner edge of the plasma sheet and the buildup and evo-
lution of the ring current. At subauroral latitudes mag-
netospherically generated electric �elds control the dy-
namics of the plasmapause and the formation and dynam-
ics of the main ionospheric trough. Under steady solar

wind and IMF conditions, the inner magnetosphere be-
comes shielded from the effects of the cross-tail magneto-
spheric convection electric �eld by magnetic �eld-aligned
currents (the so-called Region 2 currents) that couple the
inner plasma sheet to the underlying ionosphere. Disrup-
tion of this current system in response to changes in solar-
wind/magnetosphere coupling causes inward penetration
of convection electric �elds that can have profound iono-
spheric implications, changing ionospheric layer heights
and leading to the generation and evolution of a num-
ber of different plasma instability processes. For exam-
ple, observations from July 15, 2000 imply that eastward
penetration of electric �elds in the post-dusk sector lifted
the equatorial ionosphere so high that it was nearly oblit-
erated by an exaggerated equatorial fountain. For the
same event, GPS observations of Total Electron Content
showed huge plumes of plasma moving across the United
States.

Such disruptions of the mid- and low-latitude iono-
sphere arguably constitute the most important space-
weather problem from the viewpoint of Air Force oper-
ations, and it is becoming clear that penetration electric
�elds play a central role in those disruptions.

The Rice Convection Model has had some success in
theoretical modeling of penetration electric �elds, with
the calculations agreeing with statistically averaged obser-
vations in sign, order of magnitude, and local-time depen-
dence, but cannot reliably calculate those electric �elds
at a given time on a given day. Furthermore, traditional
RCM calculations rely on two crucial inputs that can only
be roughly estimated from observational information: the
potential distribution on the poleward boundary of the cal-
culation and the magnetospheric magnetic �eld. Because
we don't know how those inputs depend on time after a
northward or southward turning of the IMF, it has never
been possible before to make solid theoretical predictions
of the time dependence of the penetration electric �eld.

The coupled BATS-R-US/RCM code eliminates this
de�ciency. It promises to allow more detailed theoretical
analysis of how the inner-magnetospheric electric �eld re-
acts to a speci�ed change in IMF, since the new coupled
BATSRUS/RCM code treats solar-wind/magnetosphere
coupling and the inner and outer magnetospheres self-
consistently. The MHD code computes the time evolu-
tion of both the high-latitude potential distribution and
the magnetic recon�guration as a function of time and
provides those inputs to the RCM. The RCM uses its
many-species representation to keep track of the inner-
magnetospheric particle distribution and passes its pres-
sure distribution back to the MHD code, which nudges
its pressures to maintain approximate agreement with the
RCM.

Figure 10 shows the time-dependent ionospheric-
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Figure 10: Ionospheric potentials computed by the coupled BATSRUS/RCM code after a northward turning of the
IMF. The views are from high above the north pole, with the Sunto the left. The black circles represent 30 and60 deg
latitude. The northward turning was imposed at the sunward boundary of the simulation box (X = 32 RE ) beginning
at 0800 UT. The orange-yellow colors on the dusk side at low- and mid-latitudes represent overshielding, as do the
blue colors on the dawn side.

potential distribution after a northward turning of the IMF.
In the present run, the RCM uses its own computational
machinery to compute Birkeland currents and electric po-
tential in its modeling region. For the earlier run, the
RCM used MHD-computed Birkeland currents and po-
tentials. The two procedures should give the same results
in principle, but the RCM uses a �ner grid in the iono-
sphere, for better numerical accuracy. In order to study the
penetration-electric-�eld problem, the present run com-
putes ionospheric potentials down to the equator, whereas
the low-latitude boundary for the earlier run was set at
about 51 degrees latitude.

For the present simulation, the solar wind was as-
sumed steady for eight hours, withn = 5 cm� 3 (pro-
tons), v = 400 km/s, Bx = By = 0 , Bz = � 5 nT.
At 0800 UT,Bz was switched to+5 nT at the sunward
boundary of the MHD modeling region (X = 32 RE ). In
the simulation, the northward IMF hit the dayside mag-
netopause at about 0809 UT. The simplest way to get a
theoretical estimate for when the northward IMF should
arrive at the dayside magnetopause would be to divide the
geocentric distance of the sunward edge of the modeling
region by the solar wind speed, which gives a time delay
of 8.5 minutes. There are two obvious sources of error
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in this simple estimate: (i) the magnetopause stands up-
stream from the Earth; (ii) the speed slows drastically as
the �ow passes through the bow shock and approaches
the magnetopause. Since the simple estimate agrees well
with the simulation, apparently effects (i) and (ii) approx-
imately cancel in the present case. This exercise points
out the usefulness of global simulations in estimating ar-
rival times of interplanetary disturbances at the dayside
magnetopause.

