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Abstract The Community Coordinated Modeling Center (CCMC) was created in 2000 to allow
researchers to remotely run simulations and explore the results through online tools. Since that time,
over 10,000 simulations have been conducted at CCMC through their runs-on-request service. Many of
those simulations have been event studies using global magnetohydrodynamic (MHD) models of the
magnetosphere. All of these simulations are available to the general public to explore and utilize. Many of
these simulations have had virtual satellites flown through the model to extract the simulation results at the
satellite location as a function of time. This study used 662 of these magnetospheric simulations, with a total
of 2503 satellite traces, to statistically compare the magnetic field simulated by models to the satellite data.
Ratings for each satellite trace were created by comparing the root-mean-square error of the trace with all
of the other traces for the given satellite and magnetic field component. The 1–5 ratings, with 5 being the
best quality run, are termed “stars.” From these star ratings, a few conclusions were made: (1) Simulations
tend to have a lower rating for higher levels of activity; (2) there was a clear bias in the Bz component of
the simulations at geosynchronous orbit, implying that the models were challenged in simulating the inner
magnetospheric dynamics correctly; and (3) the highest performing model included a coupled ring current
model, which was about 0.15 stars better on average than the same model without the ring current model
coupling.

1. Introduction

In the mid-1980s, global magnetospheric models started to be created. These models allowed researchers to
explore various aspects of the solar wind-magnetosphere-ionosphere system [e.g., Fedder and Lyon, 1987]. The
Lyon-Fedder-Mobarry (LFM) magnetohydrodynamic (MHD) code [Fedder et al., 1998; Lyon et al., 2004] was one
of the first global magnetosphere models. The LFM solves the MHD equations on a distorted spherical mesh
in order to align the grid with the magnetic field as much as possible. This results in less numerical diffusion
in the code in the inner magnetosphere, where currents are calculated for the ionospheric solver. The LFM
has been coupled with a thermosphere-ionosphere model [Wiltberger et al., 2004; Wang et al., 2004] and the
Rice Convection Model [Toffoletto et al., 2004]. It is available at the Community Coordinated Modeling Center
(CCMC) for runs-on-request, as will be described later.

The Open Geospace General Circulation Model (OpenGGCM) is also an MHD-based code that has been used
in many scientific investigations [Raeder et al., 1996, 1997, 1998, 2001a]. The OpenGGCM uses a stretched
Cartesian grid, concentrating high-resolution grids anywhere in the magnetosphere. The OpenGGCM has
been coupled to a thermosphere-ionosphere model [Raeder et al., 2001b] and is also available at CCMC.

Robert Winglee’s code solves the multifluid MHD equations [Winglee, 1995, 1998]. This code was used to
explore the problem of ion outflow earlier than any other global code, since it resolved oxygen, hydrogen,
and helium ions in the magnetosphere before other global models. The code is not available at the CCMC
at the time of this writing. The Mission Research Corporation (MRC) MHD code is similar to Winglee’s code
but goes a step further—it models the magnetosphere and ionosphere as one system [White et al., 1998].
The MRC code is also not available at the CCMC. The MHD code described by Tanaka [1995] is also a global
magnetosphere-ionosphere code that is more widely used outside of the United States and is not available
at the CCMC.

The Block Adaptive Tree Solar wind Roe-type Upwind Scheme (BATSRUS) MHD code [Powell et al., 1999;
Gombosi et al., 2001, 2004] also solves for the global magnetosphere. A relatively simple yet effective

RESEARCH ARTICLE
10.1002/2016SW001465

Key Points:
• This is the first statistical comparison

between data and magnetosphere
models

• Global MHD models statistically
perform worse during active time
periods

• Including coupling to a ring current
code statistically improves the MHD
model

Correspondence to:
A. J. Ridley,
ridley@umich.edu

Citation:
Ridley, A. J., D. L. De Zeeuw, and
L. Rastätter (2016), Rating global
magnetosphere model simulations
through statistical data-model com-
parisons, Space Weather, 14, 819–834,
doi:10.1002/2016SW001465.

