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Abstract The total energy transfer from the solar wind to the magnetosphere is governed by the
reconnection rate at the magnetosphere edges as the Z-component of interplanetary magnetic field (IMF B,)
turns southward. The geomagnetic storm on 21-22 January 2005 is considered to be anomalous as the SYM-H
index that signifies the strength of ring current, decreases and had a sustained trough value of —101 nT lasting
more than 6 hr under northward IMF B, conditions. In this work, the standard WINDMI model is utilized to
estimate the growth and decay of magnetospheric currents by using several solar wind-magnetosphere coupling
functions. However, it is found that the WINDMI model driven by any of these coupling functions is not fully
able to explain the decrease of SYM-H under northward IMF B,. A dense plasma sheet along with signatures
of a highly stretched magnetosphere was observed during this storm. The SYM-H variations during the entire
duration of the storm were only reproduced after modifying the WINDMI model to account for the effects of
the dense plasma sheet. The limitations of directly driven models relying purely on the solar wind parameters
and not accounting for the state of the magnetosphere are highlighted by this work.

Plain Language Summary The transfer of energy from the solar wind to the Earth's magnetosphere
works best when the Z-component of interplanetary magnetic field (IMF B,) points southward. Generally, the
southward IMF B_ drives the ring current whose strength is estimated by the Dst/SYM-H indices. The storm

on 21 January 2005 is one of the rarest events as the Dst/SYM-H index kept decreasing for more than 6 hr

and reached a very low value of —101 nT after IMF B, turned northward. In this work, we have estimated the
value of SYM-H by using various solar wind-magnetosphere coupling functions as input to the WINDMI
model. However, none of these coupling functions could estimate the unexpected decrease of SYM-H index
under the northward IMF B_ conditions. The plasma sheet was found to be highly dense during this event. The
WINDMI model could successfully reproduce the SYM-H index by incorporating this change in plasma sheet
density. This investigation clearly demonstrates that the state of the Earth's magnetosphere plays a crucial role
in strengthening the magnetospheric currents. Based on these findings, we suggest that space weather models
need to include both the conditions of solar wind and magnetosphere to get a better prediction of the strength of
the ring current.

1. Introduction

The energy and mass transfer from the solar wind to the Magnetosphere-Ionosphere (MI) system depends on solar
wind parameters and the state of the magnetosphere and ionosphere. A great many theories have been proposed to
quantify these interactions (Borovsky, 2013; Gonzalez et al., 1994; Newell et al., 2007) most of which are based
on the classical Dungey paradigm (Dungey, 1961). The largest energy reservoirs in the magnetosphere are the
westward flowing ring current and the magnetotail current. The ring current gets energized during a geomagnetic
storm when the z-component of the interplanetary magnetic field (IMF B) turns southward. The energy transfer
from the solar wind is more effective when conditions suitable for magnetic reconnection are present on the
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dayside magnetopause (Borovsky & Birn, 2014; Gonzalez & Tsurutani, 1987; Rostoker & Félthammar, 1967,
Tsurutani & Meng, 1972). The orientation of the IMF heavily controls the rate and location of reconnection.
While the most effective reconnection happens under southward IMF B_ conditions, other solar wind parameters
significantly affect it (Chakrabarty et al., 2017; Newell et al., 2007; Rout et al., 2017).

Magnetospheric dynamics are quite distinct when the IMF B_ is northward. The geoeffectiveness of the solar
wind drops significantly under northward IMF conditions (Tsurutani & Gonzalez, 1995). Reconnection takes
place at high latitudes leading to a four-cell convection pattern (Burke et al., 1979). Parameters like the solar
wind, IMF B, geomagnetic dipole field, and the dipole tilt control the energy and mass transfer during northward
IMF (Li et ai., 2008; Reistad et al., 2019). Under extended periods of northward IMF B, conditions the plasma
sheet transforms into a cold dense plasma sheet (CDPS) (Sorathia et al., 2019; Taylor et al., 2008). Reconnec-
tion occurs at locations poleward of the cusp that lead to the capture of interplanetary flux tubes that sometimes
contain filament material by the magnetosphere to create the CDPS (Kozyra et al., 2013; Li et al., 2008; Palmroth
et al., 2006). This preconditioning which typically takes about 3 hr is known to lead to a stronger geomagnetic
storm if the IMF B_ turns southward immediately after the period of northward IMF B_ (Wing et al., 2006). The
development and recovery of most of the geomagnetic storms in recorded history can be explained by one or more
of these simplified theories but there have also been a few reported events that were deemed “anomalous” since
the storms were reported to have developed when no energy was being transferred from the solar wind, typically
associated with a period of northward IMF B_ (Du et al., 2008; Kleimenova et al., 2015; Simi et al., 2012).

