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Key Points:
¢ Dayside closed magnetic flux is quantified during an interplanetary coronal mass ejection encounter
using cross-scale observations
¢ Closed magnetic flux remains constant inside the reconnecting dayside magnetosphere compressed
by 70% in storm sudden commencement phase
o Dayside closed magnetic flux is reduced by 35% in storm main phase, indicating a time lag in storm-
time Dungey cycle

Abstract. A clear understanding of storm-time magnetospheric dynamics is essential for a reliable storm
forecasting capability. The dayside magnetospheric response to an interplanetary coronal mass ejection
(ICME; dynamic pressure Pay»>20nPa and storm time index Sym-H<-150nT) is investigated using in-situ
OMNI, Geotail, Cluster, MMS, GOES, Van Allen Probes, and THEMIS measurements. The dayside magnetic
flux content is directly quantified from in-situ magnetic field measurements at different radial distances. The
arrival of the ICME, consisting of shock and sheath regions preceding a magnetic cloud, initiated a storm
sudden commencement (SSC) phase (Sym-H~+50nT). At SSC, the magnetopause standoff distance was
compressed earthward at ICME shock encounter at an average rate ~ -10.8 Earth radii per hour for ~10
minutes, resulting in a rapid 40% reduction in the magnetospheric volume. The ‘closed’ magnetic flux content
remained constant at 170£30kWb inside the compressed dayside magnetosphere, even in the presence of
dayside reconnection, as evident by an outsized flux transfer event containing 160MWb. During the storm
main and recovery phases, the magnetosphere expanded. The dayside magnetic flux did not remain constant
within the expanding magnetosphere (110+30kWb), resulting in a 35% reduction in pre-storm flux content
during the magnetic cloud encounter. At that stage, the magnetospheric magnetic flux was eroded resulting
in a weakened dayside magnetospheric field strength at radial distances R=5Re. It is concluded that the
inadequate replenishment of the eroded dayside magnetospheric flux during the magnetosphere expansion
phase is due to a time lag in storm-time Dungey cycle.

Plain language summary. A clear understanding of Earth’s magnetospheric dynamics is essential for a
reliable space weather forecasting capability. To achieve this, we take advantage of the Heliophysics System
Observatory’s (HSO) multitude of in-situ observations in order to, for the first time, quantify the amount of
magnetic flux stored in the dayside magnetosphere. The stored magnetic flux shields our ground-based and
space-borne assets from adverse space weather events. We examine the dayside magnetic flux content
during an encounter with an interplanetary coronal mass ejection (ICME). ICME s a large-scale bundle of
magnetic flux and charged particles originating from the Sun. Upon arrival, the ICME which occupied nearly
one third of the space between the Sun and Earth forced the dayside magnetosphere to rapidly shrink down
to geosynchronous orbit where most communications and weather satellites are located. Though the dayside
magnetosphere significantly shrunk, its magnetic flux content remained constant. It was only when the
dayside magnetosphere started to expand that the dayside magnetospheric flux content gradually reduced
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by 35%. It is concluded that, during large ICME encounters, the rate at which dayside magnetic flux is
transported to the magnetotail is faster than the rate at which magnetic flux is recycled, via a process known
as the Dungey cycle. In addition to the observed loss in magnetic flux, this time lag in Dungey cycle can
further cause magnetopause shadowing, wherein significant population of magnetospheric charged particles
is lost to solar wind.

Introduction. Interplanetary coronal mass ejections (ICMEs) carry mass and magnetic field expelled from
closed field regions of the Sun that were previously not participating in the solar wind expansion (e.g.,
Gosling, 1990). Generally, ICMEs consist of three principal large-scale structures, including a leading shock
wave followed by a dense sheath and a well-formed, force-free (e.g., Burlaga, 1988) magnetic flux rope, also
referred to as a magnetic cloud. The magnetic flux rope is often characterized by a smooth magnetic field
rotation, low plasma beta f defined as the ratio of thermal to magnetic pressures, and low Alfvénic Mach
number, Ma &< +/n / B, where n and B denote local plasma density and magnetic field strength.

The general relationship between variations in the solar wind physical parameters and magnetospheric
activity is well known (e.g., Akasofu, 1981). However, the geomagnetic activity is more complex under
extreme space weather events. In particular, there is increasing interest in determining the geomagnetic
responses to the drivers of geomagnetic storms, defined as intervals of intense and long-lasting
interplanetary convection electric field (E = - vi x B; where vi is the ion bulk flow velocity) that lead to a
sufficiently intensified ring current (Gonzalez et al., 1994). The variations in the ring current intensity are
parameterized by storm time indices, such as Dst (1-hour resolution) and SYM-H (1-min resolution) indices
(e.g., Wanliss & Showalter, 2006).

