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Abstract Reconstruction of the magnetospheric magnetic field using swarms of virtual spacecraft provided
by data mining confirms seminal in situ evidence (Angelopoulos et al., 2008, https://doi.org/10.1126/science.
1160495) that on 26 February 2008 an X‐line emerged in the region between two distant Time History of Events
and Macroscale Interactions during Substorms probes at the time of the substorm activation in the magnetotail.
It also shows that the X‐line formation was preceded by rapid current decay that happened 15 min earlier. The
current was built up earthward of the pre‐existing X‐line formed prior to the previous substorm activation
45 min before. The most pronounced effect of the tail reconfiguration at the moments of two substorm
activations and the current disruption is the rapid earthward redistribution of the magnetic flux. Comparison of
low‐altitude mapping of the magnetotail structure with all‐sky imager data shows that these rapid
reconfigurations might be triggered by plasma flows whose source was farther from the Earth than the resolved
X‐lines.

Plain Language Summary One of the most discussed findings of the five‐probe Time History of
Events and Macroscale Interactions during Substorms mission has become the detection of signatures of
magnetic reconnection made on 26 February 2008 by the two probes farthest from the Earth. However, those
signatures, critically important for understanding the role of reconnection and non‐reconnection processes in
magnetospheric substorms, were rather unconventional and local. And they couldn't be verified by other
observations or global empirical models. Here we show that modern machine‐learning techniques can support
the original local observations and enrich the substorm description due to the detailed empirical reconstruction
of the magnetic field extracted from historical data archives for similar events.

1. Introduction
Seventeen years ago Angelopoulos et al. (2008) (hereafter AN08) published a paper, aimed to finally resolve the
substorm trigger dilemma: Are substorms triggered by the disruption of the electric current flowing across the near‐
Earth magnetotail, at ∼10 RE (RE = 6371.2 km is Earth's radius) or by magnetic reconnection (MR) at larger
downtail distances ∼20 to 30 RE? The Time History of Events and Macroscale Interactions during Substorms
(THEMIS) mission (Angelopoulos, 2008), designed to solve this problem, consisted of five probes distributed
along the tail to detect the near‐Earth current disruption (CD) signatures and to locate X‐lines associated with MR.
The results of observations of the 26 February 2008 substorm reported in AN08 favored the reconnection trigger
scenario, although discussions about the generality of these results and their details are still ongoing (Angelopoulos
et al., 2009; Lui, 2009, 2020; Stephens et al., 2023). These debates were caused by both the uniqueness of the
substorm onset at 04:55–05:00 UT of 26 February 2008, with all five THEMIS probes distributed along the tail
from ∼7 to ∼21 RE, and the details of the reconnection process detection, which were rather unconventional and
limited inmagnetic local time (MLT). In particular, the first sign of reconnectionwas the plasmamotion toward the
neutral sheet, rather than divergent (tailward/earthward) outflows.

In this study we analyze the substorm onset addressed in AN08 (hereafter SO2) and an earlier onset (SO1) at
04:05 UT (Angelopoulos et al., 2009; Lui, 2009; Pu et al., 2010), using another approach based on AI technology.
While the ongoing debates regarding the priority of MR (Baker et al., 1996) or CD (Lui, 1996) scenarios remain
the background of our analysis, its goal is rather to draw a global picture and evolution of the magnetic field and
electric currents during these substorms in space, as well as at low altitudes where it may be compared with all‐sky
imager (ASI) data (Mende et al., 2008), the problems beyond the reach of classic empirical geomagnetic field
models like T96 (Tsyganenko, 1995, 1996; Tsyganenko & Stern, 1996). In spite of the fact that our
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reconstructions remain limited to the magnetostatic approximation and, hence, time scales ≳5 min (the time of the
Alfvén wave propagation across the magnetosphere), the resulting picture nicely complements previous multi‐
probe observations and helps better understand the underlying physical processes and their causality.

