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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 IMF $B_z$ turns southward. The delayed response of the ring current to solar wind driving can account for the
anomalous growth of the SYM-H under northward IMF $B_z3$. 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, grows and has a sustained peak value lasting more
than 6 hrs under northward IMF $B_z$ conditions. In this work, first the standard WINDMI model is utilized to estimate the
growth and decay of various magnetospheric currents by using several solar wind-magnetopsehre coupling functions. However,
it is found that the WINDMI model driven by any of these coupling functions is not fully able to explain the enhancement
of SYM-H under northward IMF $B_z$. The SYM-H variations during the entire duration of the storm were only reproduced
when the effects of the dense plasma sheet were included in the WINDMI model. 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.
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Key Points:

e SYM-H growth under northward IMF conditions and highly stretched magneto-
tail.
e The central plasma sheet was highly dense during the plateau phase of SYM-H.

* Models need to account for the state of the Magnetosphere to successfully repro-
duce all the features of the SYM-H index.
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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 IMF B, turns southward. The de-
layed response of the ring current to solar wind driving can account for the anomalous
growth of the SYM-H under northward IMF B,. The geomagnetic storm on 21-22 Jan-
uary 2005 is considered to be anomalous as the SYM-H index that signifies the strength
of ring current, grows and has a sustained peak value lasting more than 6 hrs under north-
ward IMF B, conditions. In this work, first the standard WINDMI model is utilized to
estimate the growth and decay of various magnetospheric currents by using several so-

lar wind-magnetopsehre coupling functions. However, it is found that the WINDMI model
driven by any of these coupling functions is not fully able to explain the enhancement

of SYM-H under northward IMF B,. The SYM-H variations during the entire duration

of the storm were only reproduced when the effects of the dense plasma sheet were in-
cluded in the WINDMI model. 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 energy transfer from the solar wind to the Earth’s magnetosphere is most ef-
ficient under southward IMF Bz conditions. Generally, the southward IMF Bz drives the
ring current which is measured by the Dst/SYM-H index. The storm on 21 January 2005
is one of the rarest events which developed under northward IMF Bz conditions. The
geomagnetic disturbances due to the storm, that is signified by the SYM-H index at low
latitudes, continued to grow for more than six hours, reaching a minimum value of -101
nT after northward turning of the IMF Bz. In this work, we have tried to estimate the
SYM-H by using various solar wind-magnetosphere coupling functions as input to the
MINDMI model. However, none of these coupling functions could predict this unusual
growth of SYM-H index under the northward IMF Bz conditions. A highly dense plasma
sheet was observed during the anomalous period and incorporating this in the WINDMI
model led to the successful reproduction of the observed magnetic disturbance. This in-
vestigation clearly shows the important role of the state of the magnetosphere in ener-
gizing the magnetospheric currents. Therefore, it is suggested that the space weather mod-
els need to include both the conditions of solar wind and magnetosphere in order 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 iono-
sphere. A great many theories have been proposed to quantify these interactions (Borovsky,
2013; Newell et al., 2007; Gonzalez, 1990) 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 ener-
gized during a geomagnetic storm when the z-component of 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 dayside magne-
topause (Borovsky & Birn, 2014). The orientation of the IMF heavily controls the rate
and location of reconnection. While the most effective reconnection happens under south-
ward IMF B, conditions, other solar wind parameters significantly affect it (Newell et
al., 2007).

Magnetospheric dynamics are quite distinct when the IMF B, is northward. The
geoeffectiveness of the solar wind drops significantly under northward IMF conditions.
Reconnection takes place at high latitudes leading to a four-cell convection pattern (Burke
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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 al., 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). Reconnection occurs at locations poleward of the cusp that lead to the cap-
ture of interplanetary flux tubes that sometimes contain filament material by the mag-
netosphere to create the CDPS (Kozyra et al., 2013; Li et al., 2008; Palmroth et al., 2006).
This preconditioning which typically takes about 3 hrs is known to lead to a stronger
geomagnetic storm if the IMF B, turns southward immediately after the period of north-
ward IMF B, (Wing et al., 2006). The development and recovery of most of the geomag-
netic storms in recorded history can be explained by one or more of these simplified the-
ories but there have also been a few reported events that were deemed “anomalous” since
the storm was 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;
Simi et al., 2012; Kleimenova et al., 2015).