Received 7 JUL 2016

Accepted 23 SEP 2016

Accepted article online 30 SEP 2016

Published online 22 OCT 2016

©2016. American Geophysical Union.
All Rights Reserved.

RIDLEY ET AL. STATISTICAL RATING OF GLOBAL MHD MODELS 819

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1542-7390
http://dx.doi.org/10.1002/2016SW001465


Space Weather 10.1002/2016SW001465

block-based adaptive mesh refinement (AMR) technique was developed and is used in conjunction with a
finite-volume scheme [Stout et al., 1997] to solve the MHD equations. At the CCMC, a variety of grids are
available, all of which are static in time but can vary significantly throughout the domain. BATSRUS has been
coupled to a variety of inner magnetosphere models [e.g., De Zeeuw et al., 2004; Zhang et al., 2007; Glocer
et al., 2009; Zaharia et al., 2010]. Multispecies (multiple-continuity and single-momentum equations) and mul-
tifluid (mutiple-continuity and multiple-momentum equations) versions of BATSRUS were developed and
have been used for scientific studies [e.g., Welling and Ridley, 2010b; Welling et al., 2011; Welling and Zaharia,
2012; Welling and Liemohn, 2014; Yu and Ridley, 2013a, 2013b]. Different versions of BATSRUS are available for
runs-on-request at CCMC, as it will be described below.

The Grand Unified Magnetosphere-Ionosphere Coupling Simulation (GUMICS) MHD code is similar to
BATSRUS in that it uses an adaptive grid architecture and similar solvers [e.g., Janhunen, 1996; Palmroth et al.,
2001, 2005]. It is different from BATSRUS in that it does not use blocks but allows each cell to be split into
eight subcells. GUMICS has a three-dimensional ionosphere in order to resolve the ionospheric densities and
conductivities [Palmroth et al., 2004, 2006]. It is also available for runs-on-request at CCMC.

A wide variety of studies have been conducted to validate global MHD models of the magnetosphere. For
example, Ridley et al. [2002] explored the ionospheric drift velocities predicted by the BATSRUS magneto-
spheric model coupled to an ionospheric potential solver. Raeder et al. [1998] explored how well an MHD
code matched boundaries in the ionosphere, such as the low-latitude boundary layer. Raeder et al. [1997]
investigated how the MHD code compared against measurements by the Geotail satellite.

The studies by Wang et al. [2008], Korth et al. [2011], and Kleiber et al. [2016] compared field-aligned currents
produced by global MHD codes projected to the ionosphere to different satellite measurements. Raeder et al.
[2001a], Ridley et al. [2001], Yu et al. [2010, 2008], and Pulkkinen et al. [2010, 2011] all validated MHD codes by
comparing ground-based magnetometer data to simulation results by computing the magnetic perturbation
that would be registered on the ground using different current systems in the ionosphere, magnetosphere,
and the gap region between the two. Global MHD codes have also been compared to geosynchronous satel-
lite measurements of magnetic fields, as shown by Taktakishvili et al. [2007], Welling and Ridley [2010a], and
Honkonen et al. [2013].

While the majority of the validation studies described above highlight how one code compares against a
single type of data, some of them have compared different models against the same type of data or differ-
ent models against different data [Pulkkinen et al., 2010, 2011; Honkonen et al., 2013]. Because MHD models
have historically needed significant computational resources to run, the comparisons have been quite limited,
focusing on a small number of events. Recently, the Community Coordinated Modeling Center (CCMC) has
led validation studies in which different models were run for the same time periods in order to compare how
well they performed against each other. For example, Pulkkinen et al. [2011] compared different model results
of ground-based magnetic field perturbations to magnetometer measurements to determine the capabili-
ties of the different models. Rastätter et al. [2016] compared different models against DMSP poynting flux in
the ionosphere. Rastätter et al. [2013] focused on the ability of many different models in many different con-
figurations to reproduce Dst from four different events. The assessment was also completed with a variety
of different metrics. They found that MHD models that are coupled to an inner magnetospheric ring current
model performed better during storms than other MHD models. Both Pulkkinen et al. [2010] and Rastätter et al.
[2011] included geosynchronous data in a similar evaluation.