One of the biggest problems in the definitive answer to the substorm causality question is the extreme paucity of
space observations. The five‐probe THEMIS mission remains so far the largest constellation of probes, which
may at best be doubled in lucky cases when other mission probes are located close to the region of interest (e.g.,
Angelopoulos et al., 2013; Turner et al., 2017). Meanwhile, instead of using very limited sets of concurrent
observations or statistical approaches, trying to fit all the real‐world complexities into a simple analytical model,
one can use the recurring nature of storms and substorms to complement the real observations by synthetic data.
The synthetic set is a small subset of the historical database formed by observations, which surround the event of
interest in the space of global activity parameters, quantified by geomagnetic indices, SMR for storms and SML
for substorms (Gjerloev, 2012), as well as the solar wind electric field vBIMFz (v is the solar wind speed and BIMFz is
the z‐component of the interplanetary magnetic field (IMF) in the Geocentric Solar Magnetic coordinate system
used hereafter), which quantify the solar wind/IMF driving. In the modern machine‐learning (ML) nomenclature,
such an approach, when at every instance the new empirical description of the system is formed, is called
instance‐based learning (e.g., Dou et al., 2023) to contrast it with the model‐based learning when a single uni-
versal model, like T96, is created for all instances. This approach, also known as data mining (DM) (Aggar-
wal, 2014; Sun & Chen, 2021) using the nearest‐neighbor method (Cover & Hart, 1967) has been developed with
applications to magnetospheric storms and substorms in (Sitnov et al., 2008; Stephens et al., 2019) following
(Vassiliadis, 2006; Vassiliadis et al., 1995) rooted in the general prediction/modeling using local approximations
(Farmer & Sidorowich, 1987).

The DM approach is advantageous over conventional statistical modeling in that it is sensitive to different phases
and activity levels of storms and substorms. On the other hand, since the number of the nearest neighbors (NNs) in
the specific subset may greatly exceed the number of real probes, it allows one to use far more complex and
flexible magnetic field architectures (Stephens et al., 2019; Tsyganenko & Sitnov, 2007), which resolve, in
particular, the location of individual X‐lines (Stephens et al., 2023). The large number of NNs also gives the
reconstructions of the individual events statistical significance, suggesting that the effect under scrutiny, such as,
for instance, an X‐line bracketed by probes P1 and P2 in AN08, reflects the general feature of the system. Being
event‐oriented, the DM approach is still drastically different from conventional event‐oriented adapted models
(AMs) (e.g., Kubyshkina et al., 2009, and refs. therein) where a statistical model, like T96, is reinforced (for
instance, to describe an additional thin current sheet module important for substorms) and then tuned to match a
few real observations or isotropic precipitation boundaries (IBs). Having much fewer degrees of freedom, AMs
are limited in their reconstructions to lucky cases with sufficient numbers of real probes during the event of
interest. They are also limited in space to the immediate vicinities of the real probe location or the IB source
region, beyond which the AMs perform no better than their base statistical model.

Here we show how DM helps provide a detailed empirical reconstruction of the magnetic field during the 26
February 2008 substorms. It supports the original local observations and enriches the substorm evolution picture
with interesting implications for the substorm mechanism.

2. Details of Data Mining and Magnetic Field Architecture
Since the main details of the DM algorithm have already been reported earlier (Shi et al., 2024; Sitnov et al., 2008;
Stephens et al., 2019; Stephens & Sitnov, 2021; Tsyganenko & Sitnov, 2007), here we only briefly describe the
key elements and distinctive features of the specific version used here, while the complete description is provided
in the Supporting Information S1.

In theDMapproach, for everymoment of interestwe search for a small (∼0.25%)NNsubset of the database formed
from 10,406,381 magnetometer records, mainly with 5‐min cadence, provided by the Geotail, THEMIS/
ARTEMIS, Van Allen Probes, Cluster II, Polar, IMP‐8, GOES 8, 9, 10, 12 and MMS missions. The search (mining
proper) is made by selecting the events closest to the event of interest in the 6‐D space of global parametersG1‐G6
formed by geomagnetic indices SMR and SML, their time derivatives, as well as the solar wind and IMF parameters
vBIMFs (BIMFs = − BIMFz when BIMFz < 0 and BIMFs = 0 otherwise) and BIMFy , averaged over storm and substorm
scales and sampledwith a 5‐min cadence. Based on our previous studies (Sitnov et al., 2019), we choose the subsets
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of 32 ⋅ 103 moments, which corresponds to ∼105 magnetometer records per subset. However, since the NNs are
additionally weighted in the fitting procedure, as is specified in Supporting Information S1, the effective number of
virtual spacecraft observations employed for reconstruction at every moment is ∼26,000.

