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Abstract Recently, Stephens et al. (2023), https://doi.org/10.1029/2022ja031066 utilized a data mining
(DM) algorithm, applied to 26 years of magnetospheric magnetometer observations coupled with a flexible
formulation of the magnetospheric magnetic field, to reconstruct the global configuration of the magnetotail
when the Magnetospheric MultiScale (MMS) mission observed tail reconnection in situ. Of the 26
DM-reconstructed MMS reconnection events, 16 had a B, = 0 isocontour within ~?2 Earth radii (Rg) of the
observed reconnection location. Another eight had a B, minimum region, identified using B, = 2 nT
isocontours, within ~ 2Rg. This consistency suggests that the structure of tail reconnection is correlated with the
substorm/storm state of the magnetosphere, as reflected by geomagnetic indices and solar wind conditions. We
verify these results using new validation methods and by comparing in-sample (including event data) to out-of-
sample (excluding event data) reconstructions. We first benchmark the architecture of the reconstructed
magnetic field using 100 randomly generated magnetic fields containing tail X- and O-lines, resolving 77 of
them with three false positives. Next, we quantify the consistency of the reconstructions in resolving the
reconnection location using a skill score relative to random chance. 88% of the in-sample and 75% of the out-of-
sample scores are positive, confirming that the reconstructions resolve the location of tail reconnection better
than random chance. Last, a bootstrapping analysis, which refits the model architecture to 100 random
resamples of data, shows standard deviations in B, of $1 nT, indicating that the DM approach is not overly
sensitive to the particular sampling of magnetometer records.

Plain Language Summary The Earth's magnetotail is a region on the nightside of Earth where the
interaction between the Earth's intrinsic magnetic field and the solar wind stretches the field. Magnetic
reconnection occurs within the electric current sheet at the center of the stretched magnetic field, leading to a
reconfiguration of the magnetotail and the energization of charged particles. Tail reconnection is a crucial
process in large-scale space weather events, including geomagnetic storms and substorms. Knowing where and
when tail reconnection occurs during these events is necessary to understand how they work. A spacecraft can
observe tail reconnection when it flies through the region where it occurs, as the Magnetospheric MultiScale
(MMS) mission has done, finding at least 26 tail reconnection events. The magnetic field configuration for these
events was reconstructed using a data mining-based algorithm that searches through decades of space magnetic
field observations for data when the tail was in a comparable storm and substorm state. The identified data
constrain a mathematical model representing the tail magnetic field. A previous study showed that the
reconstructed magnetic field was generally consistent with the observed reconnection locations. This study
further supports the prior one by using more advanced methods.

1. Introduction

Magnetic reconnection is a fundamental process of space plasmas that converts energy stored in the magnetic
field into particle kinetic and thermal energy (Hesse & Cassak, 2020). In the Earth's magnetosphere, reconnection
readily occurs at the dayside magnetopause when the interplanetary magnetic field (IMF), carried by the solar
wind, contains a southward component, BLMF <0 (e.g., Newell et al., 2007, and refs. therein). Dayside recon-
nection connects the Earth's magnetic field to the IMF, initiating the Dungey cycle (Dungey, 1961). Dayside
reconnection is relatively well understood from first principles (Borovsky, 2008; Cassak & Shay, 2007) and its
location can be modeled empirically (Trattner et al., 2007, 2012, 2021). In contrast to dayside reconnection,
magnetotail reconnection is often explosive in nature (Sitnov, Birn, et al., 2019) and its location is relatively
unknown (e.g., McPherron, 2016) due to the rarity and sparsity of in situ observations within its vast volume.
Knowing the location of tail reconnection is crucial to understanding the global dynamics of the magnetosphere
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during active times, as it drives key space weather phenomena such as magnetospheric substorms (Baker
et al., 1996; Hones Jr, 1979; Hones Jr, 1984; McPherron, Russell, & Aubry, 1973) and geomagnetic storms
(Angelopoulos et al., 2020; Miyashita et al., 2005; Sciola et al., 2023). The location and evolution of magnetotail
reconnection, along with the global structure of the surrounding magnetic field, have implications for the kinetic
physics describing substorm onset (Sitnov, Birn, et al., 2019). The radial location also determines the magnitude
of the reconnecting magnetic field and thereby how much energy is available for particle heating (Angelopoulos
et al., 2020). The local time position of reconnection in the tail correlates with the location of the substorm current
wedge and thus also with its ionospheric and ground manifestations (Nagai & Shinohara, 2021). Further, if the
location of reconnection is known, particularly for a specific event, this information can guide first-principles
models. For instance, tail reconnection can be initiated in the observed location during global magnetohydro-
dynamic simulations by placing a region of finite resistivity into the Ohm's law equation, thereby enabling event-
specific substorm simulations (Arnold et al., 2023).

Magnetotail reconnection can be observed in situ when a spacecraft travels through where charged particles are
demagnetized, termed the diffusion region (DR). Due to the smaller gyroradii of electrons relative to ions, the
smaller electron DR (EDR) is embedded within the larger ion DR (IDR) (Shay et al., 1998), thereby making
fortuitous spacecraft encounters of the IDR more likely. The magnetic field topology within the DR resembles the
letter “X” when viewed from the x-z plane (in the Geocentric Solar Magnetospheric or GSM system), which
extends roughly along the y direction, forming an X-line. Earthward of the X-line, the magnetic field possesses a
northward component (Bz > O) and the bulk reconnection plasma outflows stream toward the Earth (v, o, > 0),
while tailward of the X-line these are reversed (B, <0 and v, ,,; <0). Along the X-line itself, the z-component of
the magnetic field should be at or near zero (BZ = 0). Therefore, a spacecraft traversing across a diffusion region
will observe a correlated reversal in the z-component of the magnetic field and the x-component of the plasma
bulk velocity (Ueno et al., 1999). An additional observational signature of reconnection within the DR region is
the presence of Hall electric and magnetic fields (Eastwood et al., 2007). Tailward of the X-line is a second
magnetic neutral line termed the O-line, reflecting the magnetic topology where the field lines now encircle the
neutral line (Dungey, 1953; Fukao et al., 1975; McPherron, Russell, Kivelson, & Coleman, 1973; Stern, 1979).

A method for elucidating information on the statistical location of tail reconnection is to perform systematic
surveys searching for the aforementioned reconnection signatures. Using this approach, Eastwood et al. (2010)
identified 18 tail reconnection sites using Cluster data. Several similar surveys have been conducted using the
Geotail mission, the most recent being Nagai et al. (2023), which identified 243 tail reconnection events. Using
this large set of reconnection events, the authors concluded that tail reconnection primarily occurred between
—30 <x< —23Rg, although intense solar wind driving, characterized by periods with significant negative vBM"
where v is the opposite of the x-component of the solar wind velocity, shifted the reconnection site closer to Earth.
Under nominal conditions, tail reconnection is more frequently observed in the pre-midnight (dusk) sector and
shifts dawnward/duskward during intense/weak driving. These findings largely confirmed and refined earlier
Geotail investigations, which used a smaller number of events (Nagai et al., 1998, 2005; Nagai & Shino-
hara, 2021). Using a combined reconnection event list from the Geotail and Cluster missions, Genestreti
etal. (2013, 2014) developed an empirical occurrence rate model for tail reconnection as a function of the x and y
position. They found a relatively constant occurrence rate as a function of x from —15 to —30Rj with a clear bias
in the y position toward dusk. A similar survey was later conducted using data from the Magnetospheric Mul-
tiScale (MMS) mission, identifying 26 IDR events (Rogers et al., 2019, 2023).

Stephens et al. (2023) reconstructed the magnetotail magnetic field during these 26 IDR events, labeled events
A-Z, using a data mining (DM) based empirical reconstruction algorithm, termed SST19 (Sitnov, Stephens,
et al.,, 2019; Stephens et al., 2019). SST19 resolves the magnetospheric magnetic field using an analytical
formulation that models the primary magnetospheric current systems in a manner similar to classical Tsyganenko-
style empirical magnetic field models (Tsyganenko, 2013; Tsyganenko, Andreeva, Kubyshkina, et al., 2021).
However, in contrast to these earlier “modular” empirical magnetic field models, SST19, along with its prede-
cessor TSO7D (Sitnov et al., 2008; Tsyganenko & Sitnov, 2007), represents the equatorial current systems using
flexible expansions and utilizes a DM algorithm to capture the temporal evolution of the magnetosphere. Such
flexible approaches, with a large number (~ 10?~10%) of degrees of freedom, were made possible by the ever-
increasing quantity of magnetospheric space missions along with nearly continuous monitoring of the solar
wind by L1 spacecraft since the mid-1990s. The DM algorithm is based on the k-nearest neighbor (kNN) classifier
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method (Wettschereck et al., 1997). The global storm/substorm state of the magnetosphere is characterized by a
low-dimensional state space (Vassiliadis, 2006), composed of both storm and substorm geomagnetic indices, their
time derivatives, and the strength of the solar wind driving (Stephens et al., 2019). This approach was first applied
to storm reconstructions (Sitnov et al., 2008; Sitnov & Schindler, 2010; Stephens et al., 2016) and was
later tailored to substorms (Shi et al., 2024; Sitnov, Stephens, et al., 2019; Stephens et al., 2019; Stephens &
Sitnov, 2021). The feasibility of this DM-based empirical picture of substorms was subsequently confirmed using
a similar methodology that likewise employed the kNN method, albeit with a different storm/substorm state space
and a different model architecture based on cylindrical basis functions (Tsyganenko, Andreeva, Sitnov,
et al., 2021). Earlier SST19 empirical reconstructions of substorms identified potential tail reconnection regions
(Sitnov et al., 2021; Sitnov, Stephens, et al., 2019; Turner et al., 2021), characterized when the reconstructed
magnetic field had a zero z-component (B, = O) within the neutral sheet. However, it was not evident at the time
whether the reconstructed reconnection regions matched their true locations during these events. Stephens
et al. (2023) addressed this by reconstructing the 26 MMS observed IDR events (Rogers et al., 2019, 2023) using
SST19 and comparing the observed location of reconnection to the reconstructed z-component of the magnetic
field within the neutral sheet. Of the 26 IDR event reconstructions, 16 resulted in B, = 0 isocontours that were
<2R; of where MMS observed an IDR. Another eight IDR reconstructions were instead near (§2RE) a B,
minimum region, defined by B, = 2 nT isocontours. Thereby, 24 of the 26 IDR event reconstructions were
consistent with the observed IDR location. However, there were issues regarding the generalizability of these
findings, particularly since the SST19 reconstructions utilized MMS magnetometer data collected during the
events, referred to as “in-sample” data records.

