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Abstract

Coronal mass ejections (CMESs) are transient solar eruptions of magnetised plasma from
the Sun’s corona. Their interactions with the geo-magnetosphere may lead to severe ge-

omagnetic perturbations. Such space weather events pose a threat to ground- and space-
based technologies thereby impacting modern societal infrastructure. To understand the
physical processes behind geomagnetic storms and predict them we develop a new CME
flux rope-magnetosphere interaction module using 3D magnetohydrodynamics. Qur ap-

proach is relatively simpler and time-efficient compared to more complex models but per-

forms well in estimating the strength and temporal variations of geomagnetic storms.

Simulated postdictions for two contrasting coronal mass ejections from 2003 and 2006

exhibit strong linear correlation with observed Dst and SYM-H indices. This study paves

the way for operationally efficient prediction of CME flux rope driven geomagnetic storms.

Plain Language Summary

Space weather refers to variations in the near-Earth space environment and atmo-
sphere in response to magnetic activity of the Sun. Extreme space weather events have
the potential to damage space- and ground-based technologies. With increasing depen-
dence on space-reliant technologies such as communication, navigational networks and
interconnected power grids, human societies have become more susceptible to space weather
disruptions. Energetic solar magnetic storms known as Coronal Mass Ejections (CMEs)
are responsible for the most severe perturbations to the geomagnetic environment. De-
velopment of physics-based models to predict the strength and timing of geomagnetic
storms are therefore of critical importance. Based on a new, data driven magnetohydro-
dynamic modeling approach — the CESSI-Storm Interaction (STORMI) Module — we de-
velop a methodology to predict the timing and intensity of CME driven geomagnetic storms.
We successfully demonstrate the efficacy of this modeling framework in predicting the
geomagnetic consequences of solar storms in a computationally efficient manner that is

suitable for operational forecasts.

1 Introduction

Dynamic magnetic conditions on the Sun are known to regulate the near-Earth space
environment giving rise to space weather. The primary drivers of such disturbances are

coronal mass ejections (CMEs), which are expulsions of plasma embedded in magnetic
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fields from the solar outer atmosphere. Such large-scale solar eruptions originate due to
magnetic reconnection, instabilities and rapid restructuring of coronal magnetic field driven
by surface flux emergence and evolution (Gopalswamy, 2004; Yeates et al., 2010; Sinha

et al., 2019). On their arrival at Earth, their interplanetary counterparts, ICMEs (Burlaga
et al., 1982; Gosling, 1990; Gopalswamy, 2002, 2006b; Gopalswamy et al., 2006), drive
geomagnetic storms which can have significant impact on ground and space based tech-
nologies (Y. D. Liu et al., 2014; Schrijver, 2015; Schrijver et al., 2015; Nandy et al., 2021).
As we approach the next solar maximum (Bhowmik & Nandy, 2018; Nandy, 2021), we
expect to see a rise in the number of such extreme events (Lakhina & Tsurutani, 2016;

Love, 2021).

The intensity of a geomagnetic storm (geoeffectiveness) is quantified using differ-
ent geomagnetic indices. Of these, the most commonly used are the Disturbance Storm
Time Index (Dst, Kyoto Dst) (Sugiura & Kamei, 1991) and its high-resolution twin, SYM-
H index (Iyemori et al., 2009). These indices measure the storm-associated changes in
the magnitude of the axially symmetric component of the geomagnetic field using var-
ious ground-based observatories (Gonzalez et al., 1994; Wanliss & Showalter, 2006; Men-
vielle et al., 2011). For the purpose of space weather forecasting, various analytical and
computational schemes have been employed to predict Dst (Rastétter et al., 2013). Some
widely used popular approaches in this context are the Space Weather Modelling Frame-
work (SWMF) (T6th et al., 2005; Ngwira et al., 2014; M. Liemohn et al., 2018; Welling
et al., 2021), the Open Geospace General Circulation Model (Open GGCM) (Raeder et
al., 2001), and the Coupled Magnetosphere Ionosphere Thermosphere Model (CMIT)
(Wiltberger et al., 2004; W. Wang et al., 2004; Toffoletto et al., 2004). In these approaches,
magnetohydrodynamic (MHD) setups coupled with kinetic drift-physics models and iono-
spheric electrodynamics solvers are used to calculate the Dst, which makes the process
computationally very expensive. Given that the draping interplanetary medium changes
the structure of a propagating CME in the heliosphere (Pal et al., 2020) and also observed
data inputs are possible only at L1 point near Earth there is very little time available
to make such forecasts. In this study, we demonstrate the possibility of utilising a phys-
ically intuitive MHD modelling of the CME flux rope - magnetosphere interaction to ar-
rive at a reasonable estimate of geoeffectiveness and temporal variations of geomagnetic