Statistical comparisons between models and data have been attempted as well. Gordeev et al. [2015] com-
pared different models by running nominal conditions and comparing to statistical models. The goal of that
study was to determine whether the different models reproduced key parameters within the magnetosphere,
such as the size. They concluded that no model was better than any other model. Zhang et al. [2011] compared
a 2 month simulation of the LFM model to a number of ionospheric electrodynamic quantities. This was one
of the first long-term simulations of a global MHD model.

Even with these types of studies, a very small number of simulations were conducted to complete the
comparisons. In this study, statistical comparisons are made between global MHD simulation results and
satellite-based magnetic field measurements. Specifically, the general ability of global models to simulate
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active versus quiet conditions is explored. In addition, the different models are statistically compared to each
other to determine whether there are models that are statistically better at modeling the magnetosphere.
Finally, statistical model biases are explored.

2. Methodology

The CCMC has a program in which a user can request simulations of the geospace environment by specifying
a domain to simulate, the model to use, and a time period to run. The simulation is then conducted at CCMC,
and the model results are made available through a web interface to allow the user (and the entire community)
to visualize the simulation results. Further, CCMC has traced virtual satellites through many of the simulation
results, allowing direct comparisons between the model results and the satellite data. As of December 2014,
when the study obtained data from the Virtual Model Repository (VMR), there were 662 magnetospheric sim-
ulations at CCMC that had such traces through them. The satellites that were considered in this study were
GOES 8, GOES 9, GOES 10, GOES 11, GOES 12, Geotail, THEMIS A, THEMIS B, THEMIS C, THEMIS D, THEMIS E,
and Cluster 1. A total of 2503 satellite tracks were used.

At the VMR, the CCMC-produced simulation results along the satellite trajectory, along with all of the obser-
vational data, were downloaded and compared. Figures 1 and 2 show examples of comparisons between
simulations conducted at CCMC and data from GOES 11 and GOES 12, respectively. Four simulations are shown
for the 14–15 December 2006 storm. These simulations were carried out with (a) OpenGGCM [Raeder, 2003],
(b) BATSRUS [Powell et al., 1999], (c) LFM [Lyon et al., 2004] and (d) GUMICS [Janhunen, 1996]. There are some
clear differences between the simulation results and the data. For example, the OpenGGCM results had large
perturbations in the second half of the time period, while the data do not show these perturbations. On the
other hand, the OpenGGCM matched the Bz component in the middle of the time period better than the
other models. BATSRUS captured the overall structure quite well but missed a large amount of the variabil-
ity in the data. For GOES 12, BATSRUS underestimated the magnetospheric response in all three components
in the middle of the time period. LFM also captured the overall structure, and some of the variability, but
seemed to have too much variability at times. GUMICS appeared to show some semidiurnal variations during
the time period in the Bx and By components and looked remarkably like the BATSRUS model results in the Bz

component.

While four simulations are shown for this storm case, there were actually 15 simulations at CCMC of this storm.
Each of these simulations can be compared in exactly the same manner as shown in Figures 1 and 2. Indeed,
all of the 662 magnetospheric simulations that have satellite traces through them were compared in this way.
For each of the simulations and each of the different satellites and magnetic field components, the average dif-
ference, root-mean-square (RMS) error, and normalized RMS error (i.e., RMS error divided by mean of the data
multiplied by 100%) between the simulation result and the observational data were computed and saved.
These average differences and RMS errors were then explored to gain a better understanding of how each
simulation compared against all of the other simulations that were conducted.

Figures 3 and 4 show statistical histograms of the comparisons between the simulation results and the GOES
11 and GOES 12 satellite measurements of the magnetic field, respectively. For both satellites (and all the
other geosynchronous satellites including GOES 8, GOES 9, and GOES 10), the median error in Bx and By were
close to 0, with a roughly symmetric distribution. For Bz , the distribution had a clear bias in the positive direc-
tion, with the distribution roughly symmetric around this positively biased value. For the other satellites, the
three magnetic field components were roughly symmetric around zero error (not shown). This is quantified
in Table 2.

