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Goals of Project

The main goals of the Community-based Whole Mag- R
netosphere Model (CWMM) project were to:

1. Add more models to the Space Weather Mod-

eling Framework (SWMF), including a plasma-
sphere model, a polar wind model, a radiation
belt model, and a new ring current model.

. Improve the physics within the existing models
and improve the physics in the coupling between
the different models.

. Quantify the improvements within the CWMM

as the models are added and the physics is al-
tered. This will be done through running a se-
ries of events over and over again as the code(s)
change, and through a real-time interface where
the validation is performed automatically.

it. There are advantages and disadvantages of
each.

Incorporated the Polar Wind Outflow Model
(PWOM) [Glocer et al., 2007] into the SWMF,
with coupling to the magnetospheric MHD
code. This code is run with many different in-
dividual field-lines that are advected using the
output from the ionospheric electrodynamics
code. The outward directed particle flux from
the PWOM is used as a boundary condition on
the mass and radial velocity in the MHD code.
Over the later half of 2009, we spent a large per-
centage of time debugging the PWOM code, fix-
ing several problems within the code that were
causing the simulation results to be incorrect.
Incorporated a plasmasphere code, the DGCPM
[Ober et al., 1997], within the SWMF. At this
time, the DGCPM takes the ionospheric elec-
tric potential pattern and advects the plasmas-
phere density in a dipolar magnetic field. It
does not provide the densities to the magneto-

Model Coupling Efforts

spheric model yet, and can not work with non-
dipolar field-lines yet (the DGCPM can, but the
SWMF has not passed this information at this

Here is a list of model coupling tasks we have accom-
plished over the project:

e Incorporated various versions of the Tsyga-
nenko magnetic field model into the framework
[e.g., Tsyganenko, 1989, 1995]. These models
are available for other models to call, but are not
really available as a true global magnetosphere
at this time. We are currently attempting to de-
termine what the best route is for treating these
as a pure global magnetosphere. Two options
that we are investigating are creating a grid (e.g.,

in BATSRUS) and filling the grid with empiri- 4
cal field lines, or simply making a new routine

to do the coupling, so the magnetosphere only
runs when another model wants something from

CWMM-1

time). This model has been used to examine
how the plasmaspheric drainage plume develops
and how quickly the plasmasphere starts to drain
after a change in the ionospheric electric poten-
tial.

Incorporated the Fok radiation belt model [Fok
et al., 2008] into the SWMF. This code takes
the magnetic field-line volume and ionospheric
electric field and calculates the radiation belt en-
ergy distribution.

Incorporated the Salammbo radiation belt model
[e.g., Bourdarie et al., 2005] into the SWMF.
While this code is within the SWMF, it is not
coupled with any other code at this time.
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Figure 1. Output from the ionospheric electrodynam-
ics component using field-aligned currents and elec-
tron average and total energy flux from the Rice Con-
vection Model. This is for about one hour into the May

4, 1998 simulation. There are issues with the chop-
piness of the FACs, but the electron fluxes look very
nice.

e Incorporated the HEIDI ring current model
[e.g., Liemohn et al., 2007] into the SWMF.
HEIDI takes MHD quantities at geosyn-
chronous orbit and the electric potential from
the ionospheric electrodynamics code. It still
uses a dipole magnetic field, but work is being
done to generalize it. It provides the thermal
pressure back to the MHD code, which nudges
its pressure to match that of HEIDI.

e Incorporated various empirical electrodynamic
models in the SWMF [e.g. Fuller-Rowell and
Evans, 1987; Hardy et al., 1985; Foster, 1983;
Weimer, 1996]. These models are available for

CWMM-2

Figure 2: A cut in theY” = 0 plane, showing one of
the first BATSRUS simulations of the magnetosphere
utilizing a spherical grid. Pressure is shown#iRa),
along with the grid structure. It is evident that there is
a stretching of the grid in the radial direction.

any other model to simply call, and they are
available through a new ionospheric electrody-
namics code, described below.

e Developed the Ridley lonosphere Model (RIM),

which is an ionospheric electrodynamics solver
and auroral model. This will be described in
more detail below. It is fully coupled to the
global magnetosphere and inner magnetosphere
model. In addition, a new coupling has been
created to allow the diffuse aurora to be speci-
fied by the inner magnetosphere module, since
this is the code that best models the diffuse pre-
Cipitating electrons. Over 2009, we have spent
a large amount of time getting RIM to work
with a folded over electric potential pattern (i.e.,
forcing the northern closed field-line region to
be identical to the southern closed field-line re-
gion). There many issues with this, and they
are mostly resolved. The problem that we are
encountering now is that the magnetic field-
lines don’t perfectly map symmetrically when
the IMF B, is non-zero. We are working on re-
solving this problem.
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e Coupled the field-aligned currents and electrdlodel Improvement Efforts
precipitation average and total energy from tfw