storms.



We develop a 3D MHD STORM Interaction Module (CESSI-STORMI), in which
we focus on a “far-out” planet and the associated magnetosphere. Based on in situ ob-
servations at L1 point, we model incoming transients, like solar wind and the ICME, and
introduce those into the domain at the day side boundary. In this study, we explore the
ICME-magnetosphere interaction and simulate the geoeffectiveness of two different storms
from the relatively active Solar Cycle 23 (Gopalswamy, 2006a). The first event (hence-
forth event 1) occurred on 20 November 2003 which was the strongest geoeffective storm
in last three decades (Dst = —422nT) with a highly inclined flux rope with a negative
z component of the magnetic field (Bz) in the core (Gopalswamy et al., 2005; Cid et al.,
2014). The second event (henceforth event 2), occurred on 13 April 2006 and was a stark
contrast to the previous one; the flux rope of the associated ICME was low in inclina-
tion and had a moderate impact on the Earth’s magnetosphere (Dst = —98nT). In the
subsequent sections we describe the STORMI module, our results, discussions and the

conclusions of this study.

2 The STORM Interaction Model Setup

We have developed STORMI based on CESSI-SPIM (Das et al., 2019; Basak & Nandy,
2021) using the magnetohydrodynamic architecture of the open source MHD code, PLUTO
(Mignone et al., 2007) (see Text S1). The initialisation of STORMI begins with forcing
the planetary dipolar magnetic field with the modelled solar wind and interplanetary mag-
netic fields (IMFs). The IMF winds from upto 120 minutes before the arrival of the ICME
shock are used to establish the magnetospheric steady state as defined by Das et al. (2019).
We set the magnetic field components of the IMFs by time averaging the in situ obser-

vations from that period gleaned at Lagrange point L1.

In our simulations, the planetary parameters for Earth are same as in Das et al.
(2019) except for the density of the ambient medium, which is remodelled to 5.02x10~24
gm/cc. The coordinate system is identical to the Geocentric Solar Ecliptic System (GSE),
but with a rotation of 180° about the common z-axis. Although Earth’s magnetic axis
is tilted by an angle of about 11° from the rotation axis; since, for this study, the com-
putational timescale is longer than a day and the modelled Earth is stationary, we con-
sider the rotation axis to be the best possible time-averaged magnetic axis such that the

geographic and magnetic equators become coplanar.
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Figure 1. Comparison between the ICME structure embedded in the solar wind (black lines)
and the modelled input (red lines) in the GSE coordinate system for event 1 in (a) and event 2
in (b), respectively. The initial dotted red line in the modelled profiles corresponds to the solar
wind input that forced the magnetosphere to a steady state. The interplanetary conditions are
plotted using the Wind Magnetic Field Investigation (MFI) data provided by the NASA Coordi-
nated Data Analysis Web (CDAWeb) service. The modelled profile is measured at a single point
on the x-line at the day side domain boundary and then time-shifted to the average x-position of

the Wind spacecraft, which was at the night side of Earth (~ —213Rg) for event 1 and at day

side (~ 199 Rg) for event 2.



