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Abstract Field-aligned currents (FACs) play an important role in the coupling between the ionosphere
and magnetosphere. Numerical simulation of these phenomena is of increasing interest, but validation has
been hampered by a lack of a formal framework to compare simulations to satellite-derived products. We
develop a statistical approach to compare FAC simulations from global magnetohydrodynamical models
against satellite products. We introduce a robust algorithm that automatically detects and defines regions
1 and 2 FACs. In an example, currents derived from the Iridium satellites are compared against simulated
currents from two resolutions of the Lyon-Fedder-Mobarry model on one solar event. We assess both
average and structured discrepancies, the former being a level shift of the physical model away from the
satellite product, while structural discrepancy refers to time-varying, continuous differences. For this event,
the lower resolution version of the Lyon-Fedder-Mobarry is shown to be a poor representation of the
satellite-derived FACs, while the higher resolution version substantially reduces discrepancy.

1. Introduction

A critical difficulty in developing geophysical models is validation; that is, assessing to what extent the model
isan adequate representation of reality. Typically, model validation is performed in an ad hoc way that involves
expert understanding and interpretation of model solutions, which sometimes can take the form of a quanti-
tative assessment. The aim of this paper is to develop a validation framework for the global magnetospheric
models of the near-Earth space environment with particular focus on field-aligned currents (FACs). We illus-
trate the method by validating the Lyon-Fedder-Mobarry (LFM) model against a set of Active Magnetosphere
and Polar Electrodynamics Response Experiment (AMPERE)-derived FACs.

We propose a statistical approach to quantify and account for relevant sources of uncertainty when per-
forming model validation, and that allows for formal testing of scientific hypotheses. Briefly, the approach
relies on developing a feature detection algorithm specifically designed to extract regions 1 and 2 currents
from the field-aligned current (FAC) simulation in the magnetospheric model as well as observational or
satellite-derived data products, followed by a statistical comparison of the two sets of currents. The feature
detection algorithm developed here works well with the FAC comparison but could be adapted to other
spatial quantities, e.g., auroral images or solar magnetograms.

Field-aligned currents, also known as Birkeland currents, between the magnetosphere and ionosphere rep-
resent one of the fundamental mechanisms for coupling these regions. Using observations from the Triad
satellite, lijima and Potemra [1978] constructed a map of large-scale structure of these current systems. In the
same work they also introduced concepts of regions 1 and 2 FAC patterns to describe the large-scale features
present in the observations during substorm intervals. These current patterns are also produced along with
the ionospheric convection and conductances using ground- and space-based observations by the assimila-
tive mapping of ionospheric electrodynamics technique [Richmond and Kamide, 1988; Richmond et al., 1998].
FAC patterns can also be derived statistically [Weimer, 2000, 2001].

More recently, the temporal evolution of the FAC structure has been observed by the Active Magnetosphere
and Polar Electrodynamics Response Experiment (AMPERE) [Anderson et al., 2002]. These studies involve using
the engineering magnetometer data on board the 66+ spacecraft distributed in six equally spaced polar
780 km altitude orbit planes. The contraction of the FAC patterns involves a spherical harmonic fit to the obser-
vations collected over a time period of approximately 10 min. The details of this process and the limitations of
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data reconstruction are described by Waters et al. [2001]. A data product routinely produced from this process
is a pattern of FACs on a polar magnetic grid with 15° resolution longitude and 1° resolution in latitude.