: . Me have m man ific improvements in vari
inner magnetosphere module to the ionosphe ic nave ade many specific improvements in various

electrodynamics module (Figure 1). Beforé?pdels of the SWMF. Below,.we go into specific de-
the IE module ignored the field-aligned current lls on some of those model improvements.

herical Grid
from the IM module. Further, the open-close P . . .
field-line boundary, and inner magnetospheric We can now run BATSRUS in spherical coordi-

pressure and density are passed from the glo Sfeg Wg”i modlellng éhe tmagnetospherel_ (Se; Flt%
magnetosphere to the IE module. These are u _)' pherical coordinates are more aligned wi
. the dipole, so diffusion is naturally reduced in this con-
to specify the aurora. figuration. We have played using both a radius and
e Incorporated MSIS [Hedin, 1987] and IRI [Bil- 2" oo Ve played using us

itza, 2001] as empirical models in the SWMI‘—t.he natural log of the radius for setting the size of the

. rid cells. The natural log works much better, since
Any model can access these empirical models

any time they require. The Global Ionospheree cells stay roughly sguare from _the inner bounda_ry
; t0 the outer boundary (i.e., the ratio between the dif-
Thermosphere Model (GITM) [Ridley et al. . . .
S erent side lengths remains roughly constant). While
2006] can actually be run utilizing MSIS an . . e o T )
. e spherical grid reduces diffusion, it is not dramati-
IRI at every time step, so they can be couple .
) cally better. Further, because of the pole, the time-step
like an upper atmosphere module. . ) )
Coupled the multifiuid version of BATSRUSIS quite small, and the code runs slower. We are still
[ ] . . . T
laying with the spherical grid in order to fully quan-
to the Rice Convection Model. This allows. ying P g v

the | heri " fO 0 be t gy the costs and benefits of using this.
€ lonosphetic outriow of xygen to be frace Further, the ray-tracing that calculates the field-
through the magnetosphere and into the in

. . e volume within BATSRUS was developed for the
mag.netosphere and ring cur_rent, instead of Liartesian grid. This was rewritten to be generalized,
suming that all of the _partlcles are protong, it can operate in Cartesian or spherical coordinates.
which is what was done in the past. This was not an easy task to complete because of the
o Incorporated the Newell et al. [2009] aurorgg e with field lines that trace across tHe— 360°

prec'p'ta“,"_” model mto GITM_‘ Thisis a mOdeboundary and/or pass very close to the pole. We are
that specifies the diffuse, discrete and wayg, finding issues with this algorithm, even though it

driven aurora (seperat(_ely) as a funct?on_ (_)f ”Will behave fine for many hours of intense storms.
solar wind and IMF. This required a S'gmf'canﬁlluItispecies/MuItiquid

augmentation of the method that GITM utiIizes_ There are two different ways to treat multiple

to compute the aurora, since it used 0 Speghe jes within the BATSRUS: (1) each species has
T'ed by an average and total energy flux. Noyg density, but there is a bulk velocity and tem-
it needs the average and total energy flux 16 o4 re/nressure (multispecies); and (2) each species
th'e @ff_usg aurora, the flux of the discrete aUro3ys its own density, velocity and temperature/pressure
within individual energy bands and the particlgy i iq). Both methods work fine and allow us to
flux within five bands for the wave precipitation o -« the source of plasma within the Earth’s magne-
° Devglc_)pe_d an idealized model of the anOf?égphere (ionospheric versus solar wind). The second
precipitation that allows us to examine the ef,qihod is more physical, but is more computationally
fect of substorms on the thermosphere and iong; ensome (and less stable, at this point). We have

sphere. Before, no empirical models actuallfarieq utilizing the multifluid version of BATSRUS
included realistic substorm dynamics - namely,, many of our simulations.

growth, expansion and recovery phases. Usingone of the problems with running the code with

this simple model, we can examine how smally jiiple components to the density is that the bound-

scale dynamics affect the global thermosphereyy, congitions are not well described. There are very
few studies that describe how the density and field-