In Figures 3 (middle column) and 4 (middle column), the root-mean-square error distributions are shown from
the simulations. Bx and By show distributions that have peaks below 5 nT and taper slowly off from there. The
Bz distributions peak at higher values (close to 10–15 nT), consistent with the median errors. It is asserted
that a simulation that had, for example, an error in Bx of less than 1 nT simulated Bx better than a simulation
that had an error in Bx of 30 nT. The idea of “better” has been quantified by breaking the RMS errors into five
distinct regions, assigning them ratings of 5 (best), with very low RMS errors, down to 1 (worst), with very
high RMS errors. The demarcations between the five different ratings are indicated by the vertical lines in the
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Figure 1. Comparisons between model results and GOES 11 satellite measurements of the magnetic field during
14 December 2006.

plots in Figures 3 (middle column) and 4 (middle column). The placement of these demarcations are described

completely below. The plots in Figures 3 (right column) and 4 (right column) are distributions of errors in

normalized RMS error, where the normalization is done with the mean of the measured data.

From zero RMS (or nRMS) error to the blue line were all of the runs with a rating of 5 for that particular satel-

lite and component of the magnetic field. RMS (or nRMS) errors between the blue to the yellow lines were

assigned a rating of 4. Yellow to orange indicated a rating of 3, etc. Originally, the demarcations were deter-

mined by taking the mean and standard deviation and linearly combining these in a way to give roughly

normal distributions for the ratings, but this did not work well for some satellites. For example, the GOES 12
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Figure 2. Comparisons between model results and GOES 12 satellite measurements of the magnetic field during
14 December 2006.

RMS error distributions had extremely long tails. By choosing linear combination coefficients of the mean and

standard deviation that worked well for other satellites, the GOES 12 rating distribution was skewed toward

low ratings.

For this study, the rating distributions, as described by the vertical lines in Figures 3 and 4, were determined

by first sorting all of the RMS errors for the particular satellite and magnetic field component, and then deter-

mining the values that were 7.7%, 30.8%, 69.2%, and 92.3% of the way through the list. These percentages

produced distributions that were roughly 1, 3, 5, 3, and 1 in population for the 5, 4, 3, 2, and 1 rankings, respec-

tively, in most individual satellite magnetic field component comparisons. The same ranking scheme was used
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Figure 3. Distributions of (left column) difference error, (middle column) root-mean-square error, and (right column) normalized RMS error for (top row) Bx ,
(middle row) By , and (bottom row) Bz for the GOES 11 satellite.

for the normalized RMS errors. The rankings for both RMS and nRMS are indicated by the blue, yellow, orange,
and red lines, respectively, in Figures 3 and 4. The RMS and nRMS ratings were kept separate from each other
in order to determine whether conclusions made with one type of assessment are consistent with another
type of assessment.

The 1–5 run ratings qualities are termed “stars,” since they are roughly equivalent to a user rating of the sim-
ulation. Each of the three magnetic field components for a simulation-satellite combination was given a star
rating (from 1 to 5 as described above). So for example, if a simulation run had the same 10 nT RMS error in
all three of GOES 12 Bx , By , and Bz magnetic field components, the ratings for the three components would
be 3, 3, and 4, respectively. These three star ratings would then be averaged together to give a star rating for
the simulation-satellite combination. In the example above, the average for the GOES 12-model comparison
would be 3.33. Most of the time each run had multiple satellites traced through the results, such that the star
ratings for each of these satellite comparisons could be averaged to provide an overall star rating for the par-
ticular simulation. Given that there were 662 simulations and 2503 satellite traces, an average of 3.78 satellite
traces existed for each simulation.