Numerous models now exist to simulate the interaction of the solar wind with the magnetosphere-ionosphere
system [Lyon et al., 2004; Wiltberger et al., 2004; Raeder et al., 2008; Tdth et al., 2012; Winglee et al., 1998;
Janhunen, 1996]. While there are significant differences in the numerical methods and capabilities of these
models, each includes a simulation of the electrodynamic coupling between the ionosphere and magne-
tosphere. Ridley et al. [2010] examined the impact of resolution, numerical scheme, and other parameters
on the ionospheric coupling, including the cross polar cap potential pattern and field-aligned currents within
the Space Weather Modeling Framework. Merkin and Lyon [2010] reported on how the choice of low-latitude
boundary condition on the electrodynamic solution can impact the structure of the magnetosphere-
ionosphere system. Raeder and McPherron [1998] examined the structure of the substorm current wedge
within the OpenGGCM framework. Validation studies conducted by the Community Coordinated Modeling
Center compared the model’s ability to reproduce geosynchronous magnetic field observations [Rastaetter
et al., 2011], the D,, index [Rastaetter et al., 2013], and ground magnetic field perturbations [Pulkkinen et al.,
2011, 2013]. Additionally, the LFM model has been a subject of statistical calibration and emulation based on
approximated features [Kleiber et al., 2013, 2014; Heaton et al., 2015]. It is noteworthy that these community,
metric-based validation studies have focused on comparisons with time series data sets at a collection of
observations and not with spatially distributed observational patterns.

Comparisons between the Iridium FAC reconstructions and results of global simulations are of prime inter-
est. Korth et al. [2004] compared the observations of FAC patterns during periods with steady solar wind
conditions for several hours to those produced with the LFM simulation. They found that the low resolution
versions of the simulations used did not reproduce region 2 FACs. Using an ad hoc detection method, Korth
et al. [2008] found that region 1 FACs in the LFM were approximately 5° poleward of the location seen in
the AMPERE data sets. More recently, Merkin et al. [2013] used high-time resolution AMPERE data along with
high-resolution LFM simulations to qualitatively show that the simulation reproduced the global features of
the 2-D FAC pattern. We note that while we illustrate our method on the LFM model, other models may also
be entertained, such as OpenGGCM [Vennerstrom et al., 2005], Grand Unified Magnetosphere-lonosphere
Coupling Simulation (GUMICS) [Juusola et al., 2014], or the Tanaka model [Tanaka, 2000].

2. Event and Simulation Data

The magnetospheric event we examine in this paper occurred on 3 August 2010 over approximately 90 min
over the Northern Hemisphere. The AMPERE product is from the Iridium satellite constellation, and this
particular event was previously examined by Merkin et al. [2013], who discuss the FAC derivation scheme.
The AMPERE product contains 2 min increments consisting of 10 min averaged values over 1707 UT to
1833 UT, resulting in FAC fields at 44 time points. Within this time frame, an interplanetary shock arrived at
approximately 1740 UT, followed by a coronal mass ejection.

The version of the LFM we use in this paper is run on massively parallelized super computers, and whose
simulations are available at multiple resolutions [Lyon et al., 2004]. Below we use two resolutions, which we
will refer to as double and octuple. The double resolution is the current standard implementation, while the
octuple resolution quadruples the resolution in each dimension. In particular, the double resolution has a grid
of dimension 53x48x 64, while the octuple resolution has a grid of dimension 212x192x256 in a nonuniform
distorted spherical grid (see Merkin et al. [2013] for details). The lower resolution version is computationally
feasible and can be run in almost real time, while the octuple version requires substantially more time on a
super computer.

Basic hypotheses regarding these data and simulations are that the octuple resolution provides a better
representation of the underlying physical process than the double resolution version of the LFM and, addi-
tionally, that the octuple resolution version is an adequate representation of the process. In the next section
we describe an approach to extract relevant FAC features from these various data sources, and the ensuing
sections provide a statistical framework for formally assessing differences between these differing model
resolutions and the AMPERE product.
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Figure 1. (bottom row) AMPERE product and (top row) octuple LFM with associated detected features at 1707 UT (columns 1 and 2) and 1825 UT (columns 3
and 4). Dark red (blue) corresponds to region 1 positive (negative) feature, while light red (blue) corresponds to region 2 positive (negative) feature. Color bar
units are uA/m?, and coordinates are in magnetic local time thermosphere; grey circles are 10° increments of latitude from the pole.