CWMM-3
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Figure 3: Output from BATSRUS using the multifluid code compared with Cluster measurements Hf™ (middle)
andO™ (bottom). The measurements are in black, while the modeltseare in red. The satellite orbit is shown in the
top plots. The plot to the left is using an empirical boundawgdition, while the plots on the right are using the PWOM
to drive the BATSRUS densities at the inner boundary.

aligned velocity ofH* andO™ change as a functioncode with the RCM, as described above. Figure 4
of latitude, magnetic local time and activity level. Fashows an example of a simulation where BATSRUS
example, Strangeway et al. [2005] describes a nice faras run with multifluid MHD and RCM was driven by
mula for relating the Oxygen outflow in the cusp asthe individual densities instead of assuming that every-
function of Poynting flux. There are issues with thishing is Hydrogen.

though: (1) the density, temperature and velocity aResearch in 2010

not specified, simply the flux; (2) itis for Oxygen only; A graduate student, Yiqun Yu, worked on examin-
and (3) it is in the cusp only. Moore et al. [2007] deng how O" flowing out of the ionosphere affects the
scribed a technique for empirically describing the deglobal magnetosphere. She has conducted numerous
sities and velocities at the inner boundary, which vgmulations to show:

implemented in BATSRUS. Figure 3 shows a com-

parison between simulations using the Moore et al. 1. The magnetosphere reacts differently to at
[2007] inner boundary condition and using the self- is ejected from the ionosphere at different loca-
consistent Polar Wind Outflow Model [Glocer et al.,  tions. For example, cusp outflow tends to flow
2007]. The Hydrogen is over-predicted by each model  further downtail, and can strongly affect the re-
dramatically, but the Oxygen is very well specified by ~ connection site, making the tail longer and less
the PWOM. stable, while outflow in the auroral zone on the

We have also coupled the multifluid BATSRUS  nightside is directly injected into the inner mag-

CWMM-4
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Simulation Dst | GO8 | GO8 | GO8 | G09 | G09 | GO09 Real-time
B, B, B, B, B, B, | run-time ratio
Rusanov Low Res | 0.273| 0.363| 0.312| 0.731| 0.435| 0.46 | 0.872 2.32
Sokolov Low Res 0.256| 0.346| 0.314| 0.732| 0.421| 0.445| 0.864 1.89
Rusanov Hig Res 0.248| 0.293| 0.346| 0.659| 0.384| 0.417| 0.688 0.56
Sokolov Med Res | 0.306| 0.381| 0.317| 0.830| 0.432| 0.510| 0.900 0.69
Sokolov Low Res 2 | 0.241| 0.347| 0.328| 0.812| 0.432| 0.422| 0.872 2.38
Sokolov Med Res 2 | 0.230| 0.297| 0.395| 0.699| 0.409| 0.358| 0.860 1.73
Sokolov HigRes 2 | 0.264 | 0.331| 0.394| 0.752| 0.390| 0.399 | 0.756 1.08
Roe Med Res 2 0.737| 0.567| 0.427| 0.652| 0.558| 0.725| 0.747 1.28
Roe Med Res 2 (lim) 0.692| 0.545| 0.421| 0.690| 0.558| 0.720| 0.769 1.17

Table 1: Metrics results from nine SWMF simulations of the May 4, 1998 stosing GM-IM-IE (BATSRUS-

RCM-lonosphere). The errors reported are normalized Root Nbgared errors (RMS different divided by
RMS of the raw data). For this metric, closer to zero is better. It is clearabdhe model resolution improves,
the metrics typically improve also, and the model takes longer to run (ieeratfo between the real-time and
run-time goes down - a value above 1 means the code runs faster éhdime) G08 = GOES-08 and G09 =

GOES-09.

T=30mins

P_H(RCM) [nPa]

P_O(RCM) [nPa]

P_O(MHD) [nPa]

n s L
10 5 0 X[R] -5

1.508
0.737
0360

Figure 4:The RCM pressure (top) and BATSRUS pressure
(bottom) for protons (left) and Oxygen (right). The BAT-
SRUS pressure is approximately the same, but smeared out

(i.e., more diffusion).

outflow changes the tail dynamics, which can
cause the cross tail current to increase, thereby
changing the magnetic field near the nose of the
magnetosphere (stronger tail current creates a
weaker dayside magnetic field). This allows the
solar wind to push the magnetopause closer to
the Earth, changing the topology and reconnec-
tion rate.

. Increase O tends to allow the dayside mag-

netopause to be more conducive to the Kelvin-
Helmholtz instability. K-H is driven by differ-
ences in velocity and can be accentuated by dif-
ferences in mass density. It was shown that
when the ionosphere has strong outflow, the
mass density may push it towards having an un-
stable condition.