The storm on 21 January 2005 is the only reported event that had a main phase
and extended peak lasting more than 6 hrs 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 (Du et al., 2008; Kozyra et al., 2014; Dmitriev et al., 2014;
Kalegaev et al., 2015). Storage and delayed injection were provided as a plausible ex-
planation for the enhanced SYM-H 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 (Troshichev & Janzhura,
2012; Dmitriev et al., 2014). The presence of a cold dense plasma sheet that enabled the
extreme compression to energize particles adiabatically has also been suggested as a pos-
sible energization mechanism (Kozyra et al., 2013). However, none of these theories could
properly explain the growth of the ring current under the northward IMF Bz condition.
Therefore, the fundamental question that needs to be answered is what drives the ring
current during northward IMF Bz conditions when there is no direct energy input from
the solar wind. In this study, we successfully reproduce all the features of the 21 Jan-
uary 2005 storm by using the WINDMI model (Horton & Doxas, 1998; Spencer et al.,
2007; Patra et al., 2011) driven by a few standard coupling functions to interpret the global
magnetosphere-ionosphere system response. The result reveals the strength of the ring
current is not only controlled by the solar wind conditions but also depends on the state
of magnetosphere.

2 Event Overview

The coronal mass ejection that erupted on 20 January 2005 from the X7.1/3B so-
lar flare in the northwestern quadrant of the solar disk (14°N, 61°W), caused a moder-
ate geomagnetic storm on 21 January 2005 (Foullon et al., 2007). Figure 1 shows the so-
lar wind parameters at the L1 point (in geocentric solar magnetospheric coordinate sys-
tem) as measured by the Advance Composition Explorer (ACE) satellite. These have
been shifted by 24 mins to align with the geomagnetic signatures of the first storm sud-
den commencement (SSC). 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 mag-
netopause standoff distance (L,,, in Rg). This storm is mainly characterized by two storm
sudden commencements (indicated as SSC-1 and SSC-2 in red dashed lines) associated
with two consecutive interplanetary shocks. The ACE satellite detected a large coronal
mass ejection at ~16:48 UT that arrived at the magnetopause at ~17:12 UT on 21 Jan-
uary triggering SSC-1 and ~1.5 hours later (at 18:43 UT) another CME shock front ar-
rived that triggered SSC-2. It can be seen that the solar wind parameters (|B|, solar wind
density, and velocity) changed sharply at these times. The proton density N increased
from 2 cc™! to 22 cc™! during SSC-1 and further increased to an unusually high value
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Figure 1. From top to bottom are X and Y components of IMF (IMF B, and IMF By) in
blue and black lines, north-south or Z component of IMF (IMF B, in nT), total magnetic field
intensity (|B| 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 (Lmp in
REg), polar cap index (PC), ASY-H index in nT, and geomagnetic storm index (SYM-H in nT).
The red dashed vertical are drawn to identify the SSCs.
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of 62 cc™!. The solar wind velocity increased from 565 km/s to 900 km/s. The solar wind
dynamic pressure (P = % pV?) increased from 2 nPa to 35 nPa during the SSC-1 and
then it increased to the significantly high value of 106 nPa during SSC-2. Due to the high
dynamic pressure, the magnetopause standoff distance was estimated to be significantly
reduced from ~ 10.3 Rg to 5.3 Rg based on the formula provided in Kivelson and Rus-
sell (1995). The subsolar magnetopause was continuously located inside geosynchronous
orbit (~ 6Rg) due to the strong compression during initial and main phases of the storm.
It is for the first time that the upstream solar wind was observed at geosynchronous or-
bit for almost 2 hr due to the extreme compression caused by the solar wind dynamic
pressure (Dmitriev et al., 2014).