In accordance with in situ observations, after the IMF wind, the modelled ICME’s
shock and sheath region approach Earth, followed by the modelled flux rope (Kilpua et
al., 2017). With the realisation that a global structure cannot be exactly matched with
single-point measurement, we follow simpler, realistic assumptions to model the ICME.
Figures 1 (a) and (b) show the temporal evolution of the observed magnetic field com-
ponents of the ambient space environment (black curves) and the modelled wind (red
curves) for both events, respectively. The magnetic properties of the sheath regions have
been adapted to maintain a smooth transition of the structure from sheath to cloud along
the x-axis. The low plasma temperature and low plasma 3 regions in the in situ data help
identify the temporal boundaries of the flux ropes (Burlaga et al., 1981). The density
and pressure of the ICMEs are defined by solving the Rankine-Hugoniot conditions to
generate and maintain the shock fronts. We model the flux ropes using the force-free non-
linear flux rope model developed by Gold and Hoyle (Gold & Hoyle, 1960; Hu et al., 2014;
Y. Wang et al., 2016) (see Text S2) which move along the Sun-Earth line (along the x-
axis) near 1 AU. Moreover, within the length scale of the domain, which is small com-
pared to the global structure of ICMEs, the central axes of the modelled flux ropes are
assumed to be normal to the x-line, and as a result, we get a zero B, (radial) compo-
nent inside flux ropes (figure 1). The B, component is taken to be zero for the sheath
and solar wind to ease the divergence cleaning process of the code. Taking into account
the negligible expansion rate of the cloud, the time-averaged in situ velocities are used
as the velocity of the modelled ICMEs. Following the ICME transit, we again introduce
the IMF forcing on the magnetosphere based on time-averaged data for at least another
eight hours to simulate the relaxation of the magnetospheric system in the aftermath of

the storm.

3 Results
3.1 Magnetospheric dynamics

In both events, before the ICME enters the picture, the initial solar wind forcing
leads to a droplet-shaped, steady, dynamic atmosphere of the planetary magnetosphere
(Schwartz, 1985; W. Liu & Fujimoto, 2011; Das et al., 2019). The magnetopause forms
on the day side, whereas on the night side, the magnetotail shows the cross-sectional
shaped current systems similar to the plasma regimes observed by Geotail (Christon et

al., 1998) in both cases. However, due to the nonzero y-component of the incoming mag-
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Figure 2. Simulated three-dimensional view of the planetary magnetosphere from a viewpoint
just above the ecliptic plane. The magnetosphere is depicted using coloured lines to distinguish
between the Earth’s polar open magnetic field lines (orange) and closed magnetic field lines
(cyan), and IMF (green). The strong event that occurred on 20 November 2003 is shown in panel
(a) and the moderate event of 14 April 2006 is shown in panel (b). The white arrows in both
images denote the rotation axis of Earth. The magnitude of the current density (J) is plotted

on the equatorial planes to demonstrate the current formation around the Earth right after the
passage of the leading halves of the flux ropes at 17:33 UTC for event 1 and 05:24 UTC for event

2. The yellow arrows designate the Sun-side (along the x-axis).
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Figure 3. Cross-sectional §-shaped current systems of the magnetotail for event 1 (top row)
and event 2 (bottom row). The current density (J) is plotted in the YZ plane (STORMI’s coordi-
nate system) at a distance of 60Rg from Earth and is viewed from the magnetotail side. Panels
(a) and (g) in the first and leftmost column show the current boundaries of the magnetotail
due to solar wind forcing before the ICME’s arrival. In the second column, (b) and (h) reveal
the magnetotail currents during the ICME sheath for the events 1 and 2 respectively. Panel (c)
and (i) show the current system during initial ICME forcing for the events. For the rest of event
1, the magnetotail gets stretched maximally along the semi-major axis as depicted in (d) and
starts decreasing in (e) as the trailing part of the ICME crosses the Earth. In (f) the solar wind
forcing reshapes the magnetotail away from the perturbed state. On the other hand, (j) and (k)
show the simulated magnetotail during the maximum impact during the transit of the trailing

part of the ICME for event 2. Panel (1) shows the post-ICME solar wind forced magnetotail.

netic field (B,), the § boundary assumes an elliptical shape (see Nakamura et al. (1997)).
Magnetic flux conservation between the polar cap and the elliptic magnetotail calculated
based on the method described by Kallenrode (2001) puts the boundaries of the polar
cap (Sergeev, 1990) around 70.5° latitude for event 1 and around 73° latitude for event

2.