Figures 5 and 6 show the distributions of the star ratings for all of the satellite-simulation combinations
included in this study, sorted by satellite. The top plots (blue histograms) show the histograms of the RMS
star ratings, while the bottom plots (red histograms) show the histograms of the nRMS star ratings. Most of
the histogram shows what one would expect—the most probable value is close to the mean value of around
3, with very few simulations receiving very high or very low star ratings. In Figure 5, most of the GOES satel-
lite results have somewhat skewed distributions, with a second peak a bit above the mean value, around 3.67
stars. GOES 9 does not have very many data points, so it is hard to determine whether this is significant at all.
The GOES 10, GOES 11, and GOES 12 satellites have hundreds of comparisons, so the skewed distribution is
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Figure 4. Distributions of (left column) difference error, (middle column) root-mean-square error, and (right column) normalized RMS error for (top row) Bx ,
(middle row) By , and (bottom row) Bz for the GOES 12 satellite.

possibly meaningful, when compared to other satellites, such as Geotail. While exploring why this might be
the case is beyond the scope of the current study, it is noteworthy that these types of possible differences in
data sets can be observed in this type of statistical study.

Figure 6 shows the distributions of the star ratings for the five THEMIS satellites and one of the Cluster satellites.
The other Cluster satellites were not included since the spacing between the Cluster satellites was typically
on the same magnitude or closer than the grid spacing in most of the simulation results. This means that the
RMS errors between each of the Cluster satellites and the simulation results would all be very similar to each
other. There are significantly less data points for the THEMIS and Cluster satellites, since they have not been
in space for as long as some of the GOES or Geotail satellites have been. The distributions for most of the
satellites look roughly normal, with peaks close to the median value, which are all close to three stars. There
are not enough Cluster data points to determine whether the distribution is skewed.

3. Results

While there are many different types of analyses that can be conducted on the simulations that are presented
in this study, three are focused on here: (1) the relationship between the star rating and the activity level, as
indicated by the disturbance storm time (Dst) index, that was occurring during the time, (2) the mean star
rating for individual models, and (3) the biases that can exist within the models that point to possibly missing
physics.

Figure 7 shows the statistical relationship between the minimum Dst that occurred during the simulation
time period and the star rating of that simulation for each of the simulations included in this study (top right).
The vast majority of the simulations were conducted for nonstorm time periods, while only a small number
covered superstorm periods. Examining the lower figure, it can be seen that there were multiple simulations
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Figure 5. Star ratings for data-model comparisons between (a) GOES 8, (b) GOES 9, (c) GOES 10, (d) GOES 11, (e) GOES 12
and (f ) Geotail. The mean star rating is indicated in each plot. The blue distributions show the RMS star ratings, while the
red distributions show the nRMS star ratings.
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Figure 6. Star ratings for data-model comparisons between (a) THEMIS A, (b) THEMIS B, (c) THEMIS C, (d) THEMIS D,
(e) THEMIS E, and (f ) Cluster 1. The mean star rating is indicated in each plot. The blue distributions show the RMS star
ratings, while the red distributions show the nRMS star ratings.
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Figure 7. (a) A histogram showing the minimum Dst during all of the events that were included in this study. (b) Star
rating of each of the simulations as a function of the minimum Dst during simulation time period. The blue dots indicate
RMS star ratings, while the red dots indicate nRMS star ratings. The large symbols indicate the average star ratings in
bins of 100 nT, centered on the symbol. The relationship between Dst and star rating for (c) GOES 12 and (d) Geotail.

with the exact same Dst value but different star values. These were simulations of the same event but using
different models, different grids, or different drivers. As was described by Ridley et al. [2010], running the same
model with different numerical schemes or grids can provide different results and therefore different qualities
of simulation. Running the same event with different models can accentuate this, since the models may solve
the MHD equations in completely different ways. This is observed in Figures 3 and 4.

The general trend in Figure 7b is that runs with higher levels of activity (i.e., more negative Dst) tend to have
lower star ratings. At lower levels of activity (i.e., Dst near 0), the star ratings tend to be higher, although there
is a huge amount of variability in run quality at lower activity levels. This trend appears to mean that global
MHD codes consistently have a harder time simulating large storms but can often simulate quiet time periods
very well. There are a couple of reasons why this might be the case.