In response to SSC-1, the SYM-H increased from -17 nT to 55 nT. Approximately
1.5 hours later (at 18:43 UT) the second shock front arrived causing the SSC-2 that 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 continued to develop. In between,
the IMF B, turned southward within minutes of the arrival of the SSC-1 at 17:20 UT,
it briefly turned northward at 17:47 UT but turned southward again at 18:18 UT, and
remained southward until a few minutes before the arrival of the SSC-2 at 18:45 UT. The
SYM-H reached it’s lowest value of -101 nT at 06:00 UT on 22 January. The IMF B,
was continuously northward from 19:40 UT, 21 January to 02:45 UT, 22 January 2005.
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 grew to a value of around
-90 nT by 21:30 UT and remained elevated afterwards which is referred to as the ”plateau”
region. This is highly unusual and termed as “anomalous” as reported by a few other
studies (Du et al., 2008; McKenna-Lawlor et al., 2010; Kozyra et al., 2013, 2014; Bag
et al., 2023). Additionally, the polar cap index (PC), 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 this unusual growth of the ring current, 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 equa-
tions that give a system of eight ordinary differential equations driven by a potential de-
rived from solar wind coupling functions. The eight equations of the model are given by:

dI dl

L= v -veuih 1)
C% = [ I3V 2)
3dp xv2 1/2 pV Aest 3p
e = 1C7) e S 3
2 dt QCPS Hop H (U) QcpthrLy 27’E ( )
ooy f (4)

dt ps 7
dl; dl

Li— = — M—

1 V-Vi+ 7 (5)
d

Gl = hb-n (6)
dl

LQTE = Vi — (Rprc + Ra2)l> (7)
dWrC 2 pVAeH Wie

= I _
dt BRprely + BuL, T (8)



159 The model is driven by a potential field that is a function of the solar wind paramters

160 (Vsw) . The nonlinear equations of the model trace the flow of electromagnetic and me-
161 chanical energy through eight pairs of transfer terms. The remaining terms describe the
162 loss of energy from the magnetosphere-ionosphere system through plasma injection, iono-
163 spheric losses and ring current energy losses. The coefficients in the differential equations
164 are physical parameters of the magnetosphere-ionosphere system. The quantities L, C, >, L1,Cy
165 and X; are the magnetospheric and ionospheric inductances, capacitances, and conduc-
166 tances respectively. A.;y is an effective aperture for particle injection into the ring cur-
167 rent. The resistances in the partial ring current and region-2 current, I, are R, and
168 R 45 respectively, and Lo is the inductance of the region-2 current. The coefficient ug in
169 eqn. 3 is a heat flux limiting parameter. The energy confinement times for the central
170 plasma sheet, parallel kinetic energy and ring current energy are 7g, 7 and 7. respec-
7 tively. The effective width of the magnetosphere is L, and the transition region mag-
172 netic field is given by By,.. The pressure gradient driven current is given by I, = L. (p/po)'/?,
173 where L, is the effective length of the magnetotail. The outputs of the model relevant
174 to the current study are the magnetotail current (I), ring current energy (W,..), in ad-
175 dition to all the magnetospheric field aligned currents.
176 The solar wind-magnetosphere interaction is usually quantified by coupling func-
177 tions. The earliest of these models was the half-wave rectified motional electric field which
178 proposed that the x-component of solar wind velocity (v,) and the southward compo-
179 nent of IMF B, (B;) were the most important parameters (Burton et al., 1975). Addi-
180 tional coupling functions have been introduced that account for the effect of dynamic
181 pressure (P), the perpendicular component of the magnetic field (Br), and the clock an-
182 gle (0 = tan~'(B,/B.)), magnetic flux at the magnetopause (®,,,), magnetosonic mach
183 number, plasma beta value, mass density of the solar wind upstream of the bow shock
184 (po), and thermal pressure (Py,)(Siscoe et al., 2002; Newell et al., 2007; Borovsky, 2008).
185 These coupling functions are combined with the effective thickness of the magnetosphere
186 L;f I to obtain the driving potential (Vi = Vige) for the model. We have chosen five
187 coupling functions for this study as defined below:
Viectifiea = va BIMF LY — Rectified (9)
Viiscoe = 40.0(kV) 4 57.6v, By sin?(0/2)P~1/6 — Siscoe (10)
Viewell = dq)% = vi/?’Bq%/g sin®/3(0/2) — Newell (11)
Vaewell—p = Pl/Q% — Newell-P (12)
Viorovsky = f(v, B, P, 0, po, Pi1,) — Borovsky (13)
188 For the detailed information of the coupling functions and their performance please
189 refer to Spencer et al. (2011). The chosen coupling functions are normalized based on