After the initial wind, as soon as the ICME shock arrives at Earth, the magneto-
sphere experiences extreme compression because of the enormous increase in the ram pres-
sure of the inflow. The day-side magnetopause moves toward Earth by a maximum of
2.5RE for both events. Soon after, it relaxes to a new equilibrium magnetopause stand-
off distance (R,p) of 9.25Rg and 9.75REg, respectively. The global magnetosphere un-
dergoes significant perturbations due to the flux ropes passing around the Earth. The

planetary magnetic fields start to change their orientation, influenced by the ram pres-



sure and the magnetic topology of the incoming cloud. Figure 2 (a) and (b) shows the
3-dimensional orientation of the magnetosphere and current density at the equatorial planes
at 17:33 UTC on 20 November 2003 and at 05:24 UTC on 14 April 2006, respectively,

after the leading halves of the modelled flux ropes pass the Earth. The boundary of the
simulated polar cap is located around 50° latitude for event 1 during the maximum im-
pact; in situ measurements confirm that it had moved to about 60° of geomagnetic lat-
itude (MLAT) in reality (Ebihara et al., 2005). On the other hand, for event 2, the bound-
ary of the polar cap shifts to around 55° of latitude during the impact of the trailing part
of the ICME.

Studies have shown that the magnetotail retains memory of the orientation of the
previous IMF states since the impact of the solar wind is first observed at the nose of
the magnetosphere, followed by dynamic activities of near-Earth magnetic field lines on
the night side and then on the distant magnetotail (Walker et al., 1999; Hultqvist et al.,
1999). We observe that the time-varying structure of the magnetic clouds introduces tor-
sion into the magnetotail. Figure 3 depicts the simulated time-varying magnetosphere
in terms of the cross-sectional current of the magnetotail for the events. During quiet
time, the three-dimensional orientation of the geomagnetic dipole decides the orienta-
tion of the semi-major axis of the elliptical current system in the magnetotail. However,
during the storm, the magnetic forces (and reconnections) acting on the field lines at the
polar-cap boundary make the magnetotail cross-section more tilted and elongated be-
cause of the flux rope. We notice that the stretching enhances along the semi-major axis
with time and becomes maximum when the incoming magnetic field becomes anti-parallel
to the dipole axis. Nevertheless, after the passing of the cloud, the modelled solar wind

compensates for the stretch with time due to the orientation of the field lines.

3.2 A New Method for Estimating Geomagnetic Storm Intensity Us-
ing the Simulated STORMI Index

During a storm, disturbances in the magnetosphere are measured by Dst and SYM-
H indices, which are known to be primarily produced by magnetospheric ring currents.
These currents are generated by the perturbed ionosphere and trapped solar wind par-
ticles that undergo gyromotion, grad-B drift motion, and curvature drift motion within
the magnetosphere (Parker, 1957; Williams, 1983; Roelof & Williams, 1988; Daglis et
al., 1999; Daglis, 2001; Le et al., 2004; Ganushkina et al., 2017; Ebihara, 2019). Thus,



during geomagnetic storms, the enhancement in the entrapped charged particles and the
dawn-dusk asymmetry of the magnetic fields increase these currents. This happens in
such a way that the geomagnetic field becomes weak, implying a reduction in the Dst

and SYM-H values.