3. Feature Detection

Our approach to statistical validation of the LFM begins by applying a robust feature detection algorithm to
both the LFM and AMPERE product with a goal of identifying regions 1 and 2 positive and negative current
features that can then be directly compared. We give a brief overview of our detection algorithm here, leaving
the technical details to Appendix A.

The feature detection algorithm has three main components. Initially, the data are spatially smoothed to help
make features more pronounced and reduce noise. Second, the spatial field at each time point of the event is
segmented into a set of potential spatial features by thresholding. Finally, regions 1 and 2 features are chosen
from the initial segments using an algorithm that favors features exhibiting temporal persistence as well as
nightside and dayside symmetries.

Figure 1 illustrates some example features detected by our algorithm at two different time points for LFM and
AMPERE spatial fields. The algorithm successfully identifies and separates the salient regions 1 and 2 positive
and negative features present in the LFM model. We see similar performance for the AMPERE product, which
exhibits a more challenging scenario with substantial ringing artifacts in the data. Nonetheless, our algorithm
identifies features that correspond to and may be directly compared with the LFM features. Note that we are
able to identify features that contain spatially disjoint regions, such as region 1 negative feature at 1825 UT
in the AMPERE product. A simple thresholding approach to feature identification would be unable to capture
such groupings. We note that the algorithm would need to be slightly adapted if higher-latitude region 0
currents were present.

4, Validation and Analysis

We now describe a set of statistical procedures to assess the adequacy of the LFM’s ability to replicate the
AMPERE-derived estimate of FACs. Although we expect the higher resolution run to produce more accurate
representations of the AMPERE product than the lower resolution run, it is crucial to quantify the difference
between resolutions.

Two important physical components are the space-time extents of positive and negative regions 1 and 2
currents and the respective magnitudes of currents flowing through these regions. For each validation time
pointt = 1,...,44 (spanning 1707 UT to 1833 UT) of the event we statistically model the integrated current
of the AMPERE product, Y, double resolution LFM, D, and octuple resolution LFM, O, as
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Table 1. Estimates of the Level Discrepancy Shift of the Total Integrated
Current Between the Double (D) and Octuple (O) Resolution LFM Runs as
Compared To the AMPERE Product®

KD+ Ko+ HD1,— Ho1,—
—0.39(0.024) —0.07 (0.030) 0.80(0.049) —0.10(0.034)
@Biases are shown for region 1 positive (+) and negative (-) currents.

The octuple resolution version reduces bias by between 82% and 87% over
the double resolution. Units are log pA/m?2.

log [Yac® = ppc + Spc®) + g (1)
log |Dp (D] = g + Hppc + Src(®) + Oppc(D) + Epp (D)
l0g [0g c(D| = s + Hope + Spc(®) + 8opc(t) + €01 (M

separately for each region R = 1, 2 and current C = positive, negative.

The AMPERE-derived measurements are decomposed as a steady underlying mean state i, - plus a dynam-
ical term that evolves over time, Sg -(t). The simulation runs may exhibit some discrepancy from the satellite
product. The introduction of the logarithm is a standard statistical practice to reduce skewness and bring the
model residuals closer to normality; we note that the effect of this is that model errors are multiplicative, which
is reasonable for variables that are unsigned.

The process model contains a level mean i - that is present for both the AMPERE product and model runs,
while the model runs contain additional mean shifts upg c Or pigg that allow for possible overall magni-
tude errors of the LFM simulation. To capture the temporally evolving structure of the process over time, we
include a dynamic mean curve Sg (1) that is parameterized as a centered B spline with four knots across the
time domain. The double and octuple resolution LFM runs include the crucial 6, ¢ -(t) and 6, ¢ (t) quantities,
respectively, that are dynamical discrepancy functions. These discrepancy functions are a critical quantity of
interest and represent the amount by which (up to constant shifts in magnitude) the LFM adequately rep-
resents the AMPERE product. If the discrepancies are estimated as § = 0, the LFM simulation adequately
captures important physical aspects of the AMPERE product without apparent bias. Finally, the error processes
Epc>Eppcrand ¢ ¢ are assumed to be Gaussian white noise processes that are mutually independent.