The large number of these virtual spacecraft picked by DM at every moment allows one to use a very flexible
architecture for the magnetic field (Shi et al., 2024; Stephens et al., 2019, 2023) to fit the NN subset. It includes
two independent representations of thick and thin tail current sheets by (2M + 1) × N basis function expansions
with M azimuthal and N radial basis functions and data‐derived thickness parameters D and DTCS, respectively
(TCS stands for “thin current sheet”). A similar basis function representation is used for the field‐aligned current
(FAC) system. The base model architecture, called ARGUS, is available online at (Stephens et al., 2024). The
whole magnetic field model configuration includes 1,056 linear amplitude coefficients (1,040 for equatorial and
16 for FAC expansions) and 10 non‐linear parameters describing thick and thin current sheet parameters, hinging,
warping and twisting parameters, as well as FAC scaling parameters detailed in Supporting Information S1. The
model field is additionally deformed to take into account the tilt angle variations (Stephens et al., 2023; Tsy-
ganenko & Andreeva, 2014).

Two important adjustments have been introduced in this study, compared to the base DM algorithm and ARGUS
architecture. First, to mitigate the relatively short duration of the substorm activations in this event, we reduced
the averaging scale for substorm binning parameters (Equations 3 and 4 in Supporting Information S1) to
Πsst = 1 h, corresponding to ∼15‐min average in time, compared to ∼30‐min scale used in earlier studies and
consistent with average substorm scales (e.g., Partamies et al., 2013). Second, to mitigate the problem of the ≳1°
uncertainty of most empirical geomagnetic field models in their mapping to low altitudes (Nishimura et al., 2011;
Shevchenko et al., 2010), critical for the prebreakup arc mapping (V. Sergeev et al., 2012), we applied the merged
resolution method (Stephens & Sitnov, 2021) detailed in Supporting Information S1. As it has been recently
shown (Shi et al., 2024), this method solves the mapping uncertainty problem and reveals that its likely cause is
the underresolved transition region between the tail and the inner magnetosphere.

3. X‐Lines and Current Disruption Signatures
We start the description of DM reconstructions from validation results for probes P1–P5 presented in Figure S1 in
Supporting Information S1. Panels (e) and (f) in these plots show that the event indeed consisted of two substorm
onsets, SO1 and SO2 at around 04:05 and 04:55 UT, respectively. The former was preceded by a conventional
growth phase with − vBIMFz = 0.5 − 1 mV/m. The interval between SO1 and SO2 was a combination of the
recovery phase for SO1 (04:10–04:45 UT) and the short growth phase for SO2 (04:45–05:00 UT). Note that, for
consistency with our previous substorm reconstructions (e.g., Stephens et al., 2019), we define the onset of the
expansion phase by the rapid decrease of the substorm index SML. This definition differs from that in AN08,
04:54 UT, based on the initial slow increase of their THEMIS AE index, but it shouldn't affect the subsequent
analysis. The validation plots show that our reconstructions capture dipolarizations (Bz increases) in the near‐
Earth tail during both onsets SO1 and SO2, recorded by probes P3 and P4. They also show that the growth
phase before the onsets is reproduced fairly well (δBz ≲ 1 nT) for all but one (P4) probes. Smaller amplitudes of
SO1 and SO2 onsets, compared to observations, are likely caused by delays between near‐Earth dipolarizations
and the auroral electrojet as well as the residual 15‐min time averaging of the SML index in the binning procedure,
whose effect can be seen in Figure S2c in Supporting Information S1. Figure S2 in Supporting Information S1,
comparing the original binning parameters G1‐G6 with their averages over NN bins, confirms that, in spite of the
unavoidable smoothing effects, NNs closely follow the evolution of these substorms in the binning space.