The consistency between the SST19 reconstructions and the IDR observations motivates further validation of the
DM approach (described in Section 2.1) and the corresponding magnetic field architecture (Section 2.2). In
particular, it is important to verify that the SST19 magnetic field is sufficiently flexible to capture the topological
changes of the tail magnetic field. Section 3 benchmarks the model architecture against known magnetic field
distributions that contain magnetotail X- and O-lines. It is also important to quantify the IDR matching quality for
future comparison with other similar reconstructions. The following section, Section 4, addresses this by aug-
menting Stephens et al. (2023) analysis with an additional 29 months of MMS magnetometer data while also
excluding data from the event being reconstructed, so-called out-of-sample reconstructions, thus quantifying the
degree to which the in-sample records aid reconstruction accuracy. Section 5 performs a bootstrapping analysis of
one of the events, thus quantifying SST19's sensitivity to sampling noise. The findings are summarized in
Section 6.

2. Methodology: SST19 Data Mining Reconstruction of the Magnetotail

The data mining (DM) based empirical reconstruction algorithm employed here largely matches that of earlier
substorm reconstructions (Motoba et al., 2022; Sitnov, Stephens, et al., 2019; Stephens et al., 2019, 2023; Turner
etal., 2021). The algorithm is comprised of two primary components: The first being the DM aspect (Section 2.1),
in which the entire space magnetometer archive is mined for records from times similar to the particular time step
being reconstructed, which imparts the time-dependence to the reconstructed magnetic and current density field,
while the second component (Section 2.2) consists of the analytical structure that describes the morphology of the
primary magnetospheric current systems and their associated magnetic fields. The formulation of the model
architecture descends from the modular approach (Tsyganenko, 2013; Tsyganenko, Andreeva, Kubyshkina,
etal., 2021), in which the total magnetic field is decomposed into a superposition of fields generated by individual
sources: B, = By, + By By, is the magnetic field generated by currents internal to the Earth, commonly
represented by the International Geomagnetic Reference Field (IGRF) model (Alken et al., 2021), while By,
corresponds to fields produced by currents external to the planet, here, assumed to be magnetospheric in origin:
By = B + Bpac + Byp, where By, Bpac, and Byp are the magnetic fields due to the equatorial, field-
aligned, and magnetopause currents respectively. Classic modular models further decomposed the equatorial
currents, for example, into their contributions from the symmetric ring current (SRC), partial ring current (PRC),
and tail current (e.g., Tsyganenko & Sitnov, 2005). However, beginning with Tsyganenko and Sitnov (2007), a
new approach was leveraged which instead represented the magnetic field of the equatorial currents using a
flexible basis-function expansion, allowing the morphology and interaction between the SRC, PRC, and tail
current to be dictated by the data. A flexible FAC description would later be adopted as well (Sitnov et al., 2017).
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2.1. Dynamic Evolution Using Data Mining

The analytical structure of the model contains several free variables (detailed in Section 2.2), including linear
amplitude coefficients, which determine the magnitude of the magnetic field systems, along with non-linear
parameters, which typically describe the physical properties of the current systems such as their location and
size, both of which are determined by fitting them to magnetometer data. The time dependence arises from
generalizing these variables to be functions of time. The earliest empirical magnetic field models simply binned
the available magnetometer data by the Kp index and performed separate fits for each bin (Mead & Fair-
field, 1975; Tsyganenko, 1989). Subsequent models instead employed dynamical response functions, where the
free variables in the analytical model structure were themselves made functions of solar wind conditions and
geomagnetic indices (Tsyganenko, 1996, 2002b; Tsyganenko & Andreeva, 2015; Tsyganenko & Sitnov, 2005). A
new DM approach was devised by Sitnov et al. (2008). For each time step, originally at a 1-hr and later upgraded
to a 5-min cadence, during a storm the entire archive of space magnetometer data is mined for a small subset of
data from other events when the magnetosphere was in a similar storm state based on the storm index Sym - H, its
time derivative, along with a proxy for the solar wind driving vBLMF. This approach was later applied to substorms
by also adding the substorm index AL and its time derivative to the state space (Stephens et al., 2019), termed
SST19. Subsequent studies would use the SuperMAG analogs (Gjerloev, 2012) for the storm, SMR (Newell &
Gijerloev, 2012), and substorm, SML (Newell & Gjerloev, 2011), indices.

2.1.1. k-Nearest Neighbors Method and Fitting Procedure

Storms and substorms represent repeatable dynamical responses of the magnetosphere due to solar wind driving,
and their aggregate effect, as observed by ground-based magnetometers, can be distilled down to metrics termed
geomagnetic indices (e.g., Liemohn et al., 2018; Menvielle et al., 2010). Based on the systems theory approach
(Vassiliadis, 2006), the DM algorithm presupposes that the combined global storm and substorm state of the
magnetosphere can be characterized using a small number of state variables, termed a state space. For any given
time step, the current storm/substorm state of the magnetosphere corresponds to a state-vector within this state
space, G(7). As a storm and/or substorm progresses, G(¢) will trace out a trajectory within this state space, and
similar storms and/or substorms will trace similar trajectories. In this way, the state space is conceptually similar
to the phase space in Hamiltonian dynamics (Goldstein & Safko, 2002). As such, it is crucial to include not only
geomagnetic indices but also their time derivatives. The state space utilized here is identical to that of Stephens
et al. (2023). The combined storm and substorm state of the magnetosphere is represented by the 5D state vector,
G(#), where the components are composed of the SMR and SML indices, their time derivatives, and the degree of
solar wind driving reflect by vB™MF, where, as described before, v is the opposite of the x-component of the solar
wind velocity and BM" is the southward component of the IMF defined as B = —B™F when BM" <0 and
BiMF = 0 otherwise. The 1-min time series for SMR and SML were obtained from the SuperMAG (Gjer-
loev, 2012) webpage (https://supermag.jhuapl.edu/indices) while the data describing the solar wind conditions
(v, BMF, Py,,) were obtained from 5-min OMNI data (Papitashvili & King, 2020). Each component of the 5D state
space is smoothed in time, the SMR index is pressure-corrected to remove contributions from the magnetopause
and induction currents (Gonzalez et al., 1994; Tsyganenko, Andreeva, Sitnov, et al., 2021), and discretized by
sampling at a 5-min cadence as is detailed in Stephens et al. (2023).

To illustrate the workings of the DM algorithm, consider a particular query time step, r = @, for which a
reconstruction is sought. This corresponds to a state-vector, GW = G(t(q)), in the 5D state space. Surrounding
this state vector in the state space will be other state vectors from similar dynamical events when the magne-
tosphere was presumably in a similar global storm/substorm configuration. This subset of similar points, G, is
termed the k-nearest neighbors (NNs), where the number of points in the subset is given by kyy. Thus, the
algorithm resembles the kNN lazy learning classification method (e.g., Wettschereck et al., 1997). The proximity

between the query point, G9, and the NNs, G, is defined using the Euclidean distance metric,
2
2 () : )
GGk
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where each component of G is standardized by dividing by its standard deviation, 6, computed over the entire
state space. Note that standardization does not require subtracting the mean, as is done with the z-score, since the
component differences are computed in Equation 1. The subset of NN in state space has a corresponding subset
of magnetometer records, B;Obs) observed at the locations r_l(."bs), from the space magnetometer archive (described
below). Generally, the number of NN magnetometer records, Syy, is not equal to the number of NNs in state
space, kyn, as there can be multiple spacecraft records for a given NN (recall each NN in the state space cor-
responds to a time step). The 432 linear amplitude coefficients and 10 non-linear parameters defining the SST19

architecture (Section 2.2) are then fit by minimizing the weighted root-mean-square differences between the
SSTI9 reconstructed (modeled) magnetic field, B{™” = By,(x{*”), and the observed field, B, over the

subset of Syy magnetometer records:

Z,'SEF W](_RS) W) 2

0= | w5 @
). (SS
T
2 _ (obs) (mod)\2 (obs) (mod)\2 (obs) (mod)\2
& = (B —B0) + (B —B°Y) + (B - B} ®)
(SS) (RS)

where the weighting functions, w;™>" and w;"™, apply weights based on the distance in the state space and real

space, respectively. The latter, W](«RS)(}’), accounts for the inhomogeneity of data as a function of radius thereby

weighting each record such that the total weight as a function of r is roughly constant, that is, records from regions
with a large density of data are given smaller weights while records from sparse regions are given larger weights,

as is described in Tsyganenko and Sitnov (2007). The former, wj(-ss), distance-weights the magnetometer records

based on their distance to the query point (the time step being reconstructed) in state space, with NNs closer to the
query point receiving larger weights (Sitnov et al., 2020; Stephens et al., 2020). The state space-based weighting

is defined using a Gaussian function:
N\ 2
1 R(J)
WS = exp|—=[—2 , @)
J 2 O—RNN

where Ryy is the radius of the NN hypersphere, that is, the distance of the farthest NN from the query point in state

space: Ryy = max(R;j)). The variable ¢ determines the width of the Gaussian function. Larger values (6 % 1)

negate the impact of distance-weighting, while smaller values (¢ 0.2) effectively remove the farthest NNs from
the fit due to their near-zero weights, which risks overfitting. Previous studies found that ¢ = 0.3 improves
reconstruction fidelity while minimizing overfitting (Stephens et al., 2020), and, as such, this value is retained
here. Note, magnetometer records taken concurrently with the reconstruction time step, = @, the in-sample
records, will receive the largest possible value of w_l(-ss) = 1 since Ry) = 0. The objective function, Equations 2
and 3, is minimized by applying the singular value decomposition pseudo-inversion method to the over-
determined linear least squares problem (Jackson, 1972; Press et al., 1992) to determine the linear amplitude
coefficients, which are nested within the Nelder-Mead downbhill simplex algorithm (Nelder & Mead, 1965) to
solve for the non-linear parameters.

2.1.2. Space Magnetometer Archive

This study utilizes the space magnetometer archive from Stephens et al. (2023) except that the MMS portion
(Russell et al., 2016; Torbert et al., 2016) of the archive was extended. The archive consists of magnetospheric
spacecraft magnetometer observations beginning in the year 1995, approximately coinciding with the availability
of nearly continuous L1 solar wind monitoring by the Wind spacecraft. The archive inherits data from IMP-8,
Geotail (Kokubun et al., 1994), the Geosynchronous GOES-8, 9, 10, and 12 satellites (Singer et al., 1996)
compiled for Tsyganenko and Sitnov (2007), which is averaged to a 15-min resolution through the end of 2005.
This was later augmented to include Polar (Russell et al., 1995), Cluster (Balogh et al., 2001), THEMIS (Auster
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et al., 2008), and Van Allen Probes (Kletzing et al., 2013) data averaged to a 5-min resolution covering until the
end of 2015 (Stephens et al., 2016; Stephens et al., 2019). Subsequent studies would also add MMS data to the
archive, which proved critical in resolving the B, = 0 nT isocontours associated with magnetotail reconnection
sites (Sitnov, Stephens, et al., 2019; Stephens et al., 2023). Here, the MMS data set has been augmented again to
include MMS data through May 2023, using a 5-min averaging cadence. Several filters have been applied to the
magnetometer records, including limiting the data to observations taken when the spacecraft was inside the
magnetopause boundary, determined either by visual inspection or via an empirical magnetopause model (e.g.,
Shue et al., 1998). Data from equatorial orbiting spacecraft are excluded when r < 1.5Rg to remove potentially
noisy measurements associated with spacecraft attitude uncertainties, while data from polar-orbiting satellites use
a larger radial filter, r < 3.2Rg, to remove the large magnetic field deviations caused by low-altitude FACs. The
final filter only allows data within r < 36.0R; to avoid biasing the reconstructions with sparse data beyond this
distance. In total, the archive consists of 9,220,244 time-averaged magnetospheric magnetometer records
spanning radial distances 1.5R; <r<36.0Rg, 1,816,238 of which are from MMS, representing a 46% increase in
the quantity of MMS data compared to Stephens et al. (2023).