Echer et al. (2008) reported that during the solar cycle 23 (1996-2006), all intense geomagnetic storms
(Dst < —100) were found to occur under IMF B_ southward conditions. However, the storm on 21 January 2005 is
the only reported event that had a main phase and extended peak lasting more than 6 hr under northward IMF Bz
condition. A few researchers have analyzed the cause of this anomalous storm and modeled it using physics-based
and empirical models (Dmitriev et al., 2014; Du et al., 2008; Kalegaev et al., 2015; Kozyra et al., 2014). Storage
and delayed injection were provided as a plausible explanation for the enhanced ISYM — HI during the northward
IMF period by Du et al. (2008) and Kane (2012). Others have discussed the unaccounted contributions from
additional solar wind parameters, magnetospheric and ionospheric currents (Dmitriev et al., 2014; Troshichev
& Janzhura, 2012). The presence of a CDPS that enabled the extreme compression to energize particles adia-
batically has also been suggested as a possible energization mechanism (Kozyra et al., 2013). However, none of
these theories could properly explain the growth of ISYM — HI under northward IMF B_ condition. Therefore, the
fundamental question that needs to be answered is what could drive the ring current or contribute to the growth of
ISYM — HI during northward IMF B, conditions when there is no direct energy input from the solar wind. In this
study, we successfully reproduce all the features SYM-H measured during the 21 January 2005 storm by using
the WINDMI model (Horton & Doxas, 1998; Patra et al., 2011; Spencer et al., 2007) driven by a few standard
coupling functions. The results suggest that the strength of the SYM-H is not only controlled by the solar wind
conditions but also depends on the state of the magnetosphere.

2. Event Overview

The coronal mass ejection that erupted on 20 January 2005 from the X7.1/3B solar flare in the northwestern
quadrant of the solar disk (14°N, 61°W), caused a moderate geomagnetic storm on 21 January 2005 (Foullon
et al., 2007). Figure 1 shows the solar wind parameters at the L1 point (in geocentric solar magnetospheric
coordinate system) as measured by the Advance Composition Explorer (ACE) satellite. These have been shifted
by 24 min to align with the geomagnetic signatures of arrival of the interplanetary shock. The strength of the
geomagnetic storm during 21-22 January 2005 as signified by the geomagnetic indices is shown in the figure
along with the magnetopause standoff distance (L,,, in R;). This storm is mainly characterized by an interplane-
tary shock and a interplanetary discontinuity (indicated as S and D in red dashed lines, respectively). The inter-
planetary shock is observed by ACE at 16:48 UT that arrived at the magnetopause at ~17:12 UT on 21 January
(marked with an S). An unusual double-discontinuity, characterized by a noncompressive density enhancement
(Foullon et al., 2007), arrived ~1.5 hr later (at 18:43 UT) on 21 January, causing a second SI+ at 1900 UT (Du
etal., 2008). This discontinuity is indicated by a vertical dotted red line labeled as “D.” It can be seen that the solar
wind parameters (IBl, solar wind density, and velocity) changed sharply at these times. The proton density ()
increased from 2-22 cc~! during the arrival of the shock, S, and further increased to an unusually high value of

62 cc! due to the second SI+. The solar wind velocity increased from 565 to 900 km/s. The solar wind dynamic
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Figure 1. From top to bottom are X and Y components of IMF (IMF B, and

IMF B)) in blue and black lines, north-south or Z component of IMF (IMF B,

in nT), total magnetic field intensity (1Bl in nT), solar wind proton density (N
in cc™"), solar wind velocity (V in km/s), solar wind dynamic pressure (P in
nPa), variation of the magnetopause standoff distance (L, in R), polar cap
index, ASY-H index in nT, and geomagnetic storm index (SYM-H in nT).
The red dashed vertical are drawn to identify the two interplanetary shocks
(SI+5).

significantly high value of 106 nPa due to the second SI+. Due to the high
dynamic pressure, the magnetopause standoff distance was estimated to be
significantly reduced from ~10.3 R; to 5.3 R based on the formula provided
in Kivelson and Russell (1995). The subsolar magnetopause was continu-
ously located inside geosynchronous orbit (~6R,) as a consequence of the
strong compression during the initial and main phases of the storm. It is for
the first time that the upstream solar wind was observed at geosynchronous
orbit for almost 2 hr due to the extreme compression caused by the solar wind
dynamic pressure (Dmitriev et al., 2014).