The onset of reconnection during SO2 had been inferred by AN08 indirectly, from their observations of the
equatorward motion of plasma at 04:50 UT detected by probes P1 and P2, accompanied by small, negative at P1
and positive at P2, excursions of the Bz field. These indirect and rather subtle signatures later became the points of
criticism and subsequent debates (Angelopoulos et al., 2009; Lui, 2009). Meanwhile, Figure 1 in AN08 showing
an X‐line between P1 and P2 was only an artist rendition, because the applied magnetic field model, T96, did not
reveal any X‐line during this event. In fact, it was simply unable to do so, because the tail current module in T96 is
limited to only two custom‐made current blocks, as described in more detail in (Tsyganenko, 2002). Thus, the
topology change, which can only be provided by the local pinching of the tail current, could not be reproduced.
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Now Figure 1b shows such an X‐line. Moreover, its suggests that it is a
generic feature of this specific state of the magnetosphere determined by the
global binning parameters (Equations 1–6 in Supporting Information S1) and
reconstructed using ∼26,000 virtual spacecraft observations, representing
∼0.25% of our database. Therefore, on the one hand, this reconstruction is
strongly event‐oriented, and on the other hand, it has a strong statistical
significance, making it different from a simple assimilation of five THEMIS
probes available at the moment of interest. Thus, Figure 1 confirms the
original interpretation made in AN08 that probes P1 and P2 framed an X‐line
near SO2.

In order to guide subsequent analysis we provide in Figure S3 in Supporting
Information S1 a summary of our reconstructions in a form similar to (Sitnov
et al., 2019). In particular, Figure S3d in Supporting Information S1 shows
that the expansion phases after SO1 and SO2 are marked by the increase of the
low‐latitude FAC intensity (FAC R2), with the latter being preceded by two
high‐latitude current (FAC R1) increases at 04:45 and 05:00 UT (Figure S3c
in Supporting Information S1).

Figure S3g in Supporting Information S1 shows that both onsets are also
marked by the increase of the Bz field at 12 RE. According to Figure S3h in
Supporting Information S1, for SO1, it started at 04:00 in the radial range
12–18 RE (gray arrow pointing up), 5 min before the index onset SO1. The
further dipolarization and brief recovery are seen in Figure S3i in Supporting
Information S1 and highlighted there by gray arrows pointing up and down.
Figures S3i and S3j in Supporting Information S1 suggest that after SO1 the
tail was stretched again (the gray arrows pointing down), likely in the form of
the flux redistribution within the closed field line region. The second dipo-
larization is marked by the gray arrow in Figure S3k in Supporting Infor-
mation S1, although, according to Figure S3g in Supporting Information S1,
around SO2, it is more complex compared to SO1, with two Bz increases
after 04:45 and 05:00 UT. The comparison of the midnight Bz profiles
provided in Figures S3h–S3k in Supporting Information S1 with similar
profiles of substorms studied before (Sitnov et al., 2019; Sitnov, Stephens,
et al., 2021; Stephens et al., 2019, 2023) suggests that the pre‐onset equa-
torial magnetic field in the radial range 15–25 RE was particularly small with
Bz ≈ 1 − 2 nT making the TCS prone to MR (tearing (Coppi et al., 1966;
Schindler, 1974)) and CD (current‐driven (Lui et al., 1990)) instabilities.