The flows and magnetic fields of ICMEs can greatly distort the interplanetary magnetic field (IMF) (Baker,
2000). Gonzalez et al. (2002) indicated that intense geomagnetic storms, defined as -250 < Dst [nT] < -100,
were often associated with the ICME sheath and magnetic cloud. Similarly, Meng et al. (2019) showed that
most superstorms, defined as Dst [nT] < -250, were driven by the ICME sheath or a combination of sheath
and a magnetic cloud. The ICME sheath was further shown to become more geoeffective with increasing
ICME speed (Kilpua et al., 2017) and the magnetic cloud geoeffective-ness was enhanced during times of
smooth and strong southward IMF orientation (Gonzalez et al., 2002).

While the majority of solar wind plasma is effectively shielded from entering into the magnetosphere, a
fraction of the solar wind plasma can diffuse into the magnetosphere. At the dayside magnetopause, the
shocked ‘open’ IMF comes in contact with the ‘closed’ (both ends connected to the magnetized body)
magnetospheric field. Depending on the magnetic field orientations and environmental conditions, IMF and
magnetospheric field lines may break and rearrange through a process known as magnetic reconnection
(i.e., Burch & Phan, 2016). The resulting reconnected field lines are connected to the IMF on one end (‘open’)
and to the magnetized body on the other end, providing a pathway for the solar wind plasma to enter the
magnetosphere (and for magnetospheric plasma to escape). These newly-opened field lines are then
convected to the nightside by the solar wind where they contribute to the magnetotail magnetic flux and
plasma content. When in the magnetotail, these field lines reconnect again which results in the creation of
closed field lines which then return to the dayside magnetopause to replenish the previously-eroded magnetic
flux. This repeatable process is known as the Dungey Cycle (Dungey, 1961). A time lag between the dayside
and nightside reconnections can result in an open-flux pileup (e.g., Russell, 1972; Milan et al., 2003; Milan
et al., 2006).
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A clear understanding of the storm-time magnetospheric dynamics is essential for improving the space
weather forecasting and mitigation procedures. In this study, we report cross-scale observations of storm-
time magnetospheric dynamics during an ICME event encounter. In particular, the storm-time magnetopause
standoff distance and the magnetospheric total ‘closed’ magnetic flux are directly quantified. The
magnetospheric response to the ICME event is then compared with that of two independent ICMEs.

Overview of a Chain of Three ICMEs

The magnetic field and plasma measurements in the solar wind for a chain of three ICMEs spanning
December 12, 2015 - January 12, 2016 are obtained from the OMNI (King & Papitashvili, 2005) dataset.
Figure 1 provides storm-time physical parameters, including: a) storm-time index SYM-H, b) IMF magnetic
field magnitude and vector, c) ion velocity vector, d) dynamic pressure, and e) plasma beta and Alfvenic
Mach number (Ma = Vsw/Va; where Vsw and Va represent solar wind flow and Alfven speeds). All vectors are
in the Geocentric Solar Ecliptic (GSE) coordinate system.

The first ICME, labeled as ‘ICME 1’ arrived at Earth on December 13, 2015. Before the ICME arrival, the
interplanetary environment was relatively quiet as indicated by SYM-H~ 0 [nT] and Ma~10. The IMF
magnitude jumped sharply across the ICME shock, at which point SYM-H increased, indicating an SSC
phase. The ICME shock was followed by a sharp southward rotation of IMF B; (B, <-10 nT) and an increase
in dynamic pressure (Payn> 30 nPa). At this point, SYM-H was reduced to -50 nT. Plasma beta and Ma were
also significantly reduced inside the ICME, before fully recovering by December 18, 2015.

On December 19, 2015, shortly after the interplanetary environment had returned to average conditions, a
second ICME reaches the Earth’s magnetosphere. ‘ICME 2" comprised of a shock and sheath region
preceding a magnetic cloud. At the shock, IMF |B| and dynamic pressure jumped by a factor of 4 and SYM-
H reached almost +50 nT. Within the ICME sheath region, SYM-H reduced to a first minimum, SYM-H ~ -75
nT. The storm finally reached a peak strength of SYM-H < -150 nT at the core region of the magnetic cloud
where IMF Bz ~-20 nT and Payn ~ 20 nPa.

Inside the magnetic cloud (|B| = 20 nT and n; = 40 cm3), both plasma beta and Ma were reduced sharply.
Plasma beta and Ma dropped by more than an order of magnitude in the leading part of the magnetic cloud
while B, remained dominant and southward. From a planetary perspective, once inside the magnetic cloud,
the interplanetary environment impacting the Earth’s magnetosphere became more typical of that near the
orbital distance of Mercury (Sarantos & Slavin, 2009; Winslow et al., 2013). Closer to the Sun, plasma beta
and Alfvenic Mach number are smaller than Earth’s, under average solar wind conditions (8= 0.5-0.9 and
Ma= 3.9-5.7 at Mercury; Slavin & Holzer, 1981). After the passage of ICME 2, the interplanetary environment
returned to average conditions.