In response to the arrival of shock, the SYM-H increased from —17 to 55 nT.
Approximately 1.5 hr later (at 18:43 UT) the second SI+ front arrived which
led to a second increase in the SYM-H value. It is around this time that the
IMF B, turned northward, but surprisingly the storm's main phase contin-
ued to develop. In between, the IMF B, turned southward within minutes
of the arrival of the shock (SI+) at 17:20 UT, it briefly turned northward
at 17:47 UT but turned southward again at 18:18 UT, and remained south-
ward until a few minutes before the arrival of the second SI+ at 18:45 UT.
The SYM-H reached its lowest value of —101 nT at 06:00 UT on 22 Janu-
ary. The IMF B, was continuously northward from 19:40 UT, 21 January
to 02:45 UT, 22 January 2005 except for a brief period lasting 7 min from
20:45 —20:52 UT when it turned southward. During this minor excursion, the
IMF B, only dropped down to the value of around —5 nT. This small period
of southward IMF B, is not expected to provide enough energy to sustain
the depressed SYM-H (Liu et al., 2018). Typically, when the IMF B, turns
northward the ring current starts to recover and this recovery is observed in
the SYM-H values. But surprisingly during the period from 19:40 UT, 21
January—02:45 UT, 22 January 2005, the SYM-H index decreased to a value
of around —90 nT by 21:30 UT and remained depressed afterward which is
referred to as the “plateau” region. This is highly unusual and termed “anom-
alous” as reported by a few other studies (Bag et al., 2023; Du et al., 2008;
Kozyra et al., 2013, 2014; McKenna-Lawlor et al., 2010). Additionally, the
polar cap index, and the indicator of ring current asymmetry (ASY-H) were
significantly high during the initial phase but dropped quickly during the
main phase.

3. Results and Discussion

In order to explain the unusual decrease of the SYM-H, the low-order
physics-based model of the magnetosphere-ionosphere system, WINDMI

(Horton & Doxas, 1998; Spencer et al., 2007) is used. The WINDMI model is derived from the fluid plasma
equations that give a system of eight ordinary differential equations driven by a potential derived from solar wind

coupling functions. The eight equations of the model are given by:

dI dI
LY = v, -v+ ML 1
g = OV M M
dv
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The model is driven by a potential field that is a function of the solar wind parameters (V). The nonlinear
equations of the model trace the flow of electromagnetic and mechanical energy through eight pairs of transfer
terms. The remaining terms describe the loss of energy from the magnetosphere-ionosphere system through
plasma injection, ionospheric losses and ring current energy losses. It should be noted that the current version of
the model represents the state of the magnetosphere-ionospheric system more accurately under southward IMF
conditions. The quiet time response of the WINDMI model is produced by driving it with a constant viscous
voltage V. . During purely northward IMF B, dayside merging and high-latitude reconnections create the north-
ward Bz (NBZ) currents system. The WINDMI model currently doesn't incorporate these or any potential plasma
circulation due to viscous interactions. Though these effects are not expected to be sufficient to sustain the near
—100 nT depression in SYM-H observed in the plateau phase of the storm. Nevertheless, these effects should be
estimated to formulate a better understanding of any storm.

The 22 coefficients in the WINDMI differential equations are physical parameters of the magnetosphere-ionosphere
system. The quantities L, C, Z, L, C, and X, are the magnetospheric and ionospheric inductances, capacitances,

and conductances respectively. A .. is an effective aperture for particle injection into the ring current. The resist-

¢
ances in the partial ring current ar];fd region-2 current, /, are R, and R, respectively, and L, is the inductance of
the region-2 current. The coefficient u, in Equation 3 is a heat flux limiting parameter. The energy confinement
times for the central plasma sheet, parallel kinetic energy, and ring current energy are 7, 7, and 7, respectively.
The effective width of the magnetosphere is L, and the transition region magnetic field is given by B, . The pres-
sure gradient-driven current is given by I, = L.(p/ uo)'/?, where L, is the effective length of the magnetotail.
The outputs of the model relevant to the current study are the magnetotail current (/), ring current energy (W, ),

in addition to all the magnetospheric field-aligned currents.