Parameters of the statistical model (1) are estimated by ordinary least squares. Q-Q plots suggest that the nor-
mality assumption of the errors is justifiable (not shown). The estimated error processes exhibit some residual
temporal correlation; we experimented with more sophisticated statistical models that capture this corre-
lation; however, the results were quantitatively similar, so we maintain the current model formulation. Our
model distinguishes between average bias and structured bias. Average bias refers to the u.__ . term, whereas
structured bias refers to the time-evolving term 6. (t). Table 1 shows the estimates and standard errors for
the average bias for the positive and negative region 1 features. Both the double and octuple resolutions
have statistically significant average bias shifts from the AMPERE product, indicating that possibly higher res-
olutions than octuple are necessary to adequately reproduce the satellite estimates or that there are biases
present in the satellite product. However, the octuple version reduces bias by between 82% and 87% over the
double resolution version, resulting in about an order of magnitude reduction of bias. Thus, there is evidence
that the increased resolution version improves the LFM fit of the AMPERE product at an average level given
the dynamical terms.

To assess the structured bias terms, Figure 2 shows the time series for integrated current in region 1 positive
and negative features. Heuristically, the octuple resolution runs of LFM appear to represent the AMPERE prod-
uct substantially more so than the double resolution LFM. To formally quantify the visual difference, Figure 2
(bottom row) shows estimates of the structured bias term 3_’1,,(0 along with 95% joint confidence intervals.
The double resolution LFM displays relatively large deviations from zero in the discrepancy functions, while
the octuple resolution version generally contains zero in the uncertainty bounds. Echoing the results for the
level bias term, the octuple resolution version of the LFM is not statistically unbiased; however, there is
substantial evidence that the structural discrepancy from the AMPERE product is greatly reduced by using
the higher resolution version and indeed produces an almost unbiased replication of the satellite estimate.
Remaining error may be due to effects outside the realm of the MHD simulation.
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Figure 2. (top row) Comparison of octuple and double resolution LFM with the AMPERE region 1 features. Solid lines are spatially integrated currents, and
dashed lines are the fitted mean current curve for the octuple resolution (blue), double resolution (red) LFM runs, and AMPERE product (black). Curves are shown
for region 1 positive feature (columns 1 and 2) and negative feature (columns 3 and 4). (bottom row) Estimated discrepancies 6. g (t) with joint 95% confidence
intervals. Units are log pA/m?2,

The next step in our analysis considers the structure of the identified features, comparing the total spatial areas
of regions 1 and 2 features between the octuple resolution LFM and AMPERE product. The double resolution
LFM has many cases where region 2 currents are not present in the simulation, echoing Korth et al. [2004],
and given the relatively poor performance seen in Figure 2, we remove it from consideration. Additionally,
exploratory analysis suggested that inclusion of the logarithm terms of (1) was not crucial, so it is removed
from the statistical model. Areas considered are based on a unitless equal area azimuthal projection in which
parallels are concentric circles and meridians are equally spaced radial lines.

Figure 3 shows the temporal evolution of regions 1 and 2 feature areas, respectively, for the octuple resolution
LFM and AMPERE product. There is clear evidence of a level shift between the model and observed features,
in that for both regions 1 and 2 positive and negative features, the LFM simulates features that are inflated
compared to AMPERE. The associated discrepancy functions are also shown, and generally center about zero,
with some evidence of spatially varying bias. Region 1 negative feature discrepancy is not statistically different
than zero, suggesting that the LFM has a dynamical bias for this feature. Note that the magnitudes of the
discrepancy functions are approximately one order less than that of the level shift (x4, _ ), suggesting that we
can attribute most structural problems with the LFM to a constant bias in regions 1 and 2 feature areas.