First, the perturbations in the magnetic field away from a simple dipole are significantly larger during a storm
than during a quiet time period, so if there is any error, it has the possibility of being much larger than during
a quiet time. For example, if the code put the pressure increase from the ring current buildup in a slightly
incorrect location during a storm, resulting in the current distribution being shifted by a few degrees, then
the difference in the magnetic perturbations may be quite large. On the other hand, during a quiet time,
when there are no large current systems, a slight shift of the pressure in the magnetosphere will not result
in large differences in the magnetic perturbations, since the field would still be dominated by the dipolar
background. The normalized RMS ratings back this idea up: in the largest storm events, the red dots (nRMS
stars) are consistently above the blue dots (RMS stars). While the general trend of having worse results during
major storms still exists, the trend appears to be weaker with the normalized RMS.
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Second, the majority of the simulations that were included in this study were with global magnetospheric
MHD models that do not include the physics of the ring current. This means that these models were not
really expected to simulate storm times accurately, since the ring current dynamics dominate the inner mag-
netosphere during storm events. This will be discussed in more detail below, when individual models are
compared.

The conclusion that the skewing of the distribution toward worse results as the activity level increased was
due to the inner magnetospheric dynamics can be further explored by comparing two satellites: one that
was in the inner magnetosphere (GOES 12, Figure 7c) and one that was not (Geotail, Figure 7d). The GOES 12
data show a strong dependence on Dst in both the RMS and nRMS results, with simulations of strong storms
having an average star rating of one to two stars below the quiet times. Geotail, on the other hand, has very
little dependence on activity level, especially in the normalized RMS, where the values are close to three stars,
independent of activity level. In the RMS star values, there is a small decrease for moderate storms, but it is not
as strong as the decrease in GOES 12. For the strongest storms (Dst between −400 and −500 nT), the statistics
are very low for both the Geotail and GOES 12 data.

These results are consistent with Rastätter et al. [2013], who compared the simulated Dst from many different
MHD models to the measured Dst. They showed that models that included coupling to inner magnetosphere
models typically had better prediction efficiencies. The results presented here show that this tendency is also
true if comparing to inner magnetospheric magnetic field measurements. It also expands the Rastätter et al.
[2013] study from four events to several hundred.

Figure 8 shows distributions of star ratings for individual models that are included in CCMC runs-on-request.
While there are more variations of individual models in the database, the models have been grouped into five
categories:

1. BATSRUS. There have been many different versions of BATSRUS at CCMC. Each of these versions had been
coupled to an ionospheric electrodynamics solver, described by Ridley et al. [2004] and Ridley and Liemohn
[2002]. The specific versions that were included in this list were v6.07, v7.42, v7.73, v8.00, and v8.01. Some
of these versions were significant upgrades to the model, but in the standard runs at CCMC, very few of the
new features were implemented, so the versions were run in ways that were very similar to each other. In
addition, some of the runs were tagged as being part of the Space Weather Modeling Framework (SWMF),
which is described by Tóth et al. [2005]. SWMF, as run at the CCMC, was similar to the older BATSRUS versions,
which included only coupling to the ionospheric electrodynamics.

2. BATSRUS with RCM. In this version of the code, the BATSRUS model was coupled to the Rice Convection
Model (RCM), as described by De Zeeuw et al. [2004], and the ionospheric electrodynamics code using the
SWMF. The inner magnetospheric dynamics were described with the RCM, so in theory, storm time dynam-
ics could be captured with more accuracy with this coupled model. The specific versions of BATSRUS that
were run coupled to RCM at CCMC were v7.73, v8.01, and v20101108. Updated versions of this model, which
include coupling to the Comprehensive Ring Current Model [e.g., Fok et al., 2008], and a newer version of
the RCM, are currently available at CCMC but were not included in this study.

3. GUMICS. The GUMICS MHD code was similar to BATSRUS in that it used an adaptive grid architecture [e.g.,
Janhunen, 1996] and was coupled to an ionospheric electrodynamics solver [e.g., Palmroth et al., 2005]. The
specific versions of GUMICS that were run at CCMC included 4-HC-1.11 and 4-HC-20140326.