Quantifying and Reducing Diffusion within BAT-

netosphere, where it doesn’t change the tail d¥rys
namics substantially.

We have been working on reducing the diffusion

2. The dayside magnetosphere is strongly affect\@,(ghin the MHD code. One method of doing this is

by the outflow, but not for the reasons that pe3

ple typically cite (namely, increased'Ccauses

the reconnection rate to decrease). Instead, {H

CWMM-5

olving the semi-relativistic MHD equations and arti-
ficially reducing the speed of light. This is known as
8 “Boris Correction”, and is quite ad hoc, but is com-
monly used. One problem with the Boris Correction is
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50~ nRMS : 0.737] Rusanov is considered a more diffusive solver than
: ] Sokolov, but both use the Boris Correction, so while
Roe is better than both of them, the metrics scores for
Roe are much worse than all of the other simulations.
The code runs faster than real-time on 64 processors

dst (nT)

100 <

\ . _~-71  for almost all resolutions, except for two. We have

as0f N 77 "e==<" 1 used this type of table for determining the best sim-
R L | ulation setup for the given resources that we have at
2001 R 7 the time. One of the best simulations is the “Sokolov
02 05 08 11 1« Med Res 2", which runs 1.73 times faster than real-

May 04, 1998 UT Hours

_ time, but actually out-performs the higher resolution
nRUS: 02301 Sokolov run (which is slower) in many parameters.
This is our new base-line simulation, as opposed to
the “Rusanov Low Res” (top).
Research in 2010
In support of the NOAA Space Weather Predic-
tion Center (SWPC) and the Community Coordinated
Modeling Center (CCMC), we have conducted many
simulations to attempt to determine how accurately
r L - 1 the SWMF simulates the near-Earth space environ-
02 05 May 04, o rhours 14 ment. This was done officially through metrics studies
with CCMC, and unofficially, to support SWPC. We
Figure 5: The D,, simulated by the SWMF (solid linehave solved a few long-standing problems within the
and dotted line as an hourly average) and measured (dagt@de, such as the inability of the RCM to recover from
line) during the May 4, 1998 storm. The top figure is usingtorms. This we did by putting in a 10 hour decay rate
the Roe solver, while the bottom figure is using the Sokolgy the RCM that forces the plasma to decay. During the
solver, with artificially reducing the speed of light to 300%ain phase of a storm, the results are extremely simi-
km/s. lar, but in the recovery phase, the;Index simulated
by the SWMF actually recovers, instead of remaining
that it is unphysical. Another is that it does not worfat, as we have been getting for the last many years.
with more sophisticated solvers that use Eigen vectai$.addition, played with various ionospheric outflow
since the Eigen vectors of the semi-relativistic MHIxtes and various compositional break downs in the
equations are too complex (e.g., the Roe solver) to &supling with the RCM to optimize the SWMF results.
implemented. We have determined that the outflow should be depen-
We demonstrate this effect in Figure 5. The top figrent on the ionospheric cross polar cap potential, and
ure shows the SWMF results using the best solver tiigt for simple results, the composition should be 90%
we have (the Roe SOIVer) within the BATSRUS SimlHydrogen and 10% Oxygen in the RCM. This should
lation domain without the Boris Correction. With thi%hange with time, but significant research needs to be
solver, there is a minor storm, but it is quite unlike thepent in order to determine how it should change.
actual storm. Using a more diffusive solver, but turiReducing Diffusion Within RCM
ing on the Boris Correction, and therefore limiting the One of the main issues that we have had to deal with
diffusion in the inner magnetosphere significantly, the the lack of a recovery phase in tii&,. There are
results are much better (bottom plot). many reasons for this (hence the complications), but
Table 1 shows results from a study that we hayge is that both the MHD code and the RCM code have
completed that examines how the code performangffusion. There are a large amount of particles pushed
Changes as a function of the solver and the resolutiqmo the inner magnetosphere during the main phase of

dst (nT)

CWMM-6
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Figure 6: Difference contours of thermospheric density at 400 kmrngigg at 14:00 UT and ending at 20:15 UT. The
neutral wind vectors from the perturbed simulation are @letted. The red circle and the blue triangle indicate the
sub-solar point and anti-solar point respectively.