In our model, we observe currents in the form J = ¢ (6 X E) (see Text S1), in-
duced by the magnetic field topology around Earth and influenced by plasma flows. Im-
ages 2 (a) and (b) show the distribution of the current density (J) in the equatorial plane
of the magnetosphere after the passage of the leading halves of the flux ropes for both
events. Within the magnetosphere these induced currents exhibit a behaviour similar to
that of the equatorial ring currents (Le et al., 2004) and are directed eastward within
~ 3Rg, and westward within ~ 4—7Rg (Roy & Nandy, 2021a, 2021b). The modelled
magnetopause boundary current also flows from the west to the east, as seen in Stern
(1994). We observe a significant increase in the magnitude of these currents while the
ICME crosses the Earth. Based on these observations, we calculate the STORM Inten-
sity (STORMI) index (as a modelled proxy for the Dst and SYM-H indices) to estimate
the geoeffectiveness using these induced magnetospheric currents. To achieve this we use

the integral form of the Biot-Savart’s law (with usual notations),

We assume a geocentric conductor focusing on the equatorial plane and covering
the magnetosphere and the plasma atmosphere of the modelled planet with an inner ra-
dius of 1.5 R (leaving two grid cells from the planetary surface) and an outer radius
of 6.5 Rp. At twelve equatorial grid points (see Figure S1) and two polar grid points just
outside the planet, we calculate the axial component (parallel to the dipole axis) of the
magnetic field for the current distribution throughout the volume (v’) of the plasma sphere.
The thickness of the conductor is fixed for each event based on the initial distribution
of the current near the equatorial plane. For event 1 it is 1.9 Rg, whereas it is 1.6 Rg
for event 2. We plot the equatorial current distribution by plotting the time-averaged
quiet-time current density, surface-averaged over circular planes parallel to the equator
to estimate the width of the distribution near the equator as a function of their distance
(see figure S2). We take the mean contribution from all fourteen points to calculate the
global induced field. The field due to the initial solar wind is designated as the quiet-

time baseline and it is set to be equal to the corresponding SYM-H value. We estimate

~10—



the STORMI index by calculating the change in induced magnetic field during the ICME
passage with respect to the baseline.

In the figures of 4 (a) and (b), the blue curve shows the progression of the STORMI
index with time for both events, along with the shaded blue regions showing the span
of the standard deviation (o) at each time. For event 1, the modelled ICME’s shock gives
a sudden increase in STORMI index value reminiscent of storm sudden commencement.
However, as the shock propagates, the suppressed magnetic fields lead to a negative jump
in the STORMI index with a large induced current for a short time. Once the sheath
region starts after the ICME shock, the STORMI index starts decreasing with an increas-
ing negative B, and stronger induced current in the equatorial regions. On the contrary,
after the sudden commencement and passage of the shock, the STORMI index remains
positive with respect to the baseline for event 2. This is mainly due to induced eastward
currents because of the positive B, of the incoming flow. As the flux rope enters the do-
main, the reduction in the field enhances for event 1, making the index more negative
with time. It increases rapidly, reaching a maximum value (with o bound) of —523.9+
98nT at 17:03 UTC on 20 November 2003, just a few minutes after the flux rope’s neg-
ative B, core reaches the Earth. After that, the depression of the field starts to recover,
and as the solar wind in the aftermath of the ICME takes over, the storm index slowly
relaxes. For event 2, the index remains steady for a while and then falls slowly with time
as the leading part of the ICME exhibits a positive B,. However, as soon as B, changes
polarity for event 2, we see a rapid fall in the index, which goes to a moderately low value
of —114.6 & 34nT at 11:19 UTC on 14 April 2006. In this case too, we see a slow re-

covery of the index as the solar wind replaces the ICME and the system relaxes.