The storm sudden commencement of December 31, 2015 corresponds to the arrival of a third ICME. Inside
the ICME 3’ sheath region, SYM-H reached -50 nT and plasma density and Pgyn increased. Inside the
magnetic cloud, |B| increased while 3 and Ma sharply decreased. Also, at the leading edge of the magnetic
cloud SYM-H <-100 nT.

Table | summarizes the physical properties of the three ICMEs. The physical parameters of interest include:
storm-time index SYM-H, magnetic cloud peak magnetic field magnitude, average ion speed, estimated
magnetic cloud diameter assuming cylindrical symmetry (Akhavan-Tafti et al., 2018), maximum dynamic
pressure, as well as IMF beta and Alfvenic Mach number in the ICME sheath (SH) and magnetic cloud (MC).
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Amongst the three ICMEs, ICME 2 was associated with the strongest geomagnetic activity (SYM-H < -150
nT). The magnetic cloud of ICME 2 was largest in dimensions and had the greatest |B| at its core region. The
ratios of the sheath to magnetic cloud plasma beta (200) and Alfvenic Mach number (10) were most
significant for ICME 2. Similarly, compared to ICME 1, the ratios of sheath to magnetic cloud B (20) and Ma
(3) were greater in ICME 3. Unlike ICME 1 with smooth main phase and recovery phase SYM-H profiles,
ICMEs 2 & 3 showed double-dip SYM-H signatures during the main phases (first dip from sheath, second
dip from the magnetic cloud).

In the remaining sections, the magnetospheric response to ICME 2 is discussed. Finally, in the Discussion
Section, the magnetospheric responses to ICMEs 1 & 3 are presented and compared with ICME 2.

Storm-Time Magnetopause Standoff Distance.

The enhanced dynamic pressures and southward IMF B; during ICME arrival can change the magnetopause
standoff distance. In particular, Shue et al. (1997) provided an empirical functional form to fit the size and
shape of the magnetopause:

a (Pgyn, B)

2
r=1o(Pgyn. B) (m)
where ¢ is the angle between the Earth-Sun line and the direction of r. This functional form, which was later

improved for extreme space weather events (Shue et al., 1998), relies on two parameters, ro and q,
representing the standoff distance and the level of tail flaring:

1
(11.4+0.013 B,)(Pyyn) 88,  B,20
1
(11.4+0.14 B,) (Pgyn) 58, B,<0
where a = (0.58 - 0.010 B)(1 + 0.010 Pgyn).

Figure 2a shows a timeseries plot of SYM-H profile during ICME 2. The interval is divided into six sub-
intervals, as marked by the various shadings. Figure 2b shows the modeled magnetopause standoff distance
in the XY plane for the duration of ICME2, that is December 18, 2015 — December 29, 2015. The shaded
curves indicate the magnetopause boundary which are derived using the Shue model where the input
dynamic pressure and IMF B, magnitude and polarity are the OMNI observations. The shading of the curves
corresponds to the sub-intervals in panel a.

The modeled magnetopause standoff distance values are further validated by in-situ MMS (Burch et al.,
2016) and Cluster (Escoubet et al., 1997) observations. The empirical Shue magnetopause model indicates
that the solar wind dynamic pressure enhancements and IMF B; variations can change the magnetopause
standoff distance, causing compression of the magnetosphere. Here, the Shue model is used to estimate the
magnetopause standoff distance and to estimate the magnetospheric volume based on the in-situ OMNI
solar wind measurements. The Shue model is an azimuthally symmetrical elliptical surface with location
defined by a statistical fit to magnetopause crossings at similar solar wind conditions. The empirical Shue
magnetopause model does not describe dynamical features such as magnetopause erosion and local time
asymmetries and may not be accurate during extreme events.
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In Figure 2b, the diamond-shaped markers show the near-equatorial MMS magnetic field measurements (C.
T. Russell et al., 2016) of magnetopause crossings before (Quiet; unshaded) and during (ICME; black shade)
the ICME 2 arrival. Moreover, the star-shaped markers represent the near-polar Cluster observations of
magnetopause crossings before and after the ICME 2 arrival, using the onboard magnetic field
measurements (Balogh et al., 2001).

Figure 3a-c provides timeseries profiles of storm-time a) SYM-H and IMF Ma, b) IMF B in GSE coordinates,
and c) the modeled magnetopause standoff distance ro and tail flaring a. The solid red lines indicate the
average value before ICME 2 arrival (2015/12/18-00:00-2015/12/19-11:00 UT). SYM-H and Alfvenic Mach
number were moderately correlated. The sample covariance and correlation for SYM-H and log(Ma) are
o~ +6.2 [nT] and p~ 0.7, respectively. Positive covariance (0>0) indicates positive correlation and p=1 for
perfect correlation.