As is seen from Figure S3f in Supporting Information S1, the TCS strength reaches its maximum at 04:45 UT and
then it rapidly drops, well before the SO2 onset, defined either by the substorm indices (e.g., Figure S3b in
Supporting Information S1) or by local observations (04:50, according to Table 1 in AN08). This is confirmed by
Figures 2a–2d and 2i–2l showing the evolution of the total equatorial and meridional current density distributions.
The resulting disruption of the equatorial current and its deviation toward the ionosphere, similar to its original
concept (Crooker & McPherron, 1972; McPherron et al., 1973), is also shown in Figure S4 in Supporting In-
formation S1 in the format of (Stephens et al., 2019, Figure 10). It may indeed be explained by the corresponding
current instability (Lui et al., 1990). However, for these relatively weak substorms, the peak current density
Jy ≈ 3 nA/m2 was rather small compared to Jy ≈ 10 nA/m2 for stronger substorms in (Sitnov et al., 2019), while
the TCS thickness was relatively large (DTCS ∼ 1 RE, according to Figure S3e in Supporting Information S1; see
also the detailed profiles of DTCS(ρ) in Figure S5 in Supporting Information S1) compared to the Speiser (1965)
orbit scale ∼0.2 RE corresponding to unmagnetized ions and required for CD instabilities (Lui et al., 1990). Note
that the CD onset is identified here as a plasma physics phenomenon based solely on the reconstructed buildup
and decay of the tail current. In particular, it does not have the corresponding substorm manifestations in SML
index. Moreover, the current increase prior to CD was accompanied by X‐line formed tailward of 22 RE and
shown in Figure 2f. However, one cannot claim that the formation of the latter is a cause of the CD. This X‐line

Figure 1. The magnetic field configuration near the SO2 onset (04:55 UT):
(a) Color‐coded distribution of the current density Jy(x, z) in the midnight
meridional plane with overplotted magnetic field lines (black lines) and
LNN = 103,865 virtual spacecraft observations used to reconstruct the
magnetic field at this time (gray dots), including color‐coded Time History of
Events and Macroscale Interactions during Substorms probes P1–P5;
(b) equatorial distribution of the magnetic field Bz (with zero geodipole tilt to
simplify the visualization) and the corresponding projections of the nearest
neighbors. The X‐line near probes P1 and P2 is the earthward part of the Bz = 0
iso‐contour. It is an earthward part of the plasmoid, to be further discussed in
Section 5 (Figure 4c).
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appears in the pre‐midnight sector already in the growth phase of SO1 and only somewhat changes its shape
during the whole event remaining largely outside 20 RE (Figures 2e–2h). It shows the complexity of “substorm
sequence” and its dependence on prehistory.

4. Magnetic Flux Redistribution
To reveal the process that most clearly distinguishes SO1, SO2, and CD onsets, we present in Figure 3 distri-
butions of the equatorial field variations dBz = Bz (ti+1) − Bz (ti), where ti is the time series in our re-
constructions. Beyond the tail hinging distance or for small tilt angles, the Bz component dominates the magnetic
field in the equatorial plane and therefore its distribution is the best measure of the magnetic flux. Figure 3 clearly
shows three intervals of rapid flux redistribution (Figures 3e, 3h and 3k) on the time scale of 5 min, associated

Figure 2. (a–d) The color‐coded equatorial distributions of the current density J =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

J2
x + J2

y

√

(the arrows display the equatorial current vectors) and (e–h) the magnetic
field Bz (with zero dipole tilt angle, for simplicity); (i–l) midnight meridional distributions of the current density Jy with sample field lines starting in the ionosphere from
50° with 1° step in latitude near onsets SO1, SO2, current disruption and in the recovery phase.
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with SO1, SO2 and CD. They are contrasted with the neighboring intervals and the particularly quiet initial
growth phase (Figures 3a–3d) when |dBz|< 1 nT.

Interestingly, during activations SO1 and SO2 associatedwithMR, reflected in indices and discussed in the context
of local THEMIS observations (Angelopoulos et al., 2008, 2009; Pu et al., 2010), the flux increases in the range
(− 18 RE < x < ‐8 RE), based on the 2 nT Bz increase threshold, with the peaks at y ∼ 10 RE and y ∼ 5 RE for SO1
and SO2 onsets, respectively. In contrast, the flux increase at the CD onset takes place in the radial range 4
RE < r < 12RE with the peak at y ∼ 2 RE (although there is also a noticeable flux increase farther in the tail between
25 and 30 RE). This difference suggests that the decay of the near‐Earth current was indeed associated with pro-
cesses closer to the Earth and to the midnight meridian, and it might not be directly connected with reconnection
beyond 20 RE. Figure 3 also suggests that both CD and MR processes describe different aspects of the same global
flux redistribution (earhward in the near‐Earth tail) rather than competing alternatives of the substorm tail