2.2. SST19 Architecture
2.2.1. Equatorial Current System

The foundation for the magnetic field description of the equatorial current systems is the magnetic vector potential
solution of a current sheet derived in Tsyganenko and Sitnov (2007): Bgpeeq = VX Agpeer- The solution comes
about by assuming an infinitely thin current sheet in cylindrical coordinates (p, ¢, z), thus allowing its magnetic
field to be represented as a scalar potential, y,..., Whose form takes the general solution to Laplace's equation.
Using the method from Stern (1987), the equivalent vector potential, Agpee, is found from yg,.... Although this
solution is only valid for an infinitely thin current sheet, now that it is represented as a vector potential, a finite

thickness is imparted by making the variable substitution { = 4/z2 + D?, introducing a characteristic half-
thickness parameter D = D(p, ¢). The resulting magnetic field is a basis-function expansion taking the form

N M N
Byea(p. .2) = 3 ap, B, + 3 D (al B+ al5) BY). 5)
n=1

m=l n=l

(s)
where B, B©

© “and B are basis functions possessing azimuthally symmetric, odd (sine), and even (cosine)

symmetry respectively; while a,,, are the corresponding amplitude coefficients. To account for dynamic pressure
effects on the equatorial current distribution, these amplitude coefficients are themselves made functions of Pgy,

by replacing each one by agg = agy’)aﬂ + a(ly’)aﬂ Py, thus doubling their number. The values M and N dictate the

number of expansions to be used and hence the spatial resolution of the equatorial current system, with M cor-
responding to the azimuthal resolution and N to the radial resolution. Here, as with previous applications of
SST19, these hyperparameters are set to (M,N) = (6,8), corresponding to 208 linear coefficients. These (M, N)
values allow the architecture to resolve the current systems associated with substorms in the near-tail and midtail
(Stephens et al., 2019), such as the substorm current wedge, while limiting overfitting (Stephens & Sitnov, 2021).

2.2.2. Embedded Thin Current Sheet

During the substorm growth phase, the magnetotail develops a multiscale current sheet structure where an ion-
scale thin current sheet (TCS) is embedded within the thicker plasma sheet (e.g., Artemyev & Zelenyi, 2012,
and references therein). To mimic this structure, SST19 used two of the above equatorial expansions (Stephens
et al., 2019):

Beq = Bsheet,D + Bsheel,DTCS’ (6)
where B,y p represents the magnetic field due to the thicker plasma sheet while B, p, ., describes the embedded
TCS. The original SST19 model assumed a spatially constant current sheet thickness for both current sheets, that

is, D = const and Dycs = const, with the constraint Dycg < D, although they were allowed to vary as a function
of time. However, if the physical mechanism of the emergence of the ion-scale TCS is the presence of figure-eight
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Speiser (1965) proton orbits as theory suggests (Sitnov & Arnold, 2022, and refs. therein), then the structure of
Drcs should be spatially varying. This is because the orbit size of Speiser trajectories depends on the magnitude of
the lobe magnetic field, which decreases with increasing distance along the magnetotail (Wang et al., 2004),
meaning Dycg should thicken at farther distances. To account for this effect, Stephens et al. (2023) utilized a form
of Dycg that monotonically increased with increasing p. This structure performed as anticipated throughout the
magnetotail but resulted in the thinnest portion of the TCS residing near the planet. However, earthward of the
transition region, the magnetic field morphology is categorically different from the magnetotail as the approxi-
mately dipolar internal field becomes the dominant magnetic field source. Therefore, here we adopt a different
form of the TCS that allows a gradually thickening TCS at farther distances down the tail while also enabling a
thicker TCS in the near-Earth region:

Drcs(p.¢) = Dy tanh (fp) + a exp (—¢p). M

The first term, D, tanh(fp), represents a monotonically increasing thickness asymptotically approaching the
thickness value Dy, at large p. The parameter f regulates how quickly, as a function of p, the thickness approaches
Dy. The second term, a exp(—ep), acts to thicken the TCS in the near-Earth region, where the parameter a de-
termines how thick the near-Earth TCS gets while ¢ determines how quickly, as a function of p, the near-Earth
TCS thickens.

2.2.3. Additional Details

This description of the equatorial current system presupposes that it is centered about the equatorial (x-y) plane. In
reality, non-zero values of the dipole tilt angle and B;MF deform the location of the neutral sheet off the equatorial
plane (Tsyganenko et al., 2015; Tsyganenko & Fairfield, 2004; Xiao et al., 2016). To account for these effects, the
equatorial magnetic field is deformed via application of the general deformation technique (Tsyganenko, 1998),
specifically by using the “bowl-shaped” deformation (Tsyganenko, 2014; Tsyganenko & Andreeva, 2014). This
introduces three more non-linear parameters which describe B: the hinging distance Ry which controls the
degree of bending in the x-z plane, the warping parameter G which warps the equatorial current sheet in the y-z
plane, and the twist parameter 7W which rotates the current sheet about the x-axis.

In summary, the architecture for the magnetic field, B,,, generated by equatorial currents contains 416 linear

eq
amplitude coefficients and eight non-linear parameters: D, Dy, @, f, €, Ry, G, and TW. Other elements of the
SST19 description of the magnetic field include those generated by field-aligned currents (FACs) and magne-
topause currents, Bgac and Byp respectively, along with the expansion and contraction of the magnetosphere in
response to changes in the solar wind dynamic pressure, Pyy,,. These elements remain unchanged from all previous
SST19 versions and introduce 16 additional linear amplitude coefficients and 2 non-linear parameters, xg; and
Kro, Which determine the spatial size, and thereby the latitudinal range, of the region-1 and region-2 FACs

respectively (Sitnov, Stephens, et al., 2019; Stephens et al., 2019, 2023).

3. Benchmarking the Model Architecture Using Prescribed Magnetic Field
Distributions

To validate and benchmark that the SST19 architecture and its corresponding equatorial spatial resolution can
reconstruct global-scale X- and O-lines, the model is fit to a prescribed magnetic field distribution containing an
X- and O-line in the magnetotail. The prescribed distributions are constructed by inserting a disk current system
into the magnetotail as is described in the next Section 3.1, while the fitting procedure is detailed in Section 3.2.
This is performed for 100 randomly generated disks, and the comparison between the prescribed and recon-
structed X- and O-lines is quantified in Section 3.3.

3.1. Prescribed Magnetic Field Distributions Containing Magnetotail X- and O-Lines

The prescribed magnetic field distribution is constructed by embedding a disk-like current system into the
magnetotail of an earlier-generation empirical magnetic field model, as shown in Figure 1. The external field,
B.,, is described using the T96 model (Tsyganenko, 1995, 1996). T96 is configured using typical values cor-
responding to a moderately driven magnetosphere: Pyy, = 3 nPa, BiMF = —4 nT, and Dst = —50 nPa. For
simplicity, North-South symmetry is preserved by setting the dipole tilt angle and the y-component of the IMF to
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Figure 1. Prescribed magnetic field distribution containing an X- and O-line in the magnetotail. (a) The equatorial
distribution of the z-component of the magnetic field of the T96 and dipole magnetic field models. (b) The corresponding
equatorial distribution of the magnitude of the current density. The direction of the current density vectors is indicated by the
overplotted arrows. Panels (c, d) The same as panels (a, b) but for a disk current system, Disk 29 in Figure S1 of Supporting
Information S1, centered at ry = (—22.0, —3.2,0.0)R;. The black line indicates the B, = 0 isocontour. Panels (e, f) The same
as panels (a, b) but for the combined field. The resulting distribution now contains an X- and an O-line indicated by the
earthward and tailward edges of the black B, = 0 isocontour. The magnitude of the disk current is scaled such that

B,(ry) = —2nT.

zero: ¥ =0, BIyMF = 0, which also aligns the magnetic equator with the equatorial (x-y) plane. The internal field,
B,y is defined using the dipole approximation of the International Geomagnetic Reference Field (IGRF) (Alken
et al., 2021) evaluated on 1 January 2010, 00:00. The combined T96 and dipole magnetic field distribution is
shown in Figure 1a and the corresponding current density, y,j = V X B, distribution is displayed in Figure 1b.
To this distribution, the magnetic field due to a westward flowing disk current system, By (Tsyganenko &
Peredo, 1994), is added as shown in Figures 1c—1f.

The implementation of B is based on the disk-like current system used to describe the tail current in the T02
model (Tsyganenko, 2002a), where the magnetic field is defined to be the curl of the azimuthal magnetic vector
potential given by

5t /1—1F

Ayp.¢,2) = P;ﬁw’
p o 2

LS s

®)

SO =\Jp+ b+ + )

S =\ (o= b+ + )

{=1/2 + Dy
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Table 1

Consistency Between the Reconstructed Magnetotail Magnetic Field and the IDR Location Observed by MMS

IDR rior (Re) BU (nT) BU (nT) sy S
A (—19.3,-11.8, 0.8) 6.8(7.6) 8.9(8.5) 0.11 —0.05
B (—17.6,3.3,1.7) 3.0(7.7) 3.8(8.2) 0.61 0.54
C (—24.1,14,4.4) 0.8(3.5) 0.93.4) 0.77 0.74
D (=242, 1.3,4.5) 1.2(4.2) 2.4(4.2) 0.72 0.42
E (—21.5,4.1,3.8) 1.03.4) 3.3(3.6) 0.70 0.09
F (—=18.1,7.3,0.7) 4.1(5.8) 4.1(5.9) 0.29 0.31
G (-=20.6, 9.1, 3.5) 0.2(5.8) 2.6(5.5) 0.97 0.52
H (—22.9,9.0,2.3) 0.2(3.1) 1.5(3.0) 0.94 0.50
I (=23.0,8.9,2.2) 1.8(3.7) 3.03.7) 0.51 0.19
J (—18.9, 13.0, 0.4) 1.1(4.2) 1.3(4.2) 0.74 0.70
K (—16.4,4.4,3.8) 3.94.2) 2.7(3.8) 0.07 0.29
L (—18.8,16.1, 1.1) 3.1(5.1) 6.7(5.0) 0.40 —0.35
M (—19.2, 125, 1.6) 2.0(6.7) 8.0(5.8) 0.69 —0.36
N (=9.5, 12.6, —0.1) 8.6(10.6) 9.2(11.1) 0.19 0.17
(0) (—-21.1, 13.3,0.8) —1.0(5.7) 5.1(5.5) 0.82 0.06
P (-21.1, 13.1, 1.0) 1.0(5.5) 4.8(5.8) 0.81 0.18
Q (—18.2, 15.9, 1.3) —1.1(7.5) —13.6(7.4) 0.86 —0.84
R (=175, 127, 3.1) —0.5(5.2) 2.1(5.4) 0.91 0.62
S (—24.0, 8.3, 4.2) 0.6(4.3) 2.7(4.5) 0.86 0.39
T (—13.0, 13.3, 0.4) 2.7(7.9) 4.7(8.2) 0.66 0.43
U (=219, 6.5, -0.9) 0.5(4.1) 0.8(4.1) 0.88 0.80
v (=28.1, 2.7, 3.5) 1.0(5.5) 1.7(5.6) 0.82 0.69
W (—28.1, -2.8, 3.5) 1.6(4.8) 2.1(4.8) 0.67 0.57
X (=275, -4.9, 1.5) —0.9(4.3) —1.9(4.3) 0.78 0.55
Y (—=25.0, 3.0, 4.6) —0.1(3.9) 0.3(3.7) 0.98 0.92
z (=117, 112, 0.9) 5.5(4.5) 7.1(4.6) —0.22 —0.54
Med N/A 1.1(4.9) 2.9(4.9) 0.73 0.41