The solar wind-magnetosphere interaction is usually quantified by coupling functions. The earliest of these was
the half-wave rectified motional electric field which proposed that the x-component of solar wind velocity (v,)
and the southward component of IMF B_(B,) were the most important parameters (Burton et al., 1975). Additional
coupling functions have been introduced that account for the effect of dynamic pressure (P), the perpendicular
component of the magnetic field (B;), and the clock angle (9 = tan~'(B/B,)), magnetic flux at the magnetopause
(®,,,), magnetosonic mach number, plasma beta value, mass density of the solar wind upstream of the bow shock
(p,), and thermal pressure (P,) (Borovsky, 2008; Newell et al., 2007; Siscoe et al., 2002). These coupling functions
;f / and a base viscous voltage V. _to obtain the

visc

are combined with the effective thickness of the magnetosphere L
driving potential (V,,, =V ) for the model. We have chosen five coupling functions for this study as defined below:

I/rectified = I/Uisc + Uy BSIMFLf,ff — Rectified (9)
Viiscoe = Vaise + 57.60 Brsin®(0/2)P~"/¢  —Siscoe (10)
Viewett = Veise + v B *sin*3(0/2)  —Newell (11

do,,
Vieweti—-p = Viise + PI/ZTP — Newell-P 12)

I/bm'ousky = Viise + f(U? B,P,0, Pos Pfh) —Borovsky (13)

For detailed information on the coupling functions and their performance please refer to Spencer et al. (2011).
The chosen coupling functions are normalized based on the method proposed by Spencer et al. (2011), so that
only the qualitative differences introduced by each function are highlighted. The WINDMI model estimates
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Figure 2. Top three panels (a)—(c) show the shifted solar wind dynamic pressure, z-component of magnetic field, and
velocity measured at Advance Composition Explorer. The coupling functions (d and f), the modeled and measured SYM-H
values (e and g) along with their correlation coefficients for the 21 January 2005 storm are shown in the bottom four panels.

the state of the magnetopshere-ionosphere system by optimizing the physical model parameters using a genetic
algorithm (Patra et al., 2011). The contribution of the symmetric ring current energy (W,c) to the SYM-H index
is calculated using the Dessler-Parker-Sckopke relationship (Dessler & Parker, 1959; Sckopke, 1966) that relates
the energy in the ring current with the magnetic perturbations at low latitudes on the surface of the Earth. The
magnetic perturbation at low latitudes due to the magnetopause currents is estimated as 15.5\/? based on the
empirical relationship given by Burton et al. (1975) and O’Brien and McPherron (2000).

The relative contribution of the tail current to the SYM-H index has been estimated to range from 25% to 80% by
various studies (Daglis et al., 2003; Gonzalez et al., 1994; Maltsev, 2004). Feldstein et al. (2005) estimated the
magnetotail current contribution using Defence Meteorological Satellite Program satellite data and found nearly
equal contributions from both the tail currents and the Chapman-Ferraro currents during a geomagnetic storm.
It is well-established that the inner boundary location of the magnetotail current sheet influences the strength of
magnetic perturbations observed on Earth's surface. To account for the uncertainty in the tail current contribution
(1) to the SYM-H index, the WINDMI model, as described in Equation 1, incorporates a geometric factor (Patra
et al., 2011). The estimated SYM-H value calculated by the WINDMI model for each coupling function is the
sum of all three current contributions, as illustrated in Figure 2.

The best-fit results along with the normalized coupling function values are shown in Figures 2d-2g. During the
initial and main phase of the storm until around 21:30 UT, almost all the coupling functions are able to provide
acceptable fits. The rectified E-field and Borovsky's coupling functions provide the best fits with correlation
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values of 0.86 and 0.85 respectively as shown in the panels showing the modeled SYM-H values in Figure 2. The
initial decrease of the SYM-H after the northward turning of IMF B_around 18:43 UT can be correctly estimated
due to the reduction in magnetopause currents and the delayed response of the currents. From 21:30 UT onwards
until 04 UT in the plateau phase the model tends to overpredict the SYM-H values.