It is clear from Figure 10 that the effect of the north-
ward turning on the polar-cap electric �eld distribution
begins at local noon and gradually propagates across the
polar cap to the night side. Remarkably, the same is not
true of the penetration �eld: it intensi�es and then de-
intensi�es but maintains basically the same spatial pattern
throughout the event. This may be due, in part, to the
fact that the overshielding electric potential is basically
a 2D dipole pattern. The higher multipole moments that
describe the concentration of the effect in the local-noon
region shortly after 0809 UT die off more rapidly with
increasing colatitude than the dipole term does and conse-
quently do not strongly affect the �eld that penetrates to
the low-latitude ionosphere.

The coupled BATS-R-US/RCM code has thus gener-
ated a new and interesting theoretical prediction, namely
that the time delay involved in the penetration-electric-
�eld response to a northward turning of the IMF should
occur at approximately the same time in both dayside and
nightside ionosphere. We are carrying out a data-analysis
study in collaboration with Bela Fejer (Utah State Uni-
versity) to check this prediction, by comparing Jicamarca
radar observations of vertical drifts in the nightside equa-
torial ionosphere with available measurements of dayside
penetration �elds, based on equatorial magnetograms and
the rate of change of the height of the F2-peak. That
study is still in progress, but initial results seem to con�rm
the BATS-R-US/RCM prediction. We have also urged
Jerry Goldstein (Southwest Research Institute) to make
a similar study using the EUV instrument on the IMAGE
spacecraft, for cases in which both dayside and nightside
plasmapause are in clear view after a northward IMF turn-
ing.

A more challenging observational test of the code lies
in the prediction of the time pro�le of the penetration elec-
tric �eld in response to a northward turning. Figure 11
shows a quantitative index of electric-�eld penetration, in
the form of the total potential difference along the low-
latitude ionospheric boundary of the RCM at9:84 deglat-
itude. The penetration potential increases gradually over
the �rst ten minutes after the northward turning at the
magnetopause, peaks 12-25 minutes after the northward
turning, then decays on a time scale� 30 minutes.

Considerable work has been done with the EUV in-

Figure 11: Total magnetospherically generated potential
drop along the equator as a function of UT, after the north-
ward turning of the IMF.

strument on the IMAGE spacecraft, comparing the time-
dependence of electric �elds at the nightside plasmapause
with IMF Bz or solar wind Ey. That work concentrates
mostly on southward turnings of the IMF and concludes
that plasmasphere erosion is delayed about 30 minutes
from the arrival of the IMF turning at the magnetopause.
Careful studies have not yet been done to determine the
time delay after a northward turning. It is not clear how
much signi�cance to attach to the difference between the
IMAGE-observed time delay (� 30 minutes) and our pre-
liminary theoretical estimate (12-25 minutes).

It should be noted that this simulation, the �rst in
which the coupled BATSRUS/RCM calculated electric
�elds in the low-latitude ionosphere, assumed uniform
ionospheric conductance (4 S per hemisphere Pedersen
conductance, zero Hall). Results shown in Figures 10-
11 must be regarded as preliminary, since experience
has shown the importance of conductance variations on
the local-time distribution of the electric penetration po-
tential. Nonetheless, these results represent an impor-
tant �rst step in fully self-consistent modeling of prompt-
penetration electric �elds.

It should also be noted that most of the Rice effort on
BATS-R-US/RCM in the past year has been devoted to
detailed checking of results, devising new tests, and de-
veloping improvements. Though we chose not to describe
that painstaking and tedious work here, it is, of course, vi-
tally important to the overall success of the project.

5.2 Radiation Belt Modeling

During the past year, work has progressed on the devel-
opment of the Radiation Belt Module (RBM). The RBM
is designed for quantitative modeling of variations in rela-
tivistic electron �uxes in the equatorial plane. This model
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is based on the standard radial diffusion equation with dy-
namic magnetospheric �elds obtained from the coupled
BATSRUS-RCM code, and with a dynamic outer bound-
ary condition.