Note. The first column indicates the IDR event, labeled A—Z, while the second column states the location of MMS when the
IDR was observed, in GSM coordinates (Rogers et al., 2019, 2023). The third and fourth columns show the z-component of
the reconstructed magnetic field evaluated at the MMS location for the in-sample and out-of-sample reconstructions,
respectively. The values inside the parentheses indicate the mean of these values due to random chance. The fifth and sixth
columns display the skill score of the in-sample and out-of-sample reconstructions, respectively, compared to random chance.
The last row shows the median of the columns over the 26 events, except the third and fourth columns evaluate the median of
Bgi"l‘]))R| and {Bg?]))R| respectively instead.

The values of f,, b;, and ¢; were found by fitting the terms of the expansion to a prescribed current distribution as is
detailed in Section 2.2 of Tsyganenko (2002a). The fit values are given in Table 1 of that work. The quantity Dy;q,
defines the current sheet half-thickness of the disk, here assumed to be a constant of Dy, = 2Ry, where this value
was chosen as it approximately matches the current sheet thickness of the tail current system in the T96 model.
The disk current is further generalized to allow the size and center of the disk current system to change by
modifying the position vector: Big (r) = AgigBlis (a(r — 1g)), where Bl is the unmodified field given by the
curl of Equation 8, ry is the center of the disk current system, « is the rescaling factor, and A is the amplitude
coefficient. Setting a > 1 shrinks the diameter of the current disk. For example, a current disk system configured
with the values of ry = (=22.0, —3.2,0.0)R; and a = 2.63 is displayed in Figures ¢ and 1d. The amplitude of
the system, Agig = 1.33, is set to a value such that the z-component of the total magnetic field,
Bio: = Bros: + Baip, + Baisk .- evaluated at ry is =2 nT, as is indicated in Figure le. The value By (o) = —2
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Figure 2. Fitting the SST19 architecture to a prescribed magnetic field distribution. (a) The meridional distribution of the y-
component of the current density of the prescribed magnetic field containing an X- and an O-line as shown in Figure 1. Field
lines, originating from the Earth's surface, are shown by the black lines, with select field lines colored as indicated. (b) The
equatorial distribution of the z-component of the prescribed magnetic field containing an X- and O-line as indicated by the
earthward and tailward edges of the black B, = 0 isocontour. The panel is the same as (Figure le). (c, d) The resultant SST19
reconstructed magnetic field and current density distributions after fitting the SST19 architecture to the prescribed distribution.
The set of spacecraft locations used to sample the prescribed distribution is shown by the gray circles in panel (d).

nT was chosen because it is a typical value of the magnetic field tailward of reconstructed X-lines, as reported in
Stephens et al. (2023). For example, see their Figure 2, which shows that the regions of negative B, associated
with tail reconnection have typical values of —1 to —3 nT. The radius of this disk, defined as the distance from r;
to the site of the maximum current density magnitude, max(jdisk), is 7gisk = 5.89Rg.

The resulting combined magnetic field, B, = Brog + Bgip + Bgie, and its corresponding current density are
shown in Figures le and 1f. It demonstrates how the embedded current disk generates a roughly circular region
within the tail where B, , < 0. The black contour represents the By, = 0 isocontour. The earthward edge of this
isocontour corresponds to a magnetic X-line while its tailward boundary marks the location of an O-line. This
structure approximates the reconstructed magnetic field distribution during IDR events (Stephens et al., 2023).

3.2. Fitting SST19 to Prescribed Distributions

The above-described prescribed magnetic field distributions can now be utilized to qualitatively and quantita-
tively benchmark the degree to which the SST19 empirical magnetic field model architecture described in
Section 2.2 is capable of reconstructing magnetotail reconnection sites. SST19 is fit by sampling the prescribed
magnetic field at a representative distribution of spacecraft locations identified using the DM procedure described
in Section 2.1, specifically, the set of locations used to reconstruct the observed IDR during Event H, 2017-207
(26 July) 07:00, from Stephens et al. (2023). In particular, see their Figure 6e showing the distribution of
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spacecraft locations (gray dots) in the equatorial (x-y) plane. Any spacecraft locations located beyond the T96
magnetopause are discarded. The fitting procedure follows the one described in Section 2.1.1 but with some

modifications. First, the observed magnetic field vectors, B;Obs) in Equations 2 and 3, are replaced by evaluating

the prescribed magnetic field at the sample spacecraft locations, rJ(ObS)

non-linear parameters, which is computationally expensive, particularly for the next section where 100 randomly

. Second, to avoid repeatedly refitting the

generated distributions are fit, a constant set of parameters is used while fitting each tail X- and O-line distri-
bution. This set of non-linear parameters is determined by sampling the T96 field distribution without a disk
current system (Figure 1a). Afterward, the linear amplitude coefficients are found by sampling the combined T96
and disk current systems. Third, as dipole tilt-related deformation effects are not considered in this section, the
non-linear parameters Ry, G, and TW are irrelevant and were excluded from the fit. Finally, in this context the
weights described in Equation 4 do not have a precise meaning and to more accurately mimic the distribution of
weights from a real event, the same weights were assigned to each magnetometer vector that was determined
when fitting the IDR from Event H, 2017-207 (26 July) 07:00. Note, the SST19 architecture contains an
embedded TCS as is described by Equation 6. As the T96 model does not include this embedded TCS structure, it
was found while fitting the non-linear parameters that the thickness of the thick current sheet became very large,
D = 15.5Rg, thus making its contribution to the reconstructed magnetic field negligible.

Figure 2 displays the result of fitting the SST19 model architecture to the prescribed magnetic field distribution
shown in Figure 1, comparing the prescribed magnetic field and current density distributions (top panels) to the
reconstructed distributions (bottom panels). The locations of the spacecraft used to sample the prescribed field are
indicated by the gray dots in Figure 2d. Generally, the reconstructed distributions, including the location of the
B, = 0isocontour, match the prescribed ones. There are some notable differences. First, the T96 model features a
penetrating IMF field module, as evident in the magnetic field lines that cross through the magnetopause boundary
in Figure 2a. The inclusion of this field also generates Chapman-Ferraro currents. In contrast, the domain over
which SST19 is valid is confined to inside the magnetopause. Second, SST19 underresolves the inner magneto-
sphere, including the magnitude of the westward ring current and the location and magnitude of the eastward ring
current. This is expected because the number of expansions included in the description of the equatorial current
system, (M,N) = (6,8) from Equation 5, was chosen to prevent overfitting the tail region, thereby underresolving
the inner magnetosphere, as was discussed in detail in Stephens and Sitnov (2021). Third, the reconstructed B,
distribution contains a spurious region of negative B, as shown in the upper right of Figure 2d. This region contains
no spacecraft locations; therefore, the reconstructed field is unconstrained by data. More generally, the spacecraft
magnetometer archive used here, described in Section 2.1.2, contains little data beyond the apogee of the Geotail
mission at 7 = 31Rg. For this reason, we restrict the benchmarking and validation analysis to r <31Rg.

3.3. Uncertainty Quantification Using Randomly Generated Magnetotail X- and O-Lines

To quantitatively assess SST19's fidelity at reconstructing a variety of magnetotail X- and O-lines, the above
analysis is repeated using 100 randomly generated disk currents embedded into the T96 magnetic field. The disk
centers, ry, are randomly selected from a uniform distribution ranging from x = [-35, —10]Rg,
y = [-20,20]Rg, z = ORg. The size of the disks is determined by randomly sampling 1/« from [0.05, 1] again
using a uniform distribution, corresponding to disk radii, ry;g, ranging from =1 to 14.5Rg. An additional filter is
added to ensure that each disk is primarily located within the magnetopause by requiring [ry,| + 7gisk <20Rg. As
described in Section 3.1, the amplitude of each disk, Agg, is selected such that the B,y ,(ry) = —2 nT. Figure 3
displays the first 20 randomly prescribed magnetic field distributions with the resulting X- and O-lines indicated
by the black B, = 0 isocontours with the variables defining the disk current systems, ry, @, Ak, and 745, shown
in the upper left-hand text box of each panel. The SI includes the remaining 80 prescribed magnetic field dis-
tributions in Figures S1-S4 in Supporting Information S1.

Using the procedure described in Section 3.2, the SST19 magnetic field architecture is fit to the prescribed
magnetic field distribution of each of the 100 randomly generated magnetotail X- and O-lines. The purple B, = 0
isocontours in Figure 3 (and Figures S1-S4 in Supporting Information S1) compare the fit X- and O-lines to the
prescribed ones. Of the 100, 23 are not successfully reproduced by fitting the SST19 architecture, meaning no
B, = 0 nT isocontour is reconstructed in the vicinity of the prescribed isocontour. There is a clear relationship
between the radius of the disk and SST19's capacity to reconstruct a region of negative B,, with the smaller disks
generally corresponding to failed reconstructions. Of the 15 disks with 74 <2.5Rg, only one (Disk 059) is
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O Failed Reconstruction
— r=31Re

successfully reconstructed, while 21 of the 23 failed reconstructions have
Circle Radii = 1/5" rgisk Tgisk < 3.5Re. Examples include Disks 001, 005, 007, 011, and 012 in Figure 3.
The two other failed reconstructions (Disks 060 and 053), have B, = 0 nT

isocontours located nearly entirely beyond » = 31R where the available data
is sparse. Excluding these two, every disk with a radius g > 3.5Ry is suc-
cessfully reconstructed. Disks 014 and 016 in Figure 3 demonstrate how the
reconstruction algorithm struggles to resolve B, = 0 nT isocontours located
beyond r = 31Rg. Meanwhile, the prescribed B, = 0 nT isocontours for
Disks 006, 015, and 018 straddle r = 31Rg. The portions earthward of this
boundary are well reproduced. Still, the tailward portions are not reproduced,
causing the reconstructed B, isocontours for Disks 006 and 018 to merge with
the magnetopause and to squash Disk 015 along the x direction. Therefore, we
can conclude the SST19 architecture and its equatorial resolution are gener-

Mean Difference (Rg)

ally incapable of resolving X-lines with short lengths $2.5Rp but can
reconstruct longer ones Z3.5R;; as long as they occur where data is generally

available.