The consistent overestimation by the WINDMI model from 21:30— 04:00 UT is due to the fact that none of the
coupling functions predict any substantial energy injection in this period. This suggests that directly driven mech-
anisms even after accounting for other solar wind variables as suggested by Kuznetsova and Laptukhov (2011),
and Troshichev and Janzhura (2012), might not have been the dominant contributor to the ring current during this
phase. A delayed rise of the ring current, which can be from O to 8 hr, and slow decay was suggested as a likely
cause by Kane (2012), and Gonzalez and Echer (2005). The WINDMI model successfully reproduced the delayed
decrease in SYM-H, and predicts a slow decay of the ring current with a relatively high time constant of ~10 hr.
The inability of the model to fit the plateau suggests either additional ring current energization mechanisms
might have been present or other current sources contributed to the steady SYM-H. It is also likely that the simple
expression of pressure correction used to account for the effects of Chapman-Ferraro currents doesn't hold under
all the stages of the storm. Siscoe et al. (2005) found diminished contributions of the ram pressure to SYM-H
index during storms. In this work, we are exploring if the unique conditions present during the storm might have
affected the state of the ring and tail currents.

Du et al. (2008) reported that the magnetic field stretching angle was close to zero during the initial phase which
signifies a highly distorted magnetosphere and an earthward location of the tail current that suggests a significant
contribution from the tail current to the low latitude magnetic disturbance. Empirical and magnetohydrodynam-
ics models validated using in-situ and energetic neutral atoms observations have been used to model the various
currents' contributions to SYM-H (Dmitriev et al., 2014; Kozyra et al., 2014; McKenna-Lawlor et al., 2010).
From these studies, it was inferred that the currents like the field-aligned currents, tail currents, and partial ring
current were the dominant contributors during the main and early recovery phase of the storm while the symmet-
ric ring current became dominant after 00:45 UT on 22 January.

Kozyra et al. (2014) reported observations of an intensified auroral oval, isotropic boundary (b2i) at lower latitudes,
and the ring current precipitation zones that are evidence for the magnetotail stretching by field line curvature scatter-
ing. Kozyra et al. (2013) claim that the 21 January 2005 event was the first and only instance where a strong stretch-
ing was observed due to the formation of a dense plasma sheet derived from dense solar filament material. Based on
the evidence, it is reasonable to assume that the tail current remained elevated and contributed to the SYM-H index
during the main phase. The plasma sheet capacitance parameter C in the WINDMI model Equation 2 is a function of
the plasma sheet density. The capacitance value can be determined using the following expression (Spencer, 2006):
TpmLxL;

Cr ——
B.B:L, a4

where p,, is the plasma sheet density, L, and L, are the length and width of the geotail while L_ is the half-width
of the plasma sheet. B, is the magnetic field at x = 0 and B, is constant.

Figure 3a shows the plasma sheet density as measured by the Los Alamos National Laboratory Magnetospheric
Plasma Analyzers (LANL-MPA). Observations from all the satellites (LANL-95, LANL-84, LANL-97A, LANL-
01A, and LANL-02A) during 20:00-04:00 magnetic local time window are plotted at a given UT. The density
increases by almost 610 times after the second impulse (SI+). To reflect this abrupt increase in density we chose
a step profile for the plasma sheet capacitance changing from ~70, 000 to 560, 000 F. The contribution of the
various currents to the SYM-H index (SYM-H,,,...) as estimated by the WINDMI model driven by the rectified
function and density-dependent Capacitance is shown in Figure 3. The breakdown of currents estimated by the
standard model driven by the rectified function as shown earlier in Figure 2 is also shown with dashed lines.

The modified model estimates a much more accurate value for SYM-H as compared with the standard model
in the plateau region. The modified model estimates an even slower ring current (SYM-H, ) decay with a time
constant of ~13 hr. The fast dynamics in the initial and main phases are the result of the Chapman-Ferraro (magne-
topause) currents (D, ) and the tail current (SYM-H, ;). In the plateau phase the slowly decaying ring current,
the still elevated tail current, and the magnetopause current combine to create a near-constant magnetic distur-
bance that matches with the observed records of the SYM-H index (SYM-H
a gradual decay of the ring current but estimates a quick rise, albeit with a relatively modest enhancement, for