The �rst version of the RBM was delivered to the
University of Michigan late in February 2004. During a
visit to the University of Michigan on March 1-2, 2004,
Anthony Chan and graduate student Bin Yu described
the RBM and resolved issues of incorporating the RBM
into the Space Weather Modeling Framework (SWMF).
This initial version of the RBM uses Roederer drift shells
(obtained using RCM-format magnetic �eld inputs) and
a simple solar-wind-driven outer-boundary condition to
calculate fully-adiabatic �ux changes (i.e., �ux changes
which result from slow changes in the magnetic �eld,
with all three adiabatic invariants conserved). The results
obtained were physically reasonable, but the main focus
with the �rst version was in testing the drift shell calcu-
lations and the mapping of phase-space density to �ux,
especially when the RBM was run within the SWMF. A
test case which used data from a simulation of the Octo-
ber 22, 1996 storm was run on the University of Michigan
computers, and the RBM was subsequently successfully
coupled into the SWMF.

The �rst application of the new model was to simulate
the radiation belts during the 1859 “Carrington” storm.
The model used magnetic �eld values from a Rice Field
Model simulation, and a sudden-change approximation
was invoked to calculate the change in the relativistic elec-
tron �uxes. The results indicated that a new radiation belt
population would be formed beyond aboutL � 2:7, with
large �ux increases in the post-shock radiation belts.

An updated version of the RBM has added an im-
proved outer-boundary condition, plus an empirical radial
diffusion coef�cient and a loss term with a storm-time
loss lifetime of approximately 0.5 days. This model is
currently being used to model a generic declining-phase
high speed stream storm. These storms occur with 27-day
periodicity and often have very large relativistic electron
�ux increases. Figure 3 shows model inputs and sample
results. Qualitative comparisons with observations show
good agreement. Speci�cally, the phase space density
shows the expected rise during the recovery phase, with a
radial dependence similar to that observed between GEO
and GPS spacecraft. Further code development and tests
are ongoing.

The test results shown in Figure 12 were based
on time-dependent magnetic �elds calculated from the
Magnetospheric Speci�cation Model, rather than BATS-
R-US/RCM. We plan soon to run BATS-R-US/RCM
through the same idealized event, using Rice computers,
to see whether use of the much more sophisticated, self-
consistently calculated magnetic �elds improves the real-
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Figure 12: The top panel shows electron phase-space den-
sities nearL � 6:6RE , 4:7RE and4:0RE , for �rst adia-
batic invariantM � 1656MeV/G (approximately 1 MeV
at synchronous orbit). Lower panels give magnetospheric
parameters and solar wind conditions used to run the sim-
ulation.

ism of the results. The next step will be study of a real
relativistic electron event (rather than an idealized one).

5.3 Use of BATS-R-US to Study ULF Waves
in the Magnetosphere

Ultra-low frequency (ULF) waves have come to be appre-
ciated as a vital component of magnetospheric physics.
The importance of ULF waves for space weather arises
from the fact that they have periods of several hundred
seconds, which corresponds to the drift time of energetic
electrons around the earth. Accordingly, ULF waves can
interact strongly with electrons as they drift longitudi-
nally around the earth and play a major role in the en-
ergization of electrons in the MeV energy range. Un-
til now our information on ULF waves in the magneto-
sphere has come from ground magnetic observatories and
satellite observations and it has been dif�cult to develop
a time-dependent, quantitative, global scale picture of the
time and space distribution of the waves. MHD models
have the potential to change this situation. The movie
at http://spacibm.rice.edu/ freeman/104movie3.mov is an
example of the animated output of a BATS-R-US run
showing magnetic �eld lines undergoing resonant oscil-
lation in the dawn-dusk meridian plane, while the magne-
tosphere is being driven by density pulsations in the solar
wind.

Of great importance is the distribution and transport
of ULF energy throughout the magnetosphere. We can
observe this by animation of plots of the magnetic energy
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Figure 13: Contours of constantB 2 for several different regions in the magnetosphere, from a single frame from the
movie located at http://spacibm.rice.edu/ freeman/104movie6.mov.

density,B 2. The amplitude of the ULF waves is suf�-
ciently small that it is necessary to focus down on a small
portion of the magnetosphere. During the past year we
have developed graphic techniques that allow us to piece
together a mosaic of small-scale movies to make a large-
scale movie that can show the traveling wave nature of
ULF waves as they propagate across the magnetosphere.
This global propagation of ULF waves has not been seen
before.

Figure 13 shows a single frame from a movie where
the MHD model is driven by a synthetic solar wind. The
movie shows radial, compressional, ULF waves that are
excited at the nose of the magnetosphere (front right) by
ULF pulsations in the solar wind. These waves travel
around the �anks to the dawn and dusk meridians and are
eventually quenched on the night side.