The minimum Dst value for event 1 was —422nT, recorded at 20:00 UTC, whereas
the minimum SYM-H was —490nT, recorded at 18:17 UTC. The Dst and SYM-H val-
ues for event 2 were —98nT and —111nT recorded at 09:00 UTC and 09:21 UTC on 14
April 2006, respectively. For qualitative comparisons, we plot the real-time values of Dst
and SYM-H in black dashed and solid curves in figure 4. For the quantitative analysis
of temporal variations, we mainly follow the guidelines prescribed by M. W. Liemohn
et al. (2018). For both events, the observed and modelled indices exhibit a linear rela-
tionship between the STORMI index and Dst and SYM-H. The Pearson correlation co-
efficients are more than 0.83 and 0.88 (with 99.99% confidence) for Dst and SYM-H pre-

diction respectively for event 1. The same are 0.95 and 0.93 (with 99.99% confidence)

—11-—
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Figure 4. The figure presents the comparison of the time evolution of the Dst index (black
dashed curve), SYM-H index (black solid line), and the modelled reduction in the geomagnetic
field intensity in terms of STORMI index (blue curve) for event 1 in panel (a) and for event

2 in panel (b). The transparent blue shaded region is the standard deviation of the STORMI
geomagnetic storm index. The STORMI index is computed after incorporating the time delay
between the in situ observations of solar wind (shown in figure 1) and geomagnetic perturbation.

A quantitative analysis of the results is given in Table S1
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respectively for event 2. The normalised root mean squared (NRMS) error in our val-
ues lie within 0.12 ~ 0.19, as normalised over the range of modelled values. We get a
positive prediction efficiency (PE) for all the cases with a maximum of 0.71 which im-
plies that the modelled values are better at reproducing the observed values than any
random sample of the observation (Murphy, 1988). Table S1 summarises the efficiency
of STORMI in predicting these events based on linearity, Pearson correlation coefficient,

normalised RMS error and prediction efficiency.

4 Discussion and Conclusions

We develop a 3D MHD module called CESSI-STORMI to simulate the interaction
of ICMEs with planetary magnetospheres. Instead of mapping a single point observa-
tion to a 2D (in-flowing) boundary, we use Gold-Hoyle type magnetic flux ropes to model
the ICMEs for a more physical representation of the global magnetic structure of the storm.
We introduce the simulated STORMI index to quantify the geo-effectiveness of the events.
This index estimates the reduced magnetic field — averaged over fourteen different points
around the modelled Earth — due to induced currents in the equatorial region of the

simulated magnetosphere. We utilise Biot-Savart’s law for this estimation.

Some discrepancy between our simulations and observations are expected as we use
single-fluid MHD modelling approximation and do not consider magnetospheric current
systems like magnetopause and cross-tail currents (Maltsev, 2004). By sacrificing intri-
cate complexities, we focus on the development of a simple, time-efficient modelling frame-

work with reasonably good prediction skills.

We simulate two contrasting (strong and moderate) geomagnetic storm events and
demonstrate a very good correlation between observed and simulated geoeffectiveness
and the time of occurrence for the maximum impact. A quantitative analysis recovers
a strong linear correlation between the predicted STORMI index and observed Dst and
SYM-H, thus validating our approach and the utility of the STORMI index.

Additionally, we also calculate the shift in the latitude of the polar-cap boundary
by adapting a flux-conservation equation for an ellipse. We investigate the reshaping of
the magnetosphere with time due to the ICME’s helical magnetic fields and observe the
impact of the imposed torsion in the magnetotail (see Movies S1-S4) which illuminates

the global dynamics at play.
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Prior forecasting of the magnetic structure and orientation of a CME (and its coun-
terpart ICME) remains challenging (Kilpua et al., 2019). However, with advances in machine-
learning based prediction of solar flares (Sinha et al., 2022) and prediction of properties
of ICME magnetic clouds based on near sun observations (Pal et al., 2018; Pal, Sanchita
et al., 2022) early knowledge of the possibility and properties of solar magnetic storms
may be possible. We emphasise that with knowledge of the magnetic and kinematic prop-
erties of CMEs a few days in advance, CESSI-STORMI can be utilised at an even ear-

lier phase for predicting the timing and intensity of geomagnetic storms.