). The standard model predicts

data
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Figure 3. (a) Variation of plasma sheet density measured by different LANL satellites along with the modified plasma sheet
capacitance used in the WINDMI model. (b) The measured and modeled SYM-H, magnetospheric currents for the 21 January
2005 storm as estimated by the WINDMI model with standard (dotted lines) and plasma sheet-dependent capacitance (solid
lines) driven by the rectified VBs input (see text for details). The magnetopause current (Dmp) is estimated empirically.

the tail current. This is the expected response of the tail current in the standard WINDMI model as it is highly
correlated with the input and has faster response times. Two different states of the magnetosphere-ionosphere
system are estimated by the optimization algorithm in order to reproduce the observed SYM-H index. The change
in capacitance mimicking the high plasma sheet density led to the change in the time constant of the tail current
that resulted in elevated levels of the tail current.

This breakdown of the current contributions to SYM-H also highlights the fallacies in using commonly used
terminologies like initial, main, and recovery phases of the storm based on just the SYM-H index. It is clear
that the storm's main phase starts much earlier coinciding with the period of negative IMF B,. The apparent
growth of the storm main phase and the inflection point in SYM-H at 21:15 UT is in fact due to the recovery of
the CF-current (magnetopause) after the second impulse at 19:20 UT. The magnetic perturbation caused by the
magnetopause current (D, ) peaked at 19:20 UT reaching a value of 155 nT and quickly fell down to a value
around 80 nT from 21:15 UT till 24 UT. Hence one should be careful in interpreting and trying to model the ring
current based purely on the basis of SYM-H.

The occurrence of dense plasma sheet and its role in magnetotail dynamics and ring current intensity was
discussed in detail by Borovsky et al. (1997). They suggested three main sources for the higher density: the outer
plasmasphere, high density solar wind, and ionospheric outflow. A CDPS usually forms under extended periods
of northward IMF B, (Borovsky & Denton, 2010; Denton & Borovsky, 2012). This dense material can be injected
to the inner magnetosphere either by sudden southward IMF or a very strong compression (Thomsen et al., 2003).
The long lifetime of the ring current was probably due to particle injection into the inner magnetosphere where
the drift times are longer (Dmitriev et al., 2014). The formation of a warm and later CDPS within 1 Hr after
impact of the second pressure pulse and under northward IMF conditions was reported by Kozyra et al. (2013)
during the 21-22 January 2005 storm. They claim that the high densities were driven by the dense solar filament
material that produced strong diamagnetic stretching despite low levels of magnetic activity. Du et al. (2008)
suggested that energy was initially stored in the tail due to a previous southward IMF B, period albeit small and
then later injected into the ring current leading to the decrease of SYM-H. Although no clear physical mechanism
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Figure 4. Variations in (a) IMF B, (b) Solar wind pressure, electron flux measured at geosynchronous orbit by (c)
LANL-1990-095, (d) LANL-01A, (e) LANL-02A satellites, and proton flux measured by (f) LANL-01A, (g) LANL-02A
satellites (h) SML and SYM-H indices. The black dashed lines are marked to show the time when the dispersionless-like
injections are observed.
for this was provided, the creation of a dense plasma sheet followed by compression-led injection and substorms
could possibly provide the additional source needed.
Figure 4 shows the variations of (a) IMF B, (b) solar wind pressure (P), electron flux measured at geosyn-
chronous orbit by (c) LANL-1990-095, (d) LANL-01A, (e) LANL-02A satellites and proton flux measured
by (f) LANL-01A, (g) LANL-02A satellites (h) SuperMAG westward AE index (SML), and SYM-H indi-
ces during 15:00 UT, 21 Januray-06:00 UT, 22 January. The dashed lines are marked to show the time when
dispersionless-like injection of energetic particles at geosynchronous orbit is observed. These satellites were
on the night side when the particle enhancements were observed. There are six dispersionless-like injections
observed during this event which are also correlated with sharp reductions in SML index. The first substorm
was observed by LANL-02A at 17:12 UT due to the arrival of the shock where the SML index is reduced to
—4,418 nT, indicating an intensification of the westward auroral electrojet. This is considered as a shock-induced
supersubstorm by Hajra and Tsurutani (2018). The SML attained a peak value of —4,418 nT at ~17:38 UT and
then started recovery. The SML index reached the pre-substorm level at ~18:50, indicating the end of supersub-
storm. It is to be noted that the substorm expansion phase continued for ~21 min and the duration of the entire
ROUTET AL. 8of 11
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supersubstorm event was ~1 hr 40 min from the onset to end of the substorm (Hajra & Tsurutani, 2018). Recently,
Tsurutani and Hajra (2023) studied various shock-induced supersubstorms where they found the supersubstorms
occur in the main phase of an intense geomagnetic storm. It is observed that supersubstorm events occur simul-
taneously with concurrent magnetic storms and concluded that the supersubstorm event and the magnetic storm
are closely related, if not the same thing. However, in the present investigation, the supersubstorm only lasts for
1 hr 40 min whereas, the main phase of the storm continued for more than 10 hr after the supersubstorm. This
indicates that the supersubstorm did not play a significant role in the decrease of the SYM-H and had a negligible
effect during the plateau region.