4. LFM. The LFM MHD code was fully described by Lyon et al. [2004]. The specific versions of LFM included
here include 1, 1.04, 1.05, LTR-2_1_1, LTR-2_1_4, LTR-2_1_5, and LTR-2_2_0. These versions were coupled
to an ionospheric electrodynamics solver, described by Merkin and Lyon [2010], and a coupled ionosphere-
thermosphere model, as described by Wang et al. [2004].

5. OpenGGCM. The OpenGGCM was described in many papers, including (for example) Raeder et al. [1996,
1997, 2001b, 2003]. This code was coupled to an ionospheric electrodynamics solver and a global
ionosphere-thermosphere model [Fuller-Rowell and Rees, 1983]. The specific versions included at the CCMC
and in this study were 2.1-1, 3.0, 3.1, and 4.0.

Figure 8 shows that BATSRUS was the most used model at the time of this study (286 simulations), with BAT-
SRUS coupled to the RCM being the second most used (165 simulations) and the OpenGGCM having the third
most simulations (151). GUMICs had been used the least of any of the models (12 simulations). LFM had a total
of 49 simulations. Because there were differences in the numbers of samples in each distribution, and since the
distributions all looked slightly different, a Kolmogorov-Smirnov test was used to determine the probability
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Figure 8. Overall star ratings for simulations broken down by individual models. (A) BATSRUS, (B) GUMICS, (C) BATSRUS
coupled to the RCM, (D) LFM, and (E) OpenGGCM. More detail is provided in the text.

that the distributions were the same. Table 1 shows the results of those tests. If the probability is low, it indi-
cates that the distributions were most likely different from each other, and that the differences in star ratings
for the different models were statistically significant. If the probability was high, it implies that the distribu-
tions were similar (or that there was not enough data to determine whether the distributions were different)
and that the differences in star rating were not statistically significant. Table 1 indicates that (a) there were
not enough data to determine if GUMICS was statistically different than any of the other models, meaning
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Table 1. Kolmogorov-Smirnov Statistical Results Showing the Probability That the Two
Distributions Are From the Same Sampling Pool

B/RCM OpenGGCM LFM GUMICS

Model RMS nRMS RMS nRMS RMS nRMS RMS nRMS

BATSRUS 0% 11% 0% 0% 3% 11% 83% 27%

B/RCM 0% 0% 0% 0% 39% 32%

OpenGGCM 3% 0% 18% 3%

LFM 69% 30%

that any differences in star rating are mostly meaningless; (b) there was a small chance that LFM was similar
to BATSRUS and a very small chance that it was similar to OpenGGCM but almost no chance that it was sim-
ilar to BATSRUS with RCM, meaning that star rating comparisons between LFM and BATSRUS with RCM are
valid, but comparisons with other models are questionable; (c) there was a small chance that BATSRUS and
BATRUS with RCM were chosen from the same distribution with the normalized RMS but not with the RMS;
and (d) there was almost no chance that OpenGGCM was similar to BATSRUS or BATSRUS with RCM, implying
that comparisons between the star ratings for these models is valid. As more simulations are conducted at
CCMC with LFM and GUMICS, it will be easier to determine the actual distributions to explore how the models
statistically compare to the other models.

All of the models have very similar star ratings, with BATSRUS with RCM having the highest at 3.18 (3.17
nRMS) and OpenGGCM having the lowest at 2.64 (2.59 nRMS), for a mean spread of about 0.54 stars. BATSRUS,
GUMICS, and LFM have similar average star ratings with BATSRUS having a rating of 3.03 (3.08 nRMS), LFM
having a star rating of 2.84 (2.94 nRMS), and GUMICS having a rating of 3.0 (3.21 nRMS). These results indi-
cate that including an inner magnetosphere model makes a small, but statistically significant, difference to
the model results. While these results might be interesting, they most likely do not indicate whether a given
simulation will be better or worse with a given model, since there is so much spread around the mean rating
of each model. In addition, other factors, such as model resolution, may play a large role in determining the
star rating. These factors are not accounted for here but could be explored in further studies.