5 Open Research

The simulation data underlying this article will be shared on reasonable request
to the corresponding author. The in situ solar wind data from the Wind spacecraft’s Mag-
netic Field Instrument (MFI) (Lepping et al., 1995) and Solar Wind Experiment (SWE)
(Ogilvie et al., 1995) has been obtained from the NASA Coordinated Data Analysis Web
(CDAWeb) service (url: https://cdaweb.gsfc.nasa.gov). The Dst and SYM-H data has
been acquired from the Geomagnetic Data Service by World Data Center for Geomag-
netism, Kyoto (url: hitps://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html). The simulations are
performed using open source code PLUTO (Mignone et al., 2007) (url: http://plutocode.ph.unito.it/).
The data visualisations are done using the following open source tools: Vislt (version
3.1.2) (Childs et al., 2012) (url: https://visit-dav.github.io /visit-website/), ParaView (ver-
sion 5.8.1) (Ahrens et al., 2005; Ayachit, 2015) (url: hitps://www.paraview.orq/ ), py-
PLUTO (url: https://gitlab.mpcdf.mpg.de/sdoetsch/pypluto), Matplotlib (version 3.4.2)

(url: https://matplotlib.org/) and Pillow (version 9.2.0) (url: https://pillow.readthedocs.io/en/stable/).
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1. Captions for Movies S1 to S4
Introduction The supporting information for the study is given here in terms of two

text columns, one table, two figures and captions for four movies. We discuss the CESSI-
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STORMI model setup and governing equations in supplementary text S1 and the Gold-
Hoyle modelling in text S2. the choice of points in the equatorial plane to calculate the
STORMI index is plotted in figure S1. The plot showing equatorial current distribution
as a function of distance is depicted in figure S2. The quantitative evaluation of STORMI
index is tabulated in table S1. Captions for the movies related to current distribution in
the domain is given in corresponding sections. Text S1. Similar to CESSI SPIM (7, ?
?7), in CESSI-STORMI, we simulate a 3-dimentional domain developed in PLUTO (7, ?)
architecture considering the interplanetary space, the planetary atmosphere and the solar
wind as a single-fluid plasma. The interactions are governed by the adiabatic equation of

state and the following set of resistive MHD equations.

ap+v (pv) =0
9(pv) By _
5 +V- [pvv—BB]+V< 2) = pg
E 2
a(?;—l—V-Kp;’—irpe—irp)v—ircExB] = pv-g

—+V>< (cE) = 0.

The variables p, v, B, p, E; denote the density, velocity, magnetic field, pressure and
total energy density respectively. A factor of = has been incorporated in the definition

of B such that the total energy density F; for an ideal gas can be written as,
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We use g as the acceleration experienced by the fluid due to the gravitational field of

the planet in terms of body force vector. The electric field, E, having a convective and a

resistive component, is written as,
_ Ui
cE=-vxB+ -]
c

Here J = ¢V x B is the current density. We have neglected displacement currents
in the system. Also, we consider a finite and isotropic magnetic diffusivity n which has
a constant value (10'® cm?s™!) throughout the simulation as the causal mechanism for
non-ideal processes such as magnetic reconnections (7, 7, 7). To perform the integration,
we have used HLL Riemann solver and linear interpolation in space, MINMOD limiter
and 2" order Runge-Kutta with “super-time-stepping” for temporal update. We impose
the V - B = 0 condition using the divergence-cleaning method, an approach based on
the generalised formulation of the Lagrange multiplier (GLM). The left boundary of the
domain is used as an inflow boundary for the solar wind and ICME whereas the other five
boundaries are “outflow” boundaries for all the parameters.