a storm. Typically there are very sharp Adfiv lay- figure shows the mass density differences (color con-
ers that form (these are boundaries between partidi@sr) between a simulation with the flare as a driver
on open and closed drift paths). Because of humand a simulation with a constant solar flux (as one
ical diffusion, these particles can cross from open wwuld get with Fy7). The winds in the flare sim-
closed drift paths, and effectively become trapped, rdation are shown also. A large perturbation occurs
sulting in longer life-times than expected. We have inover the entire dayside (noon is the red dot) during the
plemented better solvers/limiters in the RCM to reduflare and propagates from the dayside to the night side
this diffusion, which has helped the problem some. (midnight is the blue triangle) after the flare ends. By
Solar EUV adding this capability to GITM, we have the ability to
Within the Global lonosphere Thermosphemmodel the thermospheric and ionospheric reactions to
Model (GITM), we have incorporated the TIMED SEHEast changes in the solar flux.
solar EUV flux data, so we don't need to run usingquatorial Electrojets
a solar proxy (i.e.Fi9.7). This allows a more accu- We have coded a self-consistent calculation of the
rate modeling of the thermospheric and ionospherieutral wind feedback onto the ionospheric electrody-
reaction to solar flares. Figure 6 shows simulation neamics, as described by Richmond [1995]. This is ex-
sults of the October 29, 2003 solar flare event maaemely slow and gives results that are questionable at
eled by GITM [Pawlowski and Ridley, 2008]. Thighis time, so little science has been produced. Itis fully

CWMM-7
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coded, but there is a bug somewhere, so the code isingiroved Aurora
useful for science at this time. We expect this issue to The present auroral model within the SWMF is de-
be resolved soon. scribed by Ridley et al. [2004], and consists of a simple
Improvements in 2009 empirical relationship between the field-aligned cur-
We have conducted a significant amount of researemts from the MHD code to the auroral Hall and Ped-
on the equatorial electrojets, working out many bugssen conductances. This doesn’t not really take into
and improving the technique. We now have electra@count the physics of the magnetosphere and aurora,
potentials in the low- and mid-latitudes that appeao we have been working on creating an improved au-
very consistent with other model results. One of tmera that takes more than just the field-aligned currents
main issues that we have been working on in the fifsbm the MHD code. Utilizing the spatial distribution
part of 2010 is the integration of the conductances aofdthe average field-line ion mass density, pressure,
the neutral wind driven field-aligned currents along tland field-aligned current we have created a polar rain,
field-lines. Previously, this integral was simply doneiffuse and discrete aurora. This is quite difficult to
in the a given vertical column, utilizing the length ando since the MHD code solves for the ions (not elec-
angle of the field-line, but never moving out of the celirons) and does not include physics such as pitch angle
This is because the code is parallel, and field-lines csrattering.
move across multiple processors. We have written aFigure 7 shows a description of how the aurora is
parallel field-line tracing algorithm that efficiently alderived from the MHD quantities that are passed to
lows the integrals to be conducted across multiple pthe ionospheric electrodynamics code. We will not
cessors. Figure 8 shows results from our low-latitugeovide the details here, but the open-closed field-line
electric potential solver in both magnetic and gebeoundary, ion pressure, ion density, and field-aligned
graphic coordinates, as well as with penetration elex#rent are all used to derive the average and total en-
tric fields and with no penetration fields. These rumsgy flux of the precipitating electrons.
are only seven hours into the development of the po-In addition, as discussed above, we have also gotten
tential, so they need to be run much longer to show ttiee diffuse auroral precipitation from the inner magne-
true state. tosphere module, which actually solves for the physics
We still have one outstanding issue with the equafthe diffuse aurora much better than the MHD code.
torial electrojet, which is that the solver is only irso, when the MHD code is not coupled to the inner
GITM and is not general to the whole Space Weathmiagnetosphere, the new auroral model can be used,
Modeling Framework. The integrated conductancbat when it is coupled, the electron precipitation from
and field-aligned currents need to be passed to the inner magnetosphere should be used.
ionospheric electrodynamics solver, which needs to lew lonospheric Electrodynamics
modified to work with the field-aligned integrated val- We have developed a new ionospheric electrody-
ues instead of the height integrated values. Furtheamics (IE) module within the framework. This is
there is a small interpolation error in merging the higlsimilar to the old IE module, in that it solves the Pois-
latitude and low-latitude potentials, which is eviderston equation for the ionospheric potential, but it is dif-
in the bottom right plot of Figure 8. This problem haferent in that it is split along lines of constant longi-
been fixed, but only short runs have been conductedude, allowing it to be parallelized to many more pro-
verify that the spottiness is gone. cessors. Further, it is much more flexible, allowing
Results in 2010 a wider variety of conditions to be solved. Specifi-
We have fully completed the low latitude electrodyeally: (1) a boundary condition can be put a specific
namics in GITM. Runs have been performed for vaiatitude in both hemispheres, so the hemispheres are
ous seasons, solar illumination, activity levels, and difempletely decoupled (as is presently implemented);
ferent tidal structures at the lower boundary. A pap&) A high-latitude boundary condition can be utilized,
has been submitted to JASTP on the subject, and a seh that above a given latitude, the solution is em-
ond is in preparation at this time. pirical (this is what RCM and HEIDI use without the
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100.0 m/s