Table 2 shows the average errors for each of the three components of the magnetic field for each of the satel-
lites. The mean values for the Bx and By components for the GOES geosynchronous satellites were near 0,
while the Bz component had a strong positive value. This implies that the magnetic field in the majority of
the model runs was too dipolar, as would be expected if the tail current within the simulations was too weak.
For each of the other satellites that were not geosynchronous (Geotail, THEMIS X, and Cluster 1), the aver-
age of Bz was close to 0, indicating that the bias does not exist in the outer magnetosphere or at least away
from geosynchronous orbit. With more analysis, this bias can be investigated much further, exploring which
models had more bias, the local time dependence of the bias, and whether including a ring current model

Table 2. Satellites and Median Errors Associated With Each Component of the
Magnetic Field

Satellite Traces Bx By Bz

GOES 8 274 −1 nT 0 nT 13 nT

GOES 9 23 0 nT 1 nT 10 nT

GOES 10 370 −1 nT 0 nT 18 nT

GOES 11 204 −1 nT 0 nT 6 nT

GOES 12 315 −3 nT 2 nT 13 nT

Geotail 632 0 nT 0 nT −1 nT

THEMIS A 138 1 nT 0 nT 0 nT

THEMIS B 124 0 nT 0 nT 0 nT

THEMIS C 128 0 nT 0 nT 0 nT

THEMIS D 127 1 nT 0 nT 2 nT

THEMIS E 127 0 nT 1 nT 0 nT

Cluster 1 41 −1 nT 0 nT −1 nT
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helped to reduce the bias. This analysis is beyond the scope of the current study, which is simply introducing
the statistical analysis that can be done with these model results.

4. Summary

This study used 662 magnetospheric simulations conducted at NASA’s Community Coordinated Modeling
Center (CCMC) that were carried out for a variety of users within the community over the last 14 years. Satel-
lite trajectories were traced through each of these simulations to provide the magnetic field along the paths
allowing direct comparisons between the satellite data and the simulation results. The root-mean-square
(RMS) and normalized RMS error for each component of the magnetic field measured by each satellite were
sorted, and four demarcation lines were created to separate the results into five bins, ranked from 1 (worst
RMS or nRMS results) to 5 (best RMS or nRMS results). The demarcation lines were chosen such that the dis-
tribution of events would be 1, 3, 5, 3, and 1. The 1–5 ratings are termed “stars,” to be consistent with other
popular rating systems that exist. The ratings for each of the components for a given satellite were averaged,
and then all of the ratings for each of the satellites for a given run were averaged to give an overall star rating
for each of the 662 simulations.

From these star ratings, a few conclusions can be made:

1. When evaluating individual models, the difference between RMS and nRMS error does not appear to matter
much, since the star ratings for each model, when compared to other models, are very similar. When explor-
ing how models work as a function of activity level, the normalized RMS reduces some of the dependence
on activity, since both the errors and the background levels are larger during active time periods.

2. Runs with higher activity, as quantified by the Dst index, tend to have worse star ratings. This is especially
true in the data-model comparisons in the inner magnetosphere, indicating that the ring current dynam-
ics may play a role in this. This finding is similar to the finding of Rastätter et al. [2013], who showed that
coupling an MHD code to ring current model provided better results when compared to Dst during a
storm. Satellites that were not in the inner magnetosphere tended to have higher ratings during active time
periods.

3. There is a clear bias in the Bz component of the geosynchronous magnetic field simulation results, indi-
cating that the models do not have strong enough stretching of the dipole. This bias was not observed in
nongeosynchronous satellites.

4. The best model, as determined by the star ratings, was BATSRUS coupled to the RCM, which indicates that
the presence of an inner magnetosphere model improves the model’s ability to accurately reproduce the
magnetic field in the magnetosphere. When the inner magnetospheric model was not included (i.e., going
from BATSRUS with the RCM to BATSRUS alone), the star rating decreased by 0.10–0.15 stars.

5. Most of the models’ distributions of star ratings are statistically different from each other, indicating that
the models definitely have strengths and weaknesses that are unique, although GUMICS did not really have
enough model runs to statistically differentiate it from other models.
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