Figure 3. (a–l) The equatorial distributions of the magnetic field variations dBz = Bz (ti+1) − Bz (ti) with ti+1 − ti = 5 min, for different times ti in the event under
scrutiny.
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evolution. They all are skewed to the premidnight sector, consistent with previous statistical studies of substorm
onsets based on IMAGE‐FUV data (Frey et al., 2004).

5. Low‐Altitude Maps and Their Comparison With ASI Pictures
To further investigate the mechanisms and possible triggers of the flux redistribution events, SO1, SO2 and CD,
we mapped the corresponding distributions to low altitudes on the MLat‐MLT plane in AACGM coordinates
(AACGM is the Altitude‐Adjusted Corrected Geomagnetic coordinate system (Shepherd, 2014)) and compared
them with the corresponding instantaneous images taken by the THEMIS ASIs with 3‐s cadence (Mende
et al., 2008).

The results are presented in Figure 4, where instantaneous snapshots of ASI data selected at the same time stamps
as the DM results are plotted translucently over the corresponding Bz distribution on (MLT, AACGM) plane. (Full
ASI animations for the period 03:30:00–05:30:00 UT are provided in Movies S1 and S2.) It shows, first of all, that
since plasmoids with their closed field line loops cannot be mapped to low altitudes, they appear in the (MLT,
AACGM) plane as the regions of bunching of the radial distance iso‐contours. Such a plasmoid singularity near
the Bz = 0 loop in the tail shown in Figure 1b is marked by a yellow contour in Figure 4c. Note here that ARGUS
provides a detailed reconstruction of FACs, making it possible, in particular, to describe the 3‐D structure of the
substorm current wedge (Stephens et al., 2019, Figure 10) and taking into account mapping distortions caused by
field‐line potential drops and resulting FACs.

Figure 4. The all‐sky imager (ASI) images (white‐green shading) plotted with 50% transparency over the equatorial color‐
coded (blue‐red) distributions of the magnetic field Bz for SO1, SO2, and CD onsets mapped to the low‐altitude (MLT,
AACGM) grid. The iso‐contours of the Bz field and the radial distance are shown by gray and blue lines. The yellow contour in
panel (c) marks the vicinity of the plasmoid seen in Figure 1b. The footpoints of the probes P1–P5 are color coded consistent
with Figure 1. The original ASI images and low‐altitude Bz maps are provided in Figures S6 and S7 in Supporting
Information S1.
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Figure 4a suggests that the source of SO1 is in the premidnight sector and it is likely the X‐line, which is seen
beyond 24 RE in Figure 2e. In contrast, the auroral activity at the CD onset, according to Figure 4b, has a source in
the near‐Earth tail close to the midnight meridian at radial distances 12–14 RE. This location matches the region of
the peak current density in Figure 2b,whose decay is seen in Figure S3f in Supporting Information S1 (orange line),
2c, 2k and Figure S4 in Supporting Information S1. Animation AS2 shows that wavy ray structures along the arc
seen in Figure 4b brighten between 04:37 and 04:45 UT near the CD footprint and then decay. These features are
consistent with the CD theory (Lui, 1996, 2016a; Lui et al., 1990). It includes the auroral brightening caused by thin
and intense current sheets and their current‐ and buoyancy‐driven instabilities, which ends around 04:45 UT when
the current is disrupted and the equatorial field Bz is dipolarized (blue line in Figure S3g in Supporting Informa-
tion S1). Note that in a number of aspects (lack of ionospheric closure shown in Figure S4 in Supporting Infor-
mation S1; ASI image evolution similar to (Fukui et al., 2020, Figure 1)), the CD onset resembles pseudobreakups/
pseudosubstorms. This CD activity could likely be missed by THEMIS probes because its peak, seen in Figure 4b,
was shifted in MLT relative to THEMIS (the bright spot near 22:30 MLT is likely a moonlight/cloud effect).