Figure 10:GITM simulation temperature results as a func-
tion of latitude and longitude near 120 km. The tidal forc-
ing in this simulation was driven at the lower boundary by
WACCM.

North Polar Cap

Tides in GITM

We have incorporated two different tidal sources
within GITM - the Global Scale Wave Model
(GSWM) and the Whole Atmosphere Community Cli-
mate Model (WACCM). Figure 10 shows the tempera-
ture structure as a function of latitude and longitude at
120 km altitude, utilizing the wave pattern specified by
WACCM at 96 and 98 km altitude. A clear tidal pat-
tern is observed in the simulation results. This pattern

Figure 9: (Top) An example grid for the new ionospheridS €vident up to approximately 150 km altitude, and is
electrodynamics model. The domain is broken into latitu@€tually evident in the mass density up until approxi-
strips, so the folding of the grid across the equator is e@gately 500 km altitude.

ier to manage. (Bottom) A demonstration of how the foldiResearch in 2010

ing of the ionospheric electrodynamics works. In the light \We have been attempting to publish a paper on the
greenregion (i.e., closed field-line region), the nortr@d yjges in GITM for about one year, with little success.

southern hemisphere potentials are forced to be the sameﬂll% roblem that we have been having is that we put in
the open polar caps (blue and red regions), the potentials ar P 9 P

allowed to be different. There is a small region (adjustabtl(%O many d’eta.uls on the Iower.boundary F:OI’]dItIOI’]S and
size) of linear change between the two regions. people don’t like how we are implementing them. The

GSWAM tides that were provided for us from NCAR

o ) do not contain all of the information that is needed
MHD code providing region-1 currents); (3) The codg, jmplement them correctly in a global model, so we
can solve across the equator, weakly coupling the difs e improvised and have played with various condi-
ferent hemispheres; an.d. (4) thg solutions can be f°|q s, which the reviewers do not like. For example,
over up to a user-specified latitude, such that the cQRa number density is not provided (only the temper-
ductances and the currents are summed betweenghe. 4nd horizontal winds), so we have done some
northern and southern hemispheres, guaranteeing & arch and created a density driven tidal structure.
same potential in both hemispheres below a certain e reviewers did not like this and stated that the den-
itude. Figure 9 demonstrates the grid and the foldlggy tides exist (even though they are not provided by

method used within the new solver. ~NCAR). We are trying to figure out how we can possi-
This solver needs to be updated to work with ti}ﬂy publish anything related to tides.

field-aligned integrated conductivity values in addition
to the height integrated values.

CWMM-10



Validation Efforts )

Within the last few years, we have published manE
studies that have established a base-line of the cod?®
performance using a relatively course grid (Table 1
“Rusanov Low Res”) with coupling between 3 com-
ponents - the MHD magnetosphere, the inner magn
tosphere, and the ionospheric electrodynamics:

Log 10 Energy (eV)

e Wang et al. [2008b] and Wang et al. [2008a] $
showed how the code compares to DMSP cros:
track velocities and potentials and CHAMP
field-aligned currents. These papers showed th
we do an adequate job at modeling the cross pig
lar cap potential, but there were a number of i is ¢ 8
sues, two of which were: (1) the SWMF over- 2
predicts the potential as the driving becomeJ
large; and (2) the field-aligned currents from
the SWMF have very little structure, while the
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CHAMP magnetometer measurements havergyure 11: A comparison between Rice Convection

large amount of structure.

Yu and Ridley [2008] showed how the iono-
spheric solutions compared to data UtI|IZIn§
ground-based magnetometer data. This pa
broke down the magnetometer sites by location
and showed that the SWMF does badly at sub-
auroral latitudes (as expected, since there is no
solution there), not great at auroral latitudes, and
much better in the polar region.

lots

Pawlowski et al. [2008] showed comparisons
between 1D-GITM and Millstone Hill data for

a full month. GITM did relatively well on a
month-long basis, but did less well during the
storm. When the code was run in 3D, it was
clear that there were some dynamical effects that ®
were missing from the 1D simulations. They re-
sults improved in 3D, but not as much as was
desired.