5. Summary and Future Directions

Validation of global simulations of the magnetosphere-ionosphere system against observational data is a cru-
cial and difficult endeavor. A statistical approach is preferred, as it allows for formal quantification of various
sources of uncertainty and quantitative statements regarding adequacy of model fit (e.g., adequacy of the LFM
representation of the AMPERE product). We introduced a feature detection algorithm specifically designed
for robust field-aligned current detection and a statistical approach to test and assess the quality of the LFM
model in replicating satellite-derived FACs during a geomagnetic disturbance. We applied the feature detec-
tion algorithm to the AMPERE product and the LFM at two resolutions and compared the total integrated
currents and spatial extents of these features between the model and satellite estimates of FACs.

Our results support the scientific assessment that the higher resolution run is a better representation of the
satellite-estimated process than the lower resolution version. Indeed, the lower resolution version is widely
unable to generate region 2 currents throughout the geomagnetic disturbance. However, we also found that
there are still some statistically significant discrepancies between the LFM and AMPERE product even at a
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Figure 3. (top row) Areas of region 1 positive and negative features (columns 1 and 2, respectively) and areas of region 2 positive and negative features
(columns 3 and 4, respectively) for the octuple resolution LFM and AMPERE product. (bottom row) Estimated discrepancy function é....(t) with 95%

joint confidence intervals.

fine resolution, some of which can be attributed to model errors but the remainder of which indicates some
structural discrepancies between LFM'’s space-time evolution of the field versus that present in the AMPERE
estimate.

Future research may be devoted at adapting our algorithm to other quantities and considering other geo-
magnetic disturbance events. Indeed, it is a priori unclear that any LFM discrepancies will be consistent across
events, and further research is warranted to assess such a possibility. Statistical research may be directed
toward capturing the uncertainty in the algorithmic output, which can then be integrated into a more
complete understanding of the various sources of uncertainty and error in the physical and statistical models.

Appendix A: Feature Detection Algorithm

The feature detection algorithm has three main components. Initially, the data are smoothed to help make
features more pronounced and reduce noise; second, each time point is segmented into a set of potential
spatial features; and finally, regions 1 and 2 features are chosen from the initial set. The following subsections
detail each aspect of the full feature detection algorithm.

A1. Smoothing

In smoothing the data, we utilize a separable Gaussian kernel that separately weights the radial and angular
directions. The kernel is the product of two functions K, (r) = exp(—(r/4)), r indexing either latitude or angu-
lar distance and 4 (degrees latitude) acting as a bandwidth parameter that controls the amount of smoothing.
We set 4 = 0.0005 and 0.25 for latitude and angle, respectively, using Euclidean distance over latitude and
angular distance over angle. The results of the smoothing are twofold: the prevalence of ringing effects and
noise in the AMPERE product and model data are reduced, and the coherence of features in the model output
is increased considerably. The smoothing is performed on the spatial fields separately for each time point.

A2. Image Segmentation

After smoothing the data, we proceed to determine which parts of the data are features that might be
included in region 1 or 2 currents. To this end, a novel image segmentation algorithm is required. The
algorithm, which is applied separately to each spatial field at all time points, takes the following steps:

1. Find all local minimums and maximums of the data.
2. Starting at the largest local maximum, add this point to the current segment then check the neighboring
data points of this starting location to see if they are above a certain threshold (we use the 88% quantile
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based on positive values for the positive features and the 24% quantile based on negative values for the
negative features). These values were identified after extensive exploratory testing.

3. If a neighboring point is above the threshold, it is added to the current segment.

4. Iterate steps 2 and 3 until no more points can be added to the segment.

5. Remove all points of the current segment from the image; repeat steps 2-4 for the next largest local
maximum.

6. Repeat steps 2-5 until a user chosen number of segments are found; we find five segments for both positive
and negative data.

7. Repeat the process for negative segments by choosing local minima.

It should be noted that as the algorithm iterates, the thresholds adapt to the remaining available data that are
notin a previously completed feature. This allows for features with lower maxima than those in features found
previously to have a larger spatial extent. In particular, region 2 features, especially the positive current feature,
found using adaptive thresholds are more pronounced than when the threshold is fixed. Operationally, the
thresholds are chosen as user-defined quantiles of the data.