A similar movie, http://spacibm.rice.edu/ free-
man/104movie8.mov, has been made using contours of
log (density). This movie shows toroidal magnetospheric
waves, again driven by ULF pulsations in the solar wind.
Again we see the propagation of ULF energy from the
day to night side of the magnetosphere.

A paper based on a presentation at the 3rd Alfvén
Conference has been submitted for publication. The re-
sults from this paper can be summarized as follows:

1. ULF frequency pulsations in the solar wind density
can result in ULF waves in the magnetosphere as
simulated by the BATS-R-US MHD model. This

can be shown both for actual events and with syn-
thetic, idealized, solar wind input.

2. Multiple harmonics can be seen in the radial com-
ponent of the waves.

3. The radial waves form coherent traveling waves
which move from the dayside to the dawn/dusk
meridians. These waves appear to be quenched on
the night side.

4. Analysis of the waves driven by the synthetic solar
wind wave train with an abrupt cut-off shows that,
at the equator, near 0900 local time, the system is
under-damped with a Q-factor of about 6 and thus
an energy loss per cycle approaching unity.

5. For this synthetic solar wind input the compres-
sional wave amplitude is 30% and the compres-
sional magnetic energy density is 20% of the am-
bient �eld for radial waves near the 0900 meridian.
At the dawn meridian, closer in, the wave ampli-
tude is slightly higher but the wave energy density
is 8%.

6. Toroidal mode waves can be examined by plotting
contours of constant proton density. These waves
are seen to lie in a narrow channel between the
low-latitude boundary layer and the inner magne-
tosphere in the morning and afternoon quadrants.
Night-ward of the dawn and dusk meridians the
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toroidal mode waves become distorted and mixed
with the radial mode. They then disappear on the
far night side.

In conclusion, the BATS-R-US model is proving to
be a remarkable scienti�c tool for the understanding of
ULF waves. This will ultimately lead to a better model
for energetic trapped electrons.
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C. R. Clauer, W. Manchester, T. Gombosi, K.
Powell, The Possible Magnetospheric, Ionospheric,
and Thermospheric Response to the 1859 Carring-
ton CME. 2004 Spring AGU Meeting, Montreal,
Canada, May 17-21, 2004.

10. T.I. Gombosi, Simulating SEP acceleration in
CMEs, Space Weather Week, Boulder, CO, April
13-16, 2004.

11. T.I. Gombosi, and A. J. Ridley, Comprehensive
Solar-Terrestrial Environment Model for Space
Weather Predictions: Progress of the Space
Weather MURI Project,Space Weather Week, Boul-
der, CO, April 13-16, 2004.

12. Gombosi, T.I., MHD simulations of heliospheric
dynamics: Shock formation and SEP acceleration,
COSPAR Colloquium: Isradynamics, Dead See, Is-
rael, March 4-9, 2004.

13. Ridley, A. J., Gombosi, T. I., Clauer, R., Data
Assimilation in Ionospheric and Magnetospheric

Models, 2003 Fall AGU Meeting, San Francisco,
CA, December 8-12, 2003.

14. Ridley, A. J., Manchester, W., Roussev, I., Gom-
bosi, T., Magnetospheric, Ionospheric, and Ther-
mospheric Results for the May 1-4, 1998 CME Us-
ing a Coupled Sun to Earth Model,2003 Fall AGU
Meeting, San Francisco, CA, December 8-12, 2003.

15. A. A. Chan and A. J. Brizard, Derivation of a new
3x3 relativistic quasilinear radiation belt diffusion
tensor,2003 Fall AGU Meeting, San Francisco, CA,
December 8-12, 2003.

16. Manchester, W. B., Roussev, I., Sokolov, I., Ridley,
A., Gombosi, T., De Zeeuw, D., Hansen, K., Tóth,
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S. Sazykin, T.E. Holzer, B.C. Low, A.D. Rich-
mond, R.G. Roble, Towards an Operational Sun-to-
Earth Model for Space Weather Forecasting,2002
Spring AGU Meeting, Washington, D.C., May 28-
31, 2002.

54. T. Gombosi, D. De Zeeuw, A. Ridley, Global Sim-
ulations of Ionospheric Control of the Magneto-
sphere,10th International Ionospheric Effects Sym-
posium, Alexandria, Virginia, May 7-9, 2002.

55. T.I. Gombosi, D.L. De Zeeuw, K.G. Powell, I.V.
Sokolov, Q.F. Stout, G. Tóth, Adaptive Mesh Re-
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