To assess the fidelity of each reconstruction, the difference between the
prescribed and reconstructed B, = 0 nT isocontour is evaluated. To perform
this, first both the prescribed and reconstructed B, = 0 nT isocontours are

Figure 4. A summary of fitting the SST19 architecture to all 100 randomly found using a contouring algorithm with a discrete step size of %RE The

generated magnetic field distributions. The equatorial distribution of the
z-component of the T96 magnetic field (Figure 1a) is included in the
background for context and is not associated with the color bar. Each colored

lengths for each prescribed, Lp, and reconstructed, Ly, B, = 0 nT isocontours
are listed in the top row of the bottom left-hand text box in each panel of

circle is centered at ry while its radius is 1 of 7y The color of the circles Figure 3 (and Figures S1-S4 in Supporting Information S1). In computing
represents the mean distance between the prescribed and reconstructed B, = 0 these lengths, as well as the other metrics displayed in text boxes, only the
nT isocontours, computed within 7 < 31R, which is indicated by the purple  portion of the isocontour within »<31R; is included. In cases where the

line. Failed reconstructions, those with no B, = 0 nT isocontour in the vicinity
of the prescribed isocontour, are shaded gray.

isocontour intersects the magnetopause, the magnetopause boundary is used
to evaluate its length instead. To compare the contours, each step of the
prescribed B, = 0 nT isocontour is traversed, and the minimum distance between that step and the reconstructed
B, = 0nT isocontour is computed. The maximum and mean distances between the prescribed and reconstructed
isocontours for each of the 100 randomly generated prescribed fields are reported in the middle row of each
bottom left-hand text box. The last row in the text box indicates the percentage of the prescribed isocontour's
length within <2Ry of the reconstructed isocontour. Note that several of the prescribed B, = 0 nT isocontours are
located predominately or entirely beyond 31Rg (Disks 014, 016, 041, 051, 052, 055, 059, 084, 090), and, because
the metrics are only computed for the portion of the isocontours within r < 31Rg, this leads to spurious values in
the text boxes despite them being successful reconstructions. For example, see Disk 014 in Figure 3 where
Ly = 7.7Rg and Ly = 0.0Rg as the majority of the prescribed and the entirety of the reconstructed isocontour lie
beyond 31Rg. Generally, discounting these problematic disks, the successful reconstructions have a maximum
difference between the prescribed and reconstructed B, = 0 nT isocontours of <3Rg, a mean difference of <1Rp,
and Z90% of the reconstructed isocontour's length within <2Rj; of the prescribed one. Of the 100 reconstructed
magnetic field distributions, three contained false positives (Disks 012, 069, and 89), that is, they possess B, = 0
nT isocontours that were not near the prescribed ones (see the example of Disk 012 in Figure 3).

Figure 4 summarizes the results of this section showing: (a) SST19 is generally incapable of resolving small
(raisk S2.5Rg) X- and O-lines but successfully reconstructs larger ones (X3.5Rz), (b) the successful re-
constructions generally resolve the B, = 0 nT isocontours to a high degree of fidelity with mean differences of
<1Rg, and (c) SST19 struggles to resolve isocontours near or beyond the apogee of Geotail at » = 31R; where the
data availability dramatically decreases.

Figure 3. Fitting the SST19 architecture to 100 randomly generated magnetic field distributions. The equatorial distributions of the z-component of the prescribed
magnetic field, in a format similar to Figure 2b, for the first 20 (the additional 80 are shown in Figures S1-S4 in Supporting Information S1), are displayed. The black
line indicates the prescribed B, = 0 isocontour while the overplotted purple line shows the reconstructed B, = 0 isocontour, similar to Figure 2d. The top text box
displays the values of the variables defining the random disk, ry, a, Agg, and rgg., while the bottom text box shows metrics on the comparison between the prescribed and

reconstructed B, = 0 nT isocontour.
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4. In-Sample Versus Out-of-Sample Reconstructions

Typically, the disciplines of statistics and mathematical modeling use the terms “in-sample” and “out-of-sample”
in the context of model cross-validation (e.g., Anguita et al., 2012). To perform model cross-validation, the full
data set is partitioned into a training set and a validation set. The model is fit or trained using data contained in the
training set, and the resulting Goodness-of-Fit metrics are referred to as “in-sample” metrics. Meanwhile, the
validation set is withheld as an independent source in measuring the resulting model's generalization perfor-
mance, that is, how well the model can reproduce new or unseen data. Goodness-of-Fit metrics computed using
the validation set are referred to as “out-of-sample.” The concepts of in-sample and out-of-sample testing are also
used in the context of forecasting, where out-of-sample tests are generally considered the appropriate means for
determining the accuracy of a forecasting method (Tashman, 2000). In the context of this study, in-sample event
reconstructions are defined as those that use magnetometer records from the event itself in the fitting procedure
from Section 2.1.1, while out-of-sample reconstructions contain no data within the NN subset from the event
being reconstructed.

The prior study comparing the empirical magnetic field reconstructions of the magnetotail to the MMS-observed
locations of IDRs relied on in-sample methods (Stephens et al., 2023). Even though the in-sample data points
formed a relatively minuscule amount of the selected data for each reconstruction, on the order of dozens to a
couple hundred data records out of the &9 x 10" total data records used for each reconstruction, these in-sample
points could have a disproportionate impact on the reconstructions and their consistency with the MMS observed
IDR locations. The reasons being: (a) the distance-weighting in the NN parameter space represented by Equa-
tion 4 necessarily gives the largest weights to records during the reconstructed time step, (b) the preponderance of
records beyond the Cluster mission's primary apogee, r & 18Ry, are from MMS itself. Given these large weights
and lack of non-MMS data in this region of the magnetotail, with Geotail being the only other mission that largely
sampled here, the reconstructions may be drawn to or even overfit to match the observed location of the IDRs.
This also has implications for the predictive nature of the DM reconstructions, that is, given the time series for the
solar wind and geomagnetic indices used for the data mining procedure, how well does the DM algorithm predict
the location of magnetotail reconnection, assuming no concurrent spacecraft observations? If the in-sample re-
cords are critical in providing consistency between the DM reconstructions and the location of the MMS IDRs,
then the predictive capability of the DM algorithm in identifying the location of tail reconnection is low. To
address these issues, here, we replicate the investigation of Stephens et al. (2023) with the primary difference
being the new TCS structure defined by Equation 7 and the space magnetometer archive being augmented with an
additional 29 months of MMS data. Here, all 26 (labeled events A-Z) MMS observed IDRs from Rogers
et al. (2019, 2023) are reconstructed both with (in-sample reconstruction) and without (out-of-sample recon-
struction) magnetometer records from the event itself. To implement the out-of-sample reconstructions, all
magnetometer data records within £2 hr of the time step being reconstructed were excluded, based on the typical
substorm duration of ~ 2 hr (Partamies et al., 2013). The in-sample reconstructions employed no such restriction
and, given that magnetometer observations taken during the reconstructed event will be closest in the NN
parameter space, each in-sample reconstruction utilized some MMS data from the event itself. The precise
number of in-sample magnetometer records used for each in-sample reconstruction, and hence excluded from the
out-of-sample reconstructions, varied, ranging from 12 (or 0.013% of all records) for Events V and W up to 188
(0.213% of all records) for Events A and N. Note, since the space magnetometer archive only includes MMS data
after the year 2016 and the MMS survey of tail reconnection events began with the 2017 tail season, all in-sample
records are MMS observations.

All 26 IDR event reconstructions, both in-sample and out-of-sample, were fit using the same set of initial non-
linear parameters. The parameters defining the radially varying TCS structure, represented by Equation 7,
were initialized to Dy = 3.2R;, a = 2.4Rg, f = 0.03, and ¢ = 0.1, while the initial half-thickness for the thick
current sheet was set to D = 3.5Rg. These were chosen by exploring a range of different initial parameter values
and observing where they tended to converge during the fitting procedure. Meanwhile, the initial parameters
controlling the deformation of the equatorial current sheet were set to Ry = 8.14Rg, G = 2.6, and TW = 0.0.
The non-linear FAC parameters were initialized to xg; = 0.7 and kg, = 0.83. These values were chosen based on
those resolved in prior studies (e.g., Stephens et al., 2023). Each reconstruction ran for 120 iterations or until
convergence was reached. During the course of this investigation, the new TCS structure was found to be unstable
when fit using a large number of iterations. That is, when finding the optimal set of non-linear parameters, the
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Nelder-Mead downhill simplex method sometimes veers into nonphysical parameter spaces, an example being
negative values for the current sheet thickness. For this reason, additional constraints were placed to ensure a
physically consistent reconstruction. This was performed by evaluating Drcg at varying values of p sampling the
modeling domain: p = 0.1,1.0,10.0,20,36.0R. The first constraint prevents the TCS from becoming overly thin
or having negative values; at all sampled locations, the half-thickness of the TCS was constrained to be
Drcs > Drcs,mins Where Drcs min = 0.4Rg. This constrained value is approximately the thinnest half-thickness
resolved by Stephens et al. (2019), which used a spatially constant TCS. See, for example, their Figures 6f
and 7f, which display the time series for Dycg during a pair of substorms and a storm, respectively. The second
constraint, as with previous studies (Sitnov, Stephens, et al., 2019; Stephens et al., 2019, 2023), requires the TCS
to be thinner than the thick current sheet, Dycs < D, where D is the half-thickness of the thick current sheet from
Equation 6, at all sampled locations. A further constraint was imposed on the maximum thickness for D < D,,,.,
and thereby also Dycs, where D, = 5Rg. Third, assuming the thickness of the TCS is controlled by the lobe
magnetic field, then the current sheet ought to get thicker at larger radial distances (e.g., Sitnov & Schin-
dler, 2010). The constraint Dycs(p = 20Rg) < Drcs(p = 36Rg) was added to capture this behavior. Finally, the
primary motivation for adopting this new TCS structure was that the prior structure resulted in a monotonically
increasing thickness of the TCS with increasing radial distance (Stephens et al., 2023), meaning the TCS was
thinnest near the planet. This resulted in intense TCSs in the more dipolar inner magnetosphere, where the current
sheet is expected to be thicker than in the tail region. To enforce this, the constraint that
Drcs(p = 10Rg) < Dycs(p = 1Rg) was added. These constraints were implemented by returning a large value
in the objective function, Equations 2 and 3, thus forcing the Nelder-Mead simplex algorithm to avoid these non-
physical parameter spaces.