The computational domain extends from —205Rg to 205Rg in all three directions. A
zone-wise static mesh refinement is implemented in the directions of the 3D Cartesian
grid configuration such that the distance from the centre to 6 Rg in all directions has been
resolved with a grid-size of 0.3Rg. From 6Rg to 25RE the resolution is 0.5 Rg. The length
of the grid-size increases to 1Rg between 25 ~ 50Rg, then to 2Rg between 50 ~ 100Rg

and finally to 3Rg as we move between 100 ~ 205 RE.
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Text S2. We model the flux rope using the Gold-Hoyle (GH) tube (7, ?) considering

a axial symmetry of the topology. The twist is radially uniform and the magnetic field

components, in cylindrical coordinates (z = rcos¢,y = rsing, z = z), are,

B, =0,
_ Tr
B(b — 11722 BO7
B, = —%5B
z 1+71272 0"

where By is the magnitude of magnetic field at the axis of the flux rope and T is a
constant representing the twist per unit length in the form of 7 = % The helicity of the
flux rope in GH model is embedded in the right handed notion. For event 1, we get By to
be =56 nT and 7 to be 4+3.8 per astronomical unit (AU) using least squared fitting. The
flux rope axis is inclined by an angle of —54° to the ecliptic plane. On the other hand B,
is —19.5nT and 7 is —2.2 per AU for event 2, where the flux rope axis is parallel to the
ecliptic plane.

Movie S1. The time evolution of the current distribution in the magnetosphere for event
1. The top left panel shows a view from the sun-side to a plane parallel to dipole axis. The
top right panel shows a view from the west-side (dusk) to a plane normal to the equatorial
plane. The middle right panel portrays a view from north pole to the equatorial plane.

The time stamp is matched with the STORMI index calculation using a time slider in the

bottom panel.
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Table S1. Quantitative skill of the STORMI index in predicting the Dst and SYM-H indices
for the events
Parameters Event 1 Event 2
Dst —422nT at 20:00 UTC | —98nT at 09:00 UTC
Maximum impact on SYM-H —490nT at 18:17 UTC | —111nT at 09:21 UTC
STORMI index | —523.9nT at 17:03 UTC | —114.6nT at 11:19 UTC
Pearson’s r for Dst 0.83(99.99%)“ 0.95(99.99%)
for SYM-H 0.88(99.99%) 0.93(99.99%)
Normalised RMS for Dst 0.15 0.19
Error (NRMSE)® for SYM-H 0.12 0.19
Prediction for Dst 0.56 0.10
efficiency (PE) for SYM-H 0.71 0.20

“The confidence level, calculated from the p-values using (1-p)x100%.
®Normalised over the range of the modelled data

Movie S2. A similar time evolution of the current distribution in the magnetosphere is

as shown in Movie S1 but for event 2.

Movie S3. Time evolution of the cross-sectional #-shaped current distribution of the

magnetotail for event 1, as seen from far distant tail region. It is plotted in YZ-plane

(STORMI coordinate) at a distance 60 R from Earth. The a bottom time slider show

the time stamp, which is matched with the STORMI index calculation.

Movie S4. A similar time evolution of the cross-sectional #-shaped current distribution

of the magnetotail is as shown in Movie S3 but for event 2.

October 4, 2022,
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Figure S1. The figure shows the 2-dimensional distribution of the twelve points around
the equator marked as blue squares. The equator is projected to the XY-plane in STORMI’s
coordinate system. The points are chosen as the nearest grid centres placed just outside the

black circle that has a radius equal to that of Earth. The background cells corresponds to the

near Earth grid resolution of STORMI where each corner represents a grid centre.
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Figure S2.  Panel (a) and (b) depict the distribution of time-averaged quiet time current
density for event 1 and event 2 respectively. The current density is also averaged over circular
plane surfaces parallel to equator and is plotted as a function of normal distance of corresponding
planes from the equator. The tolerance in width of the circular planes are 0.1Rg. The current
shows a local maximum in the distribution near zero (equator). From the nearest local minimum
values, we estimate the width of the distribution to be 1.9 Ry for event 1 and 1.6 Rg for event 2

and calculate the STORMI index based on that.
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