190 the method proposed by Spencer et al. (2011), so that only the qualitative differences
101 introduced by each function are highlighted. The WINDMI model estimates the state
102 of the magnetopshere-ionosphere system by optimizing the physical model parameters
103 using a genetic algorithm (Patra et al., 2011). The contribution of the symmetric ring
194 current energy (W,.c) to the SYM-H index is calculated using the Dessler-Parker-Sckopke
105 relationship (Dessler & Parker, 1959; Sckopke, 1966) that relates the energy in the ring
196 current with the magnetic perturbations at low latitudes on the surface of earth. The
107 magnetic perturbation at low latitudes due to the magnetopause currents is estimated
108 as 7.26v/P based on the empirical relationship given by Burton et al. (1975). The con-
199 tribution of the tail current (I) to the SYM-H index is estimated from the tail current
200 magnitude calculated by the WINDMI model in eqn. 1 multiplied by a geometric fac-
201 tor (Patra et al., 2011). The sum of all three current contributions gives the estimated
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SYM-H value calculated by the WINDMI model for each of the coupling functions as
shown in fig 2.
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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 ACE. The coupling functions (d,f), the modeled and
measured SYM-H values (e,g) along with their correlation coefficients for the 21 January 2005

storm are shown in the bottom four panels.

The best fit results along with the normalized coupling function values are shown
in fig. 2 (d-g). 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 values of 0.86
and 0.85 respectively as shown in the panels showing the modeled SYM-H values in fig.
2. The initial growth of the SYM-H after the northward turning of IMF B, can be cor-
rectly estimated due to the reduction in magnetopause currents and the system delay
accounted for by the model. From 21:30 UT onwards until 04 UT in the plateau phase
the model tends to underpredict the SYM-H values.

The consistent underestimation 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 injec-
tion in this period. This suggests that directly driven mechanisms even after account-
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ing 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 simple delayed rise of the ring current that can be from
0-8 hrs and slow decay was suggested as a likely cause by Kane (2012), and Gonzalez
and Echer (2005). The WINDMI model successfully reproduced the delayed rise in SYM-
H, and predicts a slow decay with a relatively high ring current time constant of ~ 40
hrs. 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.

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 earth-
ward location of the tail current that suggests a significant contribution from the tail cur-
rent to the low latitude magnetic disturbance. Empirical and MHD models validated us-
ing in-situ and energetic neutral atoms observations have been used to model the var-
ious currents’ contributions to SYM-H (McKenna-Lawlor et al., 2010; Dmitriev et al.,
2014; Kozyra et al., 2014). From these studies, it was inferred that the currents like the
field-aligned currents, tail currents, and partial ring current were the dominant contrib-
utors during the main and early recovery phase of the storm while the symmetric 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 ev-
idence for the magnetotail stretching by field line curvature scattering. 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 so-
lar filament material. Based on the evidence, it is reasonable to assume that the tail cur-
rent remained elevated and contributed to the SYM-H index during the main phase. The
plasma sheet capacitance parameter C in the WINDMI model eqn. 2 is a function of the
plasma sheet density. The capacitance value can be determined using the following ex-
pression (Spencer, 2006):

7rmexLz

C ~
BoB.L,

(14)
where p,;, is the plasma sheet density, L, and L, are the length and width of the geo-

tail while L, is the half-width of the plasma sheet. B, is the magnetic field at x =0

and B, is constant.