4.1. Qualitative Analysis of In-Sample and Out-of-Sample Reconstructions

Figures 5 and 6 compare the B, equatorial distributions of the in-sample to the out-of-sample reconstructions for
four of the 26 IDR events. For simplicity when plotting these distributions, the deformation of the equatorial
current sheet due to dipole tilt and B;MF effects is ignored by setting ¥ = TW = 0, which aligns the modeled
neutral sheet with the equatorial plane. Figure 5 demonstrates two events (Event N and Event Y) where the
in-sample and out-of-sample reconstructions are qualitatively similar based on the overall B, equatorial distri-
butions as well as the location of the B, = 0 isocontour. Event N occurred during the late main phase of strong
storm (min(SMRc) = —185 nT) during a period of steady solar wind driving (vBIM" ~ — 6 mV/m) and shortly
after a substorm onset which occurred at 06:20 UT (Forsyth et al., 2015) which would materialize into an intense
substorm expansion (min(SML) = —2166 nT). Meanwhile, the detection of the Event-Y IDR followed a period
of weak solar wind driving and dynamic pressure (Pyy, < 1 nPa) shortly following substorm onset (14:40 UT),
which would become a weak substorm (min(SML) = —105 nT). In both events, the reconstructed field is
consistent with the location of the observed IDR based on the equatorial distance to the B, = 0 nT isocontour,
Dy,1. Doyt 1s evaluated by projecting the IDR location to the equatorial (x-y) plane and determining the minimum
distance to the reconstructed B, = 0 nT isocontour while again ignoring deformation effects. For the in-sample
reconstructions (Figures 5c1 and ¢2), Dy,r = 1.9 and 0.5R; for events N and Y respectively. Meanwhile, the out-
of-sample reconstructions (Figures 5d1 and d2) possessed larger separations, Dy,r = 2.5 and 1.8R, for events N
and Y respectively, but were still relatively consistent, Dy, < 2.5Rj;, with the observed IDR location. The bottom
pair of panels (Figures 5Sel and e2) displays the difference in the B, equatorial distributions between the in-sample
and out-of-sample reconstructions. The B, differences for Event Y are relatively small, |B,| <2 nT, but are notably
higher for Event N. This is perhaps because of the storm-time nature of Event N, which occurred during a period
when the magnetosphere was compressed due to a high solar wind dynamic pressure, Py, = 7.83 nPa, resulting
in elevated values of | B,| throughout the magnetosphere compared to Event Y. However, Event Y's in-sample and
out-of-sample B, distributions are visually more distinct (compare Figure 5¢2 to d2) compared to Event N, despite
having lesser quantitative differences. For example, Event Y's in-sample B, = 0 nT isocontour is shifted
dawnward by several Ry relative to the out-of-sample one. The cause of this may be that Event Y's reconnection
region is farther downtail where the data coverage is more sparse, thereby allowing the in-sample records to have
a proportionally larger impact compared to Event N. Also, the reduced |B,| values throughout the magnetosphere
in Event Y, compared to Event N, mean that smaller quantitative differences can have a larger visual impact.

Conversely, Figure 6 illustrates two events, G and M, where the out-of-sample reconstructions are qualitatively
different and less consistent with the observed IDR location compared to the in-sample reconstructions. Event G
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proceeded a period of moderate solar wind driving and occurred around the time of a substorm onset at 23:58 UT,
although this substorm onset was embedded in the recovery phase of another moderately strong
(min(SML) = —524 nT) substorm which began approximately 90 min earlier (onset 22:34 UT). Event M
occurred during the middle of an approximately 2 hr long period of moderate solar wind driving (vBLMF ~ =3
mV/m) which generated a moderate storm (min(SMRc) = —57 nT) but led to a strong substorm
(min(SML) = —921 nT). The IDR was detected approximately half an hour after substorm onset (11:19 UT)
during the early recovery phase. In both events, the in-sample reconstructions (Figures 6¢1 and c¢2) contain re-
gions with B, <0 in the vicinity of the observed IDR, which are not present in the out-of-sample reconstructions
(Figures 6d1 and d2). Presumably, the relatively small number of in-sample records, 84 and 36 records for Events
G and M, respectively, pulls the fitting results to match the observed IDR location for these events. These figures
suggest that the global-scale location of some tail reconnection events is repeatedly correlated with the 5D
parameter space while for other events it is not. The comparisons between the in-sample versus out-of-sample
reconstructions for the remaining 22 IDR events are shown in Figures S5-S12 in Supporting Information S1
in a format similar to Figures 5 and 6.

Next, Figure 7 compares the MMS observed field (black line) to the in-sample (red line) and out-of-sample (blue
line) reconstructed magnetic fields during the +3 hr period when the IDR was observed for Events G and Y. The
largest deviations between the reconstructed and observed fields appear in B,. Although the in-sample field
generally follows but underestimates the magnitude of the B, variations, the out-of-sample reconstruction largely
misses the B, variations altogether. Event Y also includes a notable (10 nT) variation in B, as well around 23:00-
00:00, which again is more accurately, although not entirely, captured by the in-sample reconstruction. A po-
tential cause of these variations is spontaneous North-South flapping motions of the current sheet, which have
been observed in the magnetotail by MMS (Farrugia et al., 2021; Wang et al., 2019), which cannot be captured by
SST19. In a reference frame fixed to the reconnection site, these flapping motions manifest as North-South
deviations of the MMS trajectory as it traverses the reconnection site, resulting in oscillating B, and B, time
series (e.g., Schroeder et al., 2022; Waters et al., 2025; Wei et al., 2019). Meanwhile, both the in-sample and out-
of-sample reconstructions largely reproduce B, (note the tighter range on panel c). Regardless, the out-of-sample
reconstruction of Event G misses the B, reversal observed at 00:00, thus causing the inconsistent reconstruction
shown in Figure 6d1. At this time step, the MMS1 5-min averaged value is B, = —0.49 nT while the out-of-
sample value is B, = 2.6 nT. The in-sample reconstruction also does not resolve the B, reversal but comes
significantly closer with a value of B, = 0.15 nT. In contrast, the observed B, for Event Y (Figure 7c2) shows no
clear reversal at 5-min timescales and instead hovers near zero (|B,| 53 nT) for several hours, which is largely
reconstructed by both the in-sample and out-of-sample reconstructions equally well.

4.2. Uncertainty Quantification of In-Sample and Out-of-Sample Reconstructions

Next, we asses and compare the quantitative consistency of the in-sample and out-of-sample reconstructions to
the observed IDR locations using the value of B, evaluated at the location of the IDR, B, jpg = B,(rjpr), along
with the equatorial distance between the IDR and the B, = 0 nT isocontour, Dy,r. Values of B, jpg = 0 nT and
Dy, = ORg register a perfectly consistent reconstruction. Table 1 reports the values of B, pg for all 26 IDR
events, with the first and second columns stating the IDR event name and its location, while the in-sample and out-
of-sample B, pr values belong to columns 3 and 4, respectively. The last row displays the median of the absolute
value of B, pg across all 26 events.

Of the 26 IDR events, 15 in-sample reconstructions possess a |B, pr| < 1.5 nT, while only five of the out-of-
sample reconstructions do. Using a larger threshold, the number of IDR event reconstructions with
|B,ipr| <4.0 nT is 22 and 16 for in-sample versus out-of-sample, respectively. Further, 24 of the 26

Figure S. Comparison between two in-sample and out-of-sample IDR event reconstructions, Event N and Y, where the resulting B, equatorial distributions are
qualitatively similar to one another. (a) Time series of the SuperMAG storm, SMRc, and substorm, SML, indices in black and orange, respectively. The dashed and
dotted lines show their smoothed values, (SMRc| and (SML|. The vertical purple line corresponds to the reconstructed time step. (b) The solar wind electric field parameter,
VBE,MF , and the dynamic pressure, Pgyy, in black and orange respectively. The dotted black line shows the smoothed parameter (vBj|. (c) The equatorial distribution of the
z-component of the in-sample reconstructed magnetic field, ignoring deformation effects. The large green dot indicates the location of MMS when it observed an IDR while
the small gray dots show the spacecraft record locations contained in the NN subset used to fit the magnetic field architecture, locations are projected to the equatorial (x-y)
plane. Panel (d) The same as panel (c) but for the out-of-sample reconstruction. (e) The difference between in-sample and out-of-sample reconstruction.
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Figure 6. Comparison between two in-sample and out-of-sample IDR event reconstructions, Event G and M, where the resulting B, equatorial distributions are not
qualitatively similar to one another. The descriptions for the panels are the same as Figure 5 but for different events.
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Figure 7. Validating the in-sample and out-of-sample reconstructions of Event G (left panels) and Y (right panels). (a—c)
Time series of the components of the MMS1 observed magnetic field averaged to a 5-min cadence (black line) compared to
the in-sample (red line) and out-of-sample (blue line) DM-based empirical reconstructions in GSM. The time step when
MMS observed an IDR, rounded to the nearest 5-min, is indicated by the yellow vertical line. (d) The x (solid black line),

y (dashed black line), z (dotted black line), and radial distance (solid purple line) of the MMS1 ephemeris in GSM. (e) Time
series of the SuperMAG storm, SMRc, and substorm, SML, indices in black and orange, respectively. The dashed and dotted
lines show their smoothed values, (SMRc| and (SML|. (f) The solar wind electric field parameter, VBIZMF , and the dynamic
pressure, Pyy,, in black and orange respectively. The dotted black line shows the smoothed parameter (vBi|.

reconstructions have |BS:I']))R| < |BSI“I;)R|. This indicates the in-sample magnetometer records do indeed result in
more consistent reconstructions, which is also reflected in the median values across all events: 1.1 nT for
in-sample compared to 2.9 nT for out-of-sample. However, this comparative analysis does not address the pre-
dictive capability of these reconstructions. To assess this, we pose the question, how much more consistent are the
reconstructions compared to random chance?

Here, we use skill score, defined as S = AAZ‘;Z’L‘((;Z:‘;:fZ;y;gxf{fg;;‘:;:g (Liemohn et al., 2021; Murphy, 1988), to
quantify the predictive accuracy of the reconstructions. Skill score quantifies a modeled metric's “skill” relative to
some reference. A skill score of unity represents a perfect model, while a skill score of zero means the model
performs equally as well as the reference. Negative skill scores indicate worse performance relative to the
reference.