Pawlowski and Ridley [2010] used the global

ionosphere-thermosphere model to investigate
how uncertainty in the use of parameters in a
large scale model can affect the model results.
Eight parameters were studied that ultimately

Model (RCM) results (top spectrogram) and LANL-
97A measurements (bottom spectrogram).

The top
show the location of the satellite as a function

ime.

equation. It was found that among these, un-
certainty in the thermal conductivity, NO cool-
ing, and NO binary diffusion coefficients most
strongly translate to uncertainty in the tempera-
ture and density results. In addition, variations
in the eddy diffusion coefficient were shown to
result in significant uncertainty in the thermo-
spheric composition, and ultimately the electron
density.

Yu et al. [2010] showed that ground-based mag-
netometers respond to different current systems
depending on what latitude they are at. High
latitude stations typically respond the most to
Hall currents, as expected. At low latitudes,
the magnetometers repond mostly to the mag-
netospheric currents. At mid-latitude, the field-
aligned currents are the primary currents that
contribute to the perturbations.

have an effect on the thermospheric temperatureWe are also working on a paper discussing the com-
parison of the SWMF with inner magnetospheric mea-
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surements. We have developed a routine that will traq
magnetic field-lines from satellites to the ionospherg
where the distribution functions modeled by the RC e : TR
can be found. Figure 11 shows an example of th
type of comparison. The time periods in which thd
RCM spectrograms show vertical swathes of blue, t
field-line was open (i.e., the satellite was outside d
the magnetosphere). Many of these occur at simil;
times as when the LANL satellite was measuring mag
netosheath plasma (i.e., it actually was outside of t
magnetosphere). This paper will be submitted withi
a month.
We are extending the work by Yu and Ridley [2008
to account for (1) magnetospheric currents; (2) field
aligned currents; (3) ionospheric Hall currents; an Poon Auors, EFlxp AN, EFx
(4) ionospheric Pedersen currents, where the previo : ' s
study simply assumed all of the magnetic perturbd
tions were due to ionospheric Hall currents. Figure 1]
demonstrates how much of an effect that accounti
for each of these different current systems can have {
the modeled magnetic signature. This will be writte
up soon. g~ K
We have started to compare the new auroral form
lation (described in Figure 7) to IMAGE FUV data. 14:00 UT. Day 107, 2002
These comparisons have shown that the code appeii
to get the timing of intensifications relatively correctly,
but the code appears to put the aurora at too low { oo Ao, Pl p B B
latitude. This is demonstrated in Figure 13. The red 3
son for this appears to be that the MHD code has 4
open/closed field-line boundary that is too close to thys
Earth. We need to investigate how to make this boungif
ary move outwards. We feel that it is due to too large g
a reconnection rate on both the dayside and nightsig
but have not been able to quantify this yet.
Table 2 shows nine events and the data that we 8
using to validate the SWMF. These are the simulatio 14:10 UT, Day 107, 2002
that have been used in each of the publications d
scribed above. The input files for each event are stored
in a repository, so anyone can have access to théngure 13: A comparison between a fitted auroral im-
Because they are well described runs, we typically wa@e from FUV (left) and output from the SWMF (right).
them to test the code to make sure that code chan§8® FUV image has issues at the 380 boundary, which

that have been implemented do not affect these sirj2|/d Pe ignored. The SWMF captures the timing of the
lations Intensification and the relative magnitude, but has too much

precipitation in the polar cap, and the auroral oval is much
too low latitude in the peak region.

13:50 UT, Day 107, 2002
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Figure 12: (Left) Magnetic perturbations output from the SWMF, includirgmagnetospheric, field-aligned,
Hall, and Pedersen currents. The magnetic perturbations are brokenhy the current system. This shows
that the perturbations are caused by a variety of currents, which dejgrificantly on the position of the sta-
tion and the strength of the currents. (Right) the mid-latitude ground-lraagdetic perturbations interpolated
to a grid of magnetic local time (vertical axis) and time (horizontal). The topghows measurements, while
the bottom plot is made in exactly the same way, but using magnetic perturbatitput from the code at the
individual station locations. Each plot is for the May 4, 1998 storm period.

Table 2: The current state of the validation effort of CWMM at the Ursitgrof Michigan.