A3. Choosing Regions 1 and 2 Features

Once a set of spatial segments for each time point has been found, we aim to group and identify these as
features in either region 1 or 2 (or neither), depending on the total current in the feature, its area, and its spatial
location. This section outlines the procedure by which the features are grouped into region 1 or 2. We give
the details for positive currents; the algorithm is applied in the same way to negative currents.

1. Use theimage segmentation algorithm to find a given number of positive segments for each time point. We
set this number to five; our exploratory results suggest that including more segments does not substantially
enhance the final feature.

2. Choose the initial region 1 feature as that with the largest magnitude of the total current among the
segments that are more poleward than the average segment detected in step 1.

3. All potential region 2 features are weighted by a weight function that accounts for latitude and angular
measures of candidates (details below). The resulting feature with the largest total weighted magnitude is
chosen as region 2 feature.

4. A remaining segment is added to region 1 if its area is greater than 1/3 that of the initially chosen feature
in step 2 or its current is at least 1/2 that of the initially chosen feature in step 2.

In step 2, the choice of identifying the initial region 1 feature among the higher-latitude segments is to avoid
the scenario when the total region 2 current is larger than that of region 1. Although this may sometimes occur,
Coxon et al. [2014] find that region 1 currents still tend to be larger than those of region 2. In this scenario, this
step may fail if too many segments are identified in step 1; we did not run into misidentification problems in
the current study, but more study cases are warranted.

The process of choosing region 2 features merits further discussion, as we require information regarding a
feature’s location and area in addition to current. It is frequently the case that region 1 feature has larger
current than region 2 feature, so choosing region 2 features based solely on current often results in miscat-
egorizing region 1 feature. To this end, we introduce a weight function that penalizes unphysical segments.
The feature’s latitude is given weight as a function of its location relative to the latitude of the data set with the
strongest current; features with latitude closer to the highest peaks in the data receive more weight, whereas
features farther away from this latitude are given less weight. The angle of the feature is given weight accord-
ing to the function (cos (9 — ¢) + 1) /2, where 0 is the angle that the centroid of the feature in question makes
with the horizontal axis and ¢ is the angle at which the segment falls. This function has a maximum of 1 at
¢ and a minimum of 0 at ¢ — =, so higher weight is given to features with angle measures near ¢. In our
experience, setting ¢ = 0 works well for most time points when looking for region 2 positive features, and
setting ¢ =37 /4 for the AMPERE data or ¢ = = for the model output gives good results for region 2 nega-
tive features, though the parameter ¢ can be set to a different value for any particular time point. The full set
of weights is then found by multiplying both the radial and angular contributions with the area of the corre-
sponding features; each of the positive and negative features with the highest of these weights, not counting
region 1 features, is chosen as region 2 features.

Finding region 2 negative currents requires a slight adjustment to the radial component of the weight
function, as ringing artifacts in the AMPERE products have the largest impact when choosing region 2
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negative feature. To accommodate, we change the radial weighting parameter such that it is higher for smaller
latitudes and only consider negative features with latitudes larger than that of region 1 positive feature. We
use the area and angle weighting parameters as before.

Two drawbacks to this method of choosing region 2 features are readily apparent. The first is that only one
feature is chosen to be in region 2, while there might be another feature in the feature set which is a part of
region 2 positive currents; the second is that the angle ¢ is user specified, with the possibility that it may be
chosen as time dependent. Developing a method to determine an optimal angle measure for each time point
could be a topic of future inquiry.

The algorithm outlined above identifies physically meaningful features in most cases, but there are still times
it may fail. We augment the algorithm by temporal smoothing, sharing feature information between adjacent
time points. In particular, we introduce two additional weighting parameters to check the features for overlap
across past and future time points. These weighting parameters are determined by the number of points in
the current time feature that is shared by features in the previous time point and the future time point.
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