The reference used to evaluate the skill score is the mean value of B, jpg as if the IDR's location were randomly
located within the tail. The domain over which the random samples are drawn is limited to r = [15.7,29.3]R,
where the lower limit corresponds to the radial extent of the IDR nearest to the planet (Event N), while the higher
limit is the apogee of the MMS mission and represents the farthest point from which an IDR could have been
observed. The domain is also limited to be within the modeled magnetopause boundary for each IDR event
reconstruction. Thus, the domain represents the spatial range over which IDRs could have reasonably been
observed. For each IDR reconstruction, 5,000 (x,y) coordinates are randomly generated within this domain, and
B, 1andom for each sample is computed. Their mean values over the 5,000 random samples are reported inside the
parentheses in columns 3 and 4 in Table 1. The corresponding Skill Scores, computed as

Sp = mean(|Bz,random|) — B2k ©)
B, mean( | Bz,random |) ,
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Table 2 are listed in columns 5 and 6 in Table 1 for the in-sample and out-of-sample

Consistency Between the Reconstructed Magnetotail Magnetic Field and the
IDR Location Observed by MMS

Dl D D Dl
IDR (Re) (Re) sy S5 R (Re)
A 3.5(2.3) 3.92.4) -0.50 —0.63 0.0 -0.0
B 2.1(4.3) 2.6(4.1) 0.51 0.38 0.3 0.4
C 3.8(7.0) 13.8(9.5) 0.46 —0.45 —-0.6 —-0.7
D 10.0(6.2) 9.3(6.0) —0.61 —0.54 -0.5 -0.5
E 8.6(16.9) 8.5(16.9) 0.49 0.49 0.4 0.6
F 11.2(6.4) 11.6(9.4) -0.75 —0.24 —-1.2 —-1.4
G 0.3(9.1) 5.3(9.8) 0.97 0.45 1.1 1.1
H 2.2(4.5) 5.6(5.1) 0.51 —0.11 0.4 0.8
1 15.4(9.4) 16.3(9.8) —0.65 —0.67 0.2 0.3
J 8.1(7.9) 8.1(7.8) —-0.02 —0.04 -04 -04
K 5.2(6.9) 5.2(10.1) 0.25 0.49 —0.1 —-0.2
L 5.5(11.6) 3.6(7.5) 0.53 0.52 —-0.4 -0.3
M 0.9(3.1) 3.8(4.3) 0.71 0.12 0.6 0.1
N 1.9(6.4) 2.5(6.0) 0.70 0.58 -0.3 -0.3
(0] 0.1(4.1) 3.1(3.6) 0.97 0.14 0.8 0.4
P 30.4(36.7) 4.4(9.5) 0.17 0.54 -0.5 -0.2
Q 0.6(2.9) 2.5(3.5) 0.78 0.27 0.7 -0.1
R 1.2(3.4) 0.6(3.4) 0.64 0.83 2.8 2.7
S 2.0(13.0) 7.1(11.6) 0.85 0.39 1.4 1.0
T 1.6(4.2) 3.4(4.2) 0.62 0.18 -0.2 —-0.1
U 0.6(5.9) 2.3(6.3) 0.90 0.63 —-0.4 —-0.6
A 1.4(8.1) 1.6(7.9) 0.82 0.80 0.0 0.2
W 1.9(4.2) 1.8(3.6) 0.55 0.50 -0.1 -0.1
X 1.8(2.5) 1.8(2.5) 0.28 0.28 -0.2 -0.0
Y 0.5(10.9) 1.8(11.7) 0.96 0.84 0.4 0.7
Z 12.6(20.4) 13.7(7.1) 0.39 —0.94 0.0 0.2
Med 2.1(6.4) 3.8(6.7) 0.52 0.33 0.0 -0.0

Note. The first column indicates the IDR event, labeled A-Z. The second and
third columns indicate the equatorial distance between the location of the
MMS observed IDR and the reconstructed B, = 0 nT isocontour for the
in-sample and out-of-sample reconstructions, respectively. The values inside
the parentheses indicate the mean of these values due to random chance. The
fourth and fifth columns display the skill score of the in-sample and
out-of-sample reconstructions, respectively, compared to random chance. The
sixth and seventh columns display the z-distance between the observed IDR
and the location of the neutral sheet for the in-sample and out-of-sample
reconstructions, respectively. The last row shows the median of the columns
over the 26 events.

reconstructions respectively. For the in-sample reconstructions, all but one
(Event Z) have skill scores greater than zero, while 21 of the 26 out-of-sample
reconstructions possess a positive skill score. The median across all events is
St =0.73 and S3* = 0.41 for the in-sample and out-of-sample re-
constructions respectively. While this confirms the in-sample reconstructions
are indeed more consistent than the out-of-sample in reproducing a zero B, at
the IDR location, the out-of-sample reconstructions are notably better
compared to random chance and are thus somewhat predictive of the location
of reconnection in the tail.

Five of the out-of-sample event reconstructions possess a negative skill score
(Events A, L, M, Q, and Z), meaning they perform worse than random chance.
All five IDRs associated with these events were located quite far away from
midnight local time | yipr | > 11Rg. Other IDR events, such as Event N, O, and
P, also have low out-of-sample skill scores (<0.18) and are also located quite
far from the meridional plane ypgr > 12.5Rg. Perhaps this indicates that the y
location of these particular IDRs is far enough into the tails of the occurrence
rate distribution that they cannot be accurately reconstructed using out-of-
sample records. For instance, a statistical analysis of tail reconnection
events observed by Geotail showed that the occurrence rate dropped pre-
cipitously beyond y = [-8, +14]|R; with a peak between y = [+4, +8]Ry
(Nagai et al., 2023). However, Event J (y = 13.0R;) and Event R
(v = 12.7Rg) are likewise located near the tails of this occurrence rate dis-
tribution, but have out-of-sample skill scores >0.6.

The second metric used to assess the predictive capability of the re-
constructions is the previously described equatorial distance between the
B, = 0 nT isocontour and the location of the observed IDR, Dy,r. Table 2
reports Dg,r for the in-sample and out-of-sample reconstructions in the first
and second columns, respectively. For the in-sample reconstructions, 15 are
within Dy,r $2.1Rg, which is comparable to the findings of Stephens
et al. (2023) which classified 16 events as “hits”, defined as being
Dyt <2.0Rg. In contrast, only five out-of-sample events display such con-
sistency, although 14 are within Dy,r $4.0Rg. Overall, 19 in-sample re-
constructions possess a smaller value Dgy,r than their out-of-sample
counterparts, and the median across all events is also smaller, 2.1R; versus
3.8Rg. Overall, these results confirm that the in-sample magnetometer records
yield more consistent reconstructions.

These values are compared against their means, computed over the random
sampling described above, and are listed in parentheses in the second and
third columns of Table 2, along with their corresponding skill scores in the
fourth and fifth columns. Five in-sample and eight out-of-sample re-
constructions have a negative skill score, indicating they are less consistent
with the observed IDR location compared to random chance. Meanwhile, the

median Dy,r skill scores across the 26 events are ng) =0.52 and

SE;’;‘) = 0.33, which indicates that both the in-sample and out-of-sample re-

constructions result in lower equatorial distances between the observed IDR and the B, = 0 nT isocontour than

random chance alone would predict.

An alternative way to represent the skill of a metric is by using the mean-square-error (MSE) (Liemohn

et al., 2021; Murphy, 1988), in which the equation for skill score becomes:
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_1_ MSEmodel
s§=1 MSEreference ' (10)

where MSE is the sum of the square differences between modeled values and observations divided by the total
number of observations. Computing this based on the B, jpr metric results in skill scores of SSysg g, = 0.72 and
0.20 for the in-sample and out-of-sample reconstructions respectively, while its value based on Dy,r takes the
values of SSysg,p, = 0.43 and 0.21 respectively. Note, all four skill scores based on the MSE are lower than their
median values computed across the 26 IDR events shown in Tables 1 and 2. This is likely because the MSE-based
computation is more susceptible to outliers as it is based on the square of the differences.

5. Bootstrapping Test for Event Y Reconstruction

Bootstrapping quantifies an empirical model's sensitivity to the particular sample of data from which it is con-
structed (Efron, 1979; Press et al., 1992). When a model is fit to a set of data, that sample is drawn from a much
larger population of all hypothetical data representing the system. This inherently introduces sampling error,
where the sample is not fully representative of the population from which it is drawn, due to noise or biasing
issues. Knowledge of the true sampling error is not possible since the population is unknown; however, boot-
strapping introduces a method for estimating the sampling error by randomly resampling the sample. The model
can then be fit to this resample of data, termed a bootstrap, and compared to the model fit to the original sample to
estimate the sampling error. The bootstrap should contain the same number of records as the original sample,
meaning the bootstrap will contain repeated records, termed “sampling with replacement”, while other records in
the original sample will not be selected for the bootstrap, termed “out-of-bag” records (e.g., Martinez-Mufioz &
Suérez, 2010, and references therein). This bootstrapping process can then be repeated many times to quantify the
variability, for example, using metrics such as variance and standard deviation, of the model output due to
resampling. Note that bootstrapping does not reveal the actual error of the model; that is, it does not measure the
difference between the modeled quantity and its true value. Instead, it only estimates the model's sampling error.
However, it does provide a means for assessing the model error by comparing the model output to the out-of-bag
records. For the sake of brevity, such an out-of-bag analysis will not be conducted here and will be explored in a
future study.

Here, the bootstrapping approach is applied to the empirical reconstruction of Event Y (5 August 2020, 14:20).
The out-of-sample reconstruction of Event Y, shown in Figure 5, included Syy = 101,803 magnetometer re-
cords. These records are resampled with replacement to construct 100 different bootstrap samplings. The SST19
model architecture is then fit to each of these bootstraps using the procedure described in Section 4, using the
same set of initial parameters, same weights, and 120 iterations. Figure 8 displays the mean (panel b) and standard
deviation (panel d) of the equatorial distribution for the reconstructed external field, B, over the 100 bootstraps.
The mean of the bootstraps is compared to the original out-of-sample reconstruction (panel a) by plotting the
difference between the two in panel c. Overall, the largest differences, B, > 1 nT, appear tailward of Geotail's
primary apogee of r = 31Rg, where data is very sparse. Inside 31Rg, the differences are generally small,
|B,| <0.5 nT, except for regions along the duskside magnetopause where there happens to be a lack of data, in
which the differences reach |B,| ~ 1 nT. The standard deviation of B, in the bootstrap reconstructions displays
similar patterns, with the highest values, 6B, > 1 nT, located tailward of 31Ry. Earthward of this, 6B, $ 1 nT.

The bootstrapping analysis also allows for the investigation of the variability of the 10 free non-linear parameters

due to sampling effects. Table 3 shows the mean and standard deviation of the 10 parameters computed over the
O

s = 0.383). This parameter
dictates the degree of current sheet twisting in the tail (Tsyganenko, 2014), which is correlated with the solar wind

Bf.MF (e.g., Cowley, 1981; Sibeck et al., 1985; Zhang et al., 2002). The state space used for the DM procedure

(Section 2.1) does not include knowledge of the BIMF, therefore, the NN magnetometer records included in the

100 bootstraps. The twisting parameter, TW, has the largest relative variability (

reconstruction will likely include a wide variety of BLMF conditions, increasing the variability of TW. Future

studies can potentially mitigate this by adding a sixth parameter to the state space, which includes B{,MF. The

parameter with the next largest relative variability is €, with Z& = 0.114, while the remaining parameters have a

<€
relative variability below 0.1.
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Figure 8. Bootstrapping analysis of Event Y (5 August 2020, 14:20). (a) The equatorial distribution of z-component of the
out-of-sample reconstructed external magnetic field, By, ignoring deformation effects. The small gray dots show the
spacecraft record locations contained in the NN subset used to fit the magnetic field architecture projected to the equatorial (x-y)
plane. Panel (b) The same as panel (a) but now for the mean over the 100 bootstrap (resampled) reconstructions. (c) The
difference between the out-of-sample reconstruction and the mean over the 100 bootstrap reconstructions. Panel (d) The same as
panel (a) but now for the standard deviation over the 100 bootstrap reconstructions.