It is important to note that three (second, third, and fourth) dispersionless-like injections are observed under
predominantly northward IMF B, conditions although the fluxes are relatively low to the quiet time level. It can
be seen that the solar wind pressure is high but not changing much during this time. The high solar wind pressure
leads to a compressed magnetosphere that can lead to higher losses as the drifting particles might encounter the
magnetopause and drift out (West et al., 1972). Alternatively, the possibility of the LANL satellites being on
higher L-shells can not be ruled out since the magnetosphere is highly stretched. That can also result in lower flux
measurements. These substorm-like signatures could then be just signatures of relaxation of the magnetosphere
(Kozyra et al., 2013). The presence of a stretched magnetotail sustained by a high tail current and dense plasma
sheet during the plateau phase of the storm possibly led to the anomalous SYM-H. The counterbalancing contri-
butions from ring current, tail current, magnetopause current and the current wedge formed along with the long
lifetimes of the ring current particles during the northward IMF B, periods might have created conditions for the
plateau observed in the SYM-H index (Lopez et al., 2015; Ohtani et al., 2001).

4. Summary

To summarize, in the present investigation, a moderate geomagnetic storm with a minimum SYM-H value of
—110 nT that occurred on 21 January 2005 was unusually found to develop under northward IMF B, conditions.
The WINDMI model was used to understand the energization process of the ring current and other currents in
the magnetosphere-ionosphere system by considering various coupling functions as input. It is found that the
WINDMI fits that used the coupling function of Borovsky and rectified motional electric field as input gave the
best correlations with the observed SYM-H. However, it is to be noted that none of the coupling functions could
drive currents in the WINDMI model to reproduce the exact variation of SYM-H in the plateau phase. A highly
dense plasma sheet was present during the plateau phase of the storm. This coincided with a highly stretched
magnetosphere, as indicated by the isotropic boundary, suggesting a sustained high tail current with the inner
edge of the tail closer to Earth. Multiple substorm-like signatures were found to be present during the northward
IMF B, conditions in the main phase of the storm that caused magnetic perturbations globally.

The WINDMI model was enhanced to include the contribution of plasma sheet density that allowed the WINDMI
model to successfully reproduce all the features of the storm. The model estimates a slowly decaying ring current
and a sustained tail current in the plateau phase. The long lifetime of the ring current was probably due to parti-
cle injection into the inner magnetosphere where the drift times are longer. A combination of the highly dense
plasma sheet, long decay times of the ring current particles, and the elevated levels of the magnetopause currents
likely caused the apparent growth, plateau, and extremely long recovery of the SYM-H index. Additionally, the
potential non-linear contribution of the magnetopause currents and time-varying ring current decay rates can not
be disregarded. The energy transfer from the solar wind to the magnetosphere-ionosphere system is the key to
comprehending and predicting space weather. This study highlights the importance of correctly accounting for
the state of the magnetosphere in successfully modeling currents during a geomagnetic storm.

Data Availability Statement

The geomagnetic indices (SYM-H and AL) and solar wind data are obtained from the GSFC/SPDF OMNIWeb
(Papitashvili & King, 2020). The solar wind data is obtained from the ACE SWEPAM instrument (https://izw1.
caltech.edu/ACE/ASC/level2/lvI2DATA_MAG-SWEPAM.html). The WINDMI model v.1 can be run for free
at the Community coordinated modeling center (CCMC) (https://ccmc.gsfc.nasa.gov/models/WINDMI~1.0).
The windmi model and the data used in this study are available in a Zenodo repository (Rout et al., 2023). The
database contains the LANL particle measurements, IMF, and Solar wind records for the storm duration. See the
Zenodo record for more description of the model used and data sets.
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