As is seen from Figure 4c, some activity during SO2 may be rooted in the plasmoid shown in Figure 1b whose X‐
line protrusion between P1 and P2 is consistent with AN08. However, this activity is mainly in the premidnight
sector and its source should be located beyond 28 RE (the farthest radial distance iso‐contour). This conclusion is
further supported by Figure 4d, which shows strong activity way beyond 28 RE. These features are consistent with
indications of the persistent reconnection processes at or beyond 30 RE (Imber et al., 2011; Zhao et al., 2016) based
on the statistical studies of traveling compression regions, transient variations of the lobe magnetic field considered
a remote effect of the plasmoid/flux rope passages (Slavin et al., 1984). They are also consistent with the concept of
the new plasma intrusion from the open/closed boundary triggering activity in the near‐Earth tail via fast plasma
flows linked to north–south auroras proposed on the basis of extensive analysis of the substorm‐time ASI obser-
vations (Nishimura et al., 2010) and correlated plasma observations in the tail (Nishimura et al., 2013).

6. Conclusions
The modern geomagnetic field reconstruction algorithm, based on DM (Sitnov et al., 2008; Stephens et al., 2019;
Stephens & Sitnov, 2021) and ARGUS architecture (Stephens et al., 2024), resolves the X‐line identified by in
situ THEMIS observations (Angelopoulos et al., 2008). Moreover, it suggests that the discovered X‐line is a
generic feature of the specific state of the magnetosphere determined by its global input and state parameters, such
as the geomagnetic indices and their time derivatives. The corresponding global magnetic field distribution is
reconstructed on the basis of ∼26, 000 virtual spacecraft from the history of substorm observations since 1995
shown in Figure 1.

The DM reconstructions also resolve other X‐lines before and after the 04:55–05:00 UT onset, which might be
missed by THEMIS probes located in the pre‐midnight sector. Furthermore, the CD is also detected near the
midnight meridian between substorm activations SO1 and SO2 in this event. It might also be missed by THEMIS
probes as is seen from the comparison of the low‐altitude maps of the equatorial magnetic field Bz with all‐sky
images.

In the presented DM picture, the most prominent feature of both substorm onsets occurred at 04:05 and 04:55 UT
as well as the CD onset at 04:45 is the rapid redistribution of the magnetic flux in the premidnight sector
(Figure 3). Both “classic reconnection onsets” (aka magnetic topology changes) and the CD (an abrupt reduction
of the intense and thin current) appear as just different manifestations/aspects of this general flux redistribution
process. This is consistent with recent interpretation of substorm mechanisms based on ballooning/interchange
(Lui, 2016b; Merkin & Sitnov, 2016; Pritchett & Coroniti, 2013) and tearing/magnetic flux release (Birn
et al., 2018; Merkin et al., 2015; Sitnov et al., 2014; Sitnov, Stephens, et al., 2021) instabilities, their small‐scale
manifestations in the form of dipolarization fronts (Runov et al., 2009; Sitnov et al., 2009) and plasma watersheds
(Motoba et al., 2022; Sitnov, Motoba, & Swisdak, 2021), as well as global scenarios, such as the slingshot
relaxation mechanism proposed by Machida et al. (2009) based on their statistical visualization of the magnetotail
around substorm onsets.

Finally, the DM technology provides a more accurate and detailed description of substorms at low altitudes
compared to earlier empirical models (cf. Figure 2g in AN08), including the resolution of plasmoid (Figure 4c)
and CD regions (Figure 4b). Its comparison with ASI data suggests that these rapid reconfigurations of the
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magnetotail may be triggered by plasma flows whose source is farther from Earth than the resolved X‐lines
(Nishimura et al., 2010, 2013). It also suggests that the CD may have a local activation mechanism associated
with the plasma instabilities in the transition region between the tail and the inner magnetosphere.
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