6. Discussion and Conclusions

In this study, we aim to further explore, validate, and quantify the fidelity of SST19 reconstructions of the
magnetospheric magnetic field during 26 magnetotail reconnection events (labeled A-Z) observed by MMS
(Rogers et al., 2019, 2023) as previously studied by Stephens et al. (2023). SST19 reconstructs the global storm
and substorm configuration of the magnetospheric magnetic field at a given time step by mining a multi-decade,
multi-spacecraft archive of space magnetometer data for a small subset of records from other times when the
magnetosphere was in a similar dynamical state (Section 2.1) and then uses that data to fit a flexible analytical
architecture (Section 2.2) used to describe the primary magnetospheric current systems. We have explored three
different aspects of the SST19 tail reconstructions:

First, in Section 3, we fit the SST19 model architecture by sampling prescribed magnetic field distributions that
contain magnetotail X- and O-lines. These distributions are constructed by inserting a disk current system
(Tsyganenko & Peredo, 1994) into the magnetotail of the T96 empirical magnetic field model (Tsyganenko, 1995,
1996). This was repeated 100 times by constructing disks of random sizes and at random locations within the
magnetotail. These distributions were sampled at a set of spacecraft locations determined using the k-Nearest
Neighbor data mining procedure described in Section 2.1.1, thereby mimicking a realistic distribution of sam-
ples used in the actual magnetic field reconstructions. This investigation revealed several findings. First, it
demonstrated that smaller X- and O-lines were generally not resolved using the SST19 architecture, while the
majority of the larger ones were successfully reconstructed. Although there was no precise disk size demarcating
the two regimes, generally disks of radius 23.5Ry were successfully reconstructed while those $2.5Ry; were not.
Presumably, using a larger number of equatorial expansions in SST19's description of the equatorial currents,
determined by the values (M, N) in Equation 5, would help resolve these smaller X- and O-lines, but this hazards
overfitting. However, a natural extension of this exercise can be used in future SST19 versions as a more rigorous
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Table 3 means of selecting the optimal value of (M, N) given a set value of kyy. For
Bootstrapping Analysis Non-Linear Parameters Describing SSTI9's example, two different spacecraft distributions can be used, one for fitting and
Architecture (Section 2.2.) for the Reconstruction of Event Y one for validation. As the number of expansions increases, that is, by using

Parameter ~ OoS value  Bootstrap mean Bootstrap ¢ Bootstrap ;-2

increasingly larger values for (M,N), the root-mean-square (RMS) differ-

mean

ences will decrease for both the fitting and validation sets. However, at some

b Sl S 2 bes value of (M,N), the validation set RMS differences will reach a minimum.
Do 4.30 4.57 0.35 0.076 Increasing the number of expansions beyond this will result in overfitting,
a 2.19 2.27 0.09 0.039 thereby increasing the validation set RMS differences. Thus, sampling pre-
0.0321 0.0317 0.0021 0.068 scribed distributions may provide a means of tuning the hyperparameters
6 0.11 0.11 0.01 0.114 describing SST19's architecture in an approach similar to model cross-
Ry 760 769 023 0.029 validation. Howe\./er, such .an appr.oach is not stralghtforward a§ the o.ptm.lal
value of (M,N) likely varies spatially due to the inhomogeneity of in situ

G 2.27 2.32 0.15 0.062 . . . . . .
spacecraft observations, meaning one spatial region may be underfit while
w 143 x 107 151 x 107° 058 x 107 0.383 another region is simultaneously overfit. A potential workaround is the
KR1 0.606 0.603 0.032 0.053 approach employed by Stephens and Sitnov (2021), in which different
KR2 0.912 0.852 0.036 0.043 equatorial model resolutions are effectively merged. It should be noted that

Note. The first column lists the parameter while the second column states its
fit value using the out-of-sample set of NNs (Section 4). The third and fourth

the benchmarking performed in Section 3 only tests the SST19 model ar-
chitecture and not the kNN data mining (DM) method. For example, in each

columns list the mean and standard deviation of these parameters after fitting ~ of the 100 randomized tests, the samples used to benchmark the architecture
SST19 to the 100 bootstraps (resamples). The fifth column displays the  are drawn from a single prescribed magnetic field distribution, whereas in the
relative variability of the parameter, defined as the ratio of its standard de- actual SST19 algorithm, they are drawn from different, although presumably

viation to its mean.

similar, distributions. This necessitates the additional analyses performed in

this study that affirmatively test aspects of the DM method. The entire SST19
algorithm, including its DM portion, could be benchmarked by simulating the magnetospheric magnetic field
using global magnetohydrodynamics-based models (e.g., Sorathia et al., 2020), and replacing the observed space
magnetometer records (Section 2.1.2) and observed geomagnetic indices with their simulated values. However,
such an approach would be computationally infeasible as the archive spans nearly three decades. Furthermore,
these simulations may need to be tuned to yield realistic magnetotail reconnection configurations (Arnold
et al., 2023).

In Section 4, we repeat the primary investigation of Stephens et al. (2023) and now perform both in-sample (using
data from the event) and out-of-sample (excluding data from the event) reconstructions. In particular, the out-of-
sample reconstructions reveal the predictive nature of the SST19 algorithm. The original study characterized the
consistency between the reconstructed magnetic field and the MMS observed reconnection location using a “hit”
analysis based on the distance to the reconstructed B, = 0 nT isocontour, Dy,r. Here, we continue to employ Dy,
but also use the value of the reconstructed field at the observed reconnection location, B, pr, as consistency
metrics, both of which have an ideal value of zero. The median value for |B,pr| across the 26 event re-
constructions was 1.1 and 2.9 nT for the in-sample and out-of-sample respectively, while it was 2.1 and 3.8R for
Dy, respectively. This indicates that the in-sample data records improve the consistency of the reconstructions.
However, an important element missing from the original analysis was a reference to compare the consistency
between SST19 and the MMS observations. We have addressed that here by evaluating the skill scores of Dy,
and B, pg referenced against random chance (Tables 2 and 3), that is, these skill scores quantify the degree to
which the reconstructions are better at resolving the reconnection location compared to random chance: a skill
score of one represents perfect consistency, zero is equivalent to random chance, and a negative score means it
performs worse than random chance. Combining both metrics, Dy, and B, pr, 88% (46 of 52) of the in-sample
reconstructions possess a positive skill score while 75% (39 of 52) of the out-of-sample reconstructions do. The
median skill scores across the events for |B,pr| are 0.73 and 0.41 for the in-sample and out-of-sample re-
constructions, respectively, while they are 0.52 and 0.33 for Dy, r, respectively. Therefore, although the in-sample
reconstructions have generally higher skill scores, the out-of-sample reconstructions indeed predict the recon-
nection location better than random chance. However, it is not known whether this method provides more
knowledge about the reconnection site than empirically derived occurrence rate models (Genestreti et al., 2013,
2014). This could be tested by replacing the uniform distribution used to draw the random samples when
computing the skill score with a distribution function based on the occurrence rate model.

STEPHENS ET AL.

23 of 28

8518017 SUOWILIOD 3AIKERID 3qedt|dde 3y} Aq paupnob ae ssole YO ‘8sn 0 Sa|nJ 10} ARig1TaUIUO AB|IM UO (SUOPUOD-PUR-SLLBYWI0D" A3 1M AfeIq 1 [BulUO//Sd1Y) SUORIPUOD PUe SWB | 8U188S *[9202/T0/20] Uo ARIgITaUIUO AB]IM * LoITRBpe- LRISSNY 8LIRILI0D - 03UBLeB/S | BI0X3IN A S96000HCSZ02/620T OT/I0p/w0o A3 1mAreq jput|uo'sqndnBey/sdiy woiy papeojumoq ‘T ‘9202 ‘0TZSE662



NI

ADVANCING EARTH
AND SPACE SCIENCES

JGR: Machine Learning and Computation 10.1029/2025JH000965

The last Section 5 performed a bootstrapping analysis on the SST19 reconstruction of Event Y (5 August 2020,
14:20). Bootstrapping is a technique used to estimate an empirical model's variability due to sampling. Here, we
constructed 100 bootstraps and computed the mean and standard deviations for the resulting magnetic field
distributions and SST19's free non-linear parameters. Overall, the magnetic field distribution was robust during
resampling, with differences and standard deviations being <1 nT across most of the modeling domain (Figure 8).
Likewise, the majority of the non-linear parameters were also robust during resampling with relative variabilities
near or below 10% (Table 3), the exception being the twist parameter TW. This finding motivates incorporating
B;MF into the kNN data mining procedure perhaps as a sixth state parameter. It should be noted that this boot-
strapping analysis was only performed for a single time step, and it is unclear whether the results are generalizable
to all times. For instance, there may be reconstructions where one or more outlier magnetometer records
significantly alter the magnetic field distribution, and as such, additional bootstrapping tests should be conducted
in future studies.

The quantitative analysis performed here provides a framework for future versions of the DM algorithm to be
validated, improved, and optimized, allowing for the pursuit of additional questions. The limited number (26) of
MMS-observed tail reconnection events hampers the statistical robustness of this study. However, a recent survey
of Geotail magnetic field and plasma data identified a much larger set (246) of tail reconnection events (Nagai
et al., 2023). Further, the current magnetometer archive is ripe for expansion. For instance, the Geotail portion of
the archive includes no data after 2005, thereby it is missing approximately 17 years of data which would populate
the mid-tail region out to r = 31Ry. Likewise, the THEMIS and Cluster portions of the archive do not include
data after 2015, whose inclusion would populate the archive with additional data in the near-tail region out to
r = 12 and 19Ry, respectively. Such an investigation could address several questions: How consistent is the DM
approach at resolving Geotail-observed reconnection events? What is the capacity of the DM approach in pre-
dicting the location of reconnection for an independent spacecraft mission? For instance, can Geotail data be used
to predict where MMS will observe reconnection, and vice versa? Furthermore, the approach used here can be
used to improve and optimize future versions of the algorithm. For instance, does incorporating the local-time
SuperMAG indices, which proved crucial for the discovery of the so-called “dawnside current wedge” during
storms (Ohtani et al., 2018, 2023; Sorathia et al., 2023), improve the skill score? Incorporating other effects could
also increase the skill score, and thereby the predictive capacity of future DM algorithms. For example, the
magnetotail twisting effect may be resolved by adding the BiMF to the DM procedure, and the windsock effect
may be captured by switching to Geocentric Solar Wind (GSW) coordinates (e.g., Sergeev et al., 2008). In
conclusion, the study presented here has demonstrated that the application of data mining techniques to historical
sets of sparse observations is feasible and can resolve repeatable dynamical features of the magnetosphere,
including the location of magnetotail reconnection. However, many questions and avenues for improvement
remain open.
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