With increasing upstream dynamic pressure under southward B, condition, the magnetopause standoff
distance was compressed down to geosynchronous orbit, r < 6.6 Earth radii. As shown in Figure 3c, the
magnetopause standoff distance reduced from 10.7 Re before the ICME arrival to 8.0 Re within 10 minutes
at an average rate of -10.8 Re/hr or -19.1 km/s. The average Alfvén speed inside the dayside magnetosphere
is 500-1000 km/s (Kim et al., 2018).

The compression proceeded during the SSC phase until r = 6.0 Re. With the start of the storm main phase
(at 2015/12/20-04:30 UT), the magnetopause standoff distance started to increase slowly. The
magnetopause standoff distance recovery started with the rotation of IMF Bz, at which point IMF B, becomes
and remains southward. The magnetopause standoff distance increased throughout the storm main phase
and recovery phase (2015/12/20-04:30 - 2015/12/21-20:00 UT) at an average rate of +7.8 x 102 Re/hr or
+0.16 km/s.

Storm-Time Magnetospheric Volume.
The Shue model magnetopause standoff distance is also used to determine storm-time magnetospheric
volume Vusp, defined as -15 < X [Re] < ro, while assuming cylindrical symmetry:

X2 6, Ry ) /2 r
Vusp [Re?] =f dxf dd pdp = dxf def pdp
X1 64 Ry -15Rg /2 0

=7 (Z [ sin(o, )] |Xk+1'Xk|>

k

where 8 is the polar angle and r represents the Shue magnetopause standoff distance derived from the OMNI
measurements of Pgyn and B.. The integration can be simplified as the summation of infinitesimally-thin
(Ax—>0) disks of radius p(¢)=r sin(¢) along the magnetospheric rotation axis Xsse. Figure 2¢ depicts the
cross section of a grey-shaded trapezoid whose sides are functions of ¢, and r for an arbitrary
magnetopause shape, shown as a solid red curve. The grey trapezoid has a width Ax. In the summation
notation, x« € [-15, ro] Re and ¢, & r, refer to the corresponding k™ observation. The trapezoid is rotated

around Xasw (8 = 2m) to form a disk of radius p(¢, ).

Magnetospheric volume is found to reduce significantly with the arrival of ICME 2. Figure 3d represents the
timeseries profile of the modeled magnetospheric volume Vusp. The SSC and storm main phases are marked
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with magenta and cyan shades, respectively. The pre-storm magnetospheric volume (pre-storm Viusp = 36.9
% 103 Re3) sharply reduced, as marked by a red arrow in panel d, by -20 x 103 Re3 at SSC within 10 minutes
(2015/12/19-16:07—16:17 UT). The magnetospheric volume continued to drop until reaching a minimum of
10 x 10% Re® by 2015/12/19-16:30 UT. At this stage, Vusp remained steadily low at a volume that is 30% of
the pre-storm magnetospheric volume.

At the start of the storm main phase (at 2015/12/20-04:30 UT), IMF became dominantly southward, ro sharply
decreased to its lowest storm-time distance from the Earth’s surface, and Vumsp increased. The
magnetospheric volume slowly expanded to pre-storm conditions during the storm main phase. At this stage,
the magnetopause flaring angle is found to increase and balance the decrease in ro, resulting in an expanding
magnetosphere.

The storm peak (SYM-H < -150 nT; 2015/12/20-22:15 UT) corresponds to the arrival of the ICME magnetic
cloud, where magnetic field magnitude reached |Bwe| = 20 nT, IMF was dominantly southward, and solar
wind dynamic pressure reduced. Near storm peak, the expanding magnetosphere promptly returns to the
pre-storm volume. However, the magnetosphere continued to expand during the recovery phase, marked by
the orange-shaded region. In particular, two sharp jumps in Vusp, indicated by blue arrows in panel d,
correspond to the intervals when solar wind flow approached the local Alfvenic velocity, that is Ma < 2. The

sample covariance and correlation for log(Ma) and log(Vwsp) are o~ -2.3x107 [nT] and p~-0.37, indicating
that Vusp and Ma are weakly anti-corelated.

Storm-Time Dayside ‘Closed’ Magnetic Flux Content.

The storm-time compression of the magnetosphere is considered as one of the primary causes of
electromagnetic disturbances and therefore is especially important for modern and technologically-advanced
societies (e.g., Baker, 1996; Winter, 2019). As shown in the previous section, the magnetospheric volume
reduced significantly at SSC. Here, we investigate the flux content of ‘closed’ magnetic fields within the
dayside magnetosphere before and during SSC, using MMS, GOES 15, and Van Allen Probe (Mauk et al.,
2012) magnetic field observations. ‘