Year | Mon | Day | CHAMP | DMSP | Mags | IMAGE | TIMED | GOES| Cluster| Polar | LANL
1998 | 05 04 - v 156 - - B - B Flux
2000 | 07 15 - v 165 - - B - B Flux
2001 | 03 31 B,p v 169 - - B B B Flux
2001 | 08 04 B,p v 156 - - B B B Flux
2001 | 08 31 B,p v 156 - - B B B Flux
2002 | 04 17 B,p v 103 FUve GUVI B B B Flux
2003 | 10 29 B,p v 164 FUV? GUVI B B B Flux
2003| 11 20 B,p v 164 - GUVI B B B Flux
2004 | 09 02 B,p v - - GUVI B B - Flux

@ FUV observations of the auroral oval
b FUV observations of the thermospheric Q/htio
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Delivery of Code to CCMC

The Community Coordinated Modeling Center is
given updated versions of the SWMF every few
months. While they do not want to run with the most
experimental settings of the code (for example, with 4
the PWOM turned on and fully coupled), they have
the ability to do this. This is not really recommended,
since it is not guaranteed to work, and having to deal
with many requests for codes that may not work is very
time-consuming. So, for us, the main issue is keeping
CCMC up to date on what code features are working
well and what code features are not working well.

We feel that we have an extremely good working
relationship with CCMC. We have open communica-
tion with them, and work to resolve issues many times
a year. Most of these issues arise from using couplings
that have been tested with our nine events, but still of-
fer problems with some events that we have never run.
It is difficult to test for every condition. So, when a
case arises, we take the IMF and param files from the
CCMC and attempt to reproduce the problem here.

As an example, CCMC was having issues with the
code blowing up near the inner boundary. We found
that we could get rid of the problem by changing the
background Pedersen conductance from 0.25 mhos to
0.5 mhos. We had done this many months before,
but had forgotten to tell CCMC of this change. Once
it was communicated, the issue was completely re-
solved. Many other issues like this arise, and we try |
to keep open lines of communication to resolve them.

The CCMC has also had direct contact with Rice
University to determine the effect of the RCM on dif-
ferent MHD codes. This has been accomplished by
conducting multiple runs with multiple MHD codes
coupled and uncoupled to the RCM.

Automation

One of the main goals of the CWMM project is to al-
low for seamless, unbiased, validation of the SWMF. o
In order to accomplish this task, we have worked on
putting as much automation into the process as possi-
ble. We have spent a large amount of time building
scripts to do the following:

e Download and configure the code in the same

CWMM-14
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way every time. The SWMF has a very large
number of settings. Some of these can be set
before compilation (such as which modules are
included and which components are turned on),
which is what this script does.

The input files for the runs described in Table
2 are stored in a CVS repository. Also in that
repository are scripts for setting up the runs.
This entails moving the appropriate parameter
files and satellite files into the run directory.
Most codes within the SWMF allow satellites
to be flown through them, so they output data
at the exact satellite location at the requested
time (so no post-processing of 3D files has to
be done). For example, Figures 3 and 11 show
output from satellite traces through the simu-
lation as it was running. Also, since the code
can be configured in different ways, people can
choose which parameter files to run with (e.qg.,
including polar wind or not; running with RCM
or HEIDI; etc.). These scripts help users select
which param files to use and move the files to
the appropriate place.

Moving files from the computer centers and
monitoring the simulations can take a large
amount of time. We have created automated
scripts that post-process amgync the data
from the computing centers to our desktop com-
puters as the simulation is running.

We have created plotting software that knows
where all of the satellite files are located, so
people can simulate any event (after 1990), and
compare satellite data and the simulation results.
We are working on making this even more gen-
eral, where the codes would know where to find
various files on the internet, so they could be
downloaded from anywhere. We have imple-
mented this forD; already (e.g., Figure 5 was
made with data that downloaded dynamically
when the plot was made.)

We have created scripts to allow users to run
“CWMM-like” simulations of any time-period
that they are interested in. The simulations are
all set up just like CWMM runs, but the dates
can be whenever the user wants. The satellite,
param and input files (like the IMF) are cre-



ated on the fly. Further, users can specify what 5. Deng,

system they are running on and job submission
scripts are generated. This is run through a
command-line interface right now, but we are
working on making a graphical user interface for
the script.

We have opened the University of Michigan and 6.

Rice University CVS repositories to each other.
This allows frequent updates when needed.

We have created scripts that set up large num-
bers of runs to be conducted on super comput-
ers. For example, ensembles of simulations that

vary the inputs slightly can be conducted. These 7.

perl scripts produce input files, run directories
and output directories. We are currently work-
ing on creating analysis tools that will allow for

visualization of ensembles of simulations.

Publications and Presentations
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