Figure 3(a) shows the plasma sheet density as measured by the Los Alamos Na-
tional 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 (MLT) window are plotted at a given UT. The den-
sity increases by almost 6-10 times after the second impulse SSC-2. To reflect this abrupt
increase in density we chose a step profile for the plasma sheet capacitance changing from
~ 70,000F —560,000F. The contribution of the various currents to the SYM-H index(SYM-
Huyindmi) as estimated by the WINDMI model driven by the rectified function and density-
dependent Capacitance is shown in fig. 3. The model estimates a slow ring current (SYM-
H,.) decay with a time constant of ~ 13 hrs. The fast dynamics in the initial and main
phases are the result of the Chapman-Ferrao (magnetopause) currents (D,,,) and the
tail current (SYM-Hy,;;). 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 disturbance that matches with the observed records of the SYM-H index (SYM-
Hdata)-

This breakdown of the current contributions to SYM-H also highlights the falla-
cies in using commonly used terminologies like initial, main, and recovery phases of the
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(see text for details) driven by the rectified VBs input. The magnetopause current (Dmp) is esti-
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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 main
phase and the inflection point in SYM-H at 21:15 UT is in fact due to the recovery of

the CF-current after the SSC-2 at 19:20 UT. The magnetic perturbation caused by the
magnetopause current (D,,,) peaked at SSC-2 reaching a value of 55nT and quickly fell
down to a value averaging 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 ba-

sis 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 cold dense plasma sheet usually forms under extended pe-
riods 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 cold
dense plasma sheet within 1 Hr after impact of the second pressure pulse and under north-
ward 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 ma-
terial that produced strong diamagnetic stretching despite low levels of magnetic activ-
ity. Du et al. (2008) suggested that energy was initially stored in the tail due to a pre-
vious southward IMF B, period albeit small and then later injected into the ring cur-
rent leading to the growth of SYM-H. Although no clear physical mechanism 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.

Fig.4 (left panel) shows the variations of (a) IMF Bz, (b) solar wind pressure (P),
electron flux measured at geosynchronous orbit by (¢) LANL-1990-095, (d) LANL-01A,
(e) LANL-02A satellites and proton flux measured by (f) LANL-01A, (g) LANL-02A satel-
lites (h) the westward auroral electrojet (AL index) during 15:00 UT, 21 Jan-06:00 UT,
22 January. The dashed lines are marked to show the time when dispersionless-like in-
jection of energetic particles at geosynchronous orbit are observed. These satellites were

on the night side when the particle enhancements were observed. There are six dispersionless-

like injection observed during this event which are also correlated with AL enhancement.
It is important to note that three (2nd, 3rd, and 4th) dispersionless-like injection are ob-
served under predominantly northward IMF B, conditions although the fluxes are rel-
atively 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 com-
pressed magnetosphere that can lead to higher losses as the drifting particles might en-
counter the magnetopause and drift out. Alternatively, the possibility of the LANL satel-

lites to be 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 ob-
servations. The counterbalancing contributions from ring current, tail current, magne-
topause 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 (Ohtani et al., 2001; Lopez et al., 2015).

4 Summary

To summarize, in the present investigation, a moderate geomagnetic storm with
peak SYM-H value of -110 nT that occurred on 21 January 2005 was unusually found
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to develop under northward IMF B, conditions. The WINDMI model was used to un-
derstand 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 elec-
tric 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 that suggests a sustained high tail current. 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 den-
sity 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 combina-
tion of the highly dense plasma sheet, deep injection 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. The energy transfer from the solar
wind to the magnetosphere-ionosphere system is the key to comprehending and predict-
ing space weather. This study highlights the importance of correctly accounting for the
state of the magnetosphere in successfully modeling currents during a geomagnetic storm.

5 Open Research-Data availability statement

Data used in this study is made available at https://zenodo.org/record/7351730#
.Y38w70LMIoJ. The geomagnetic indices (SYM-H and AL) and solar wind data are ob-
tained from the GSFC/SPDF OMNIWeb (https://omniweb.gsfc.nasa.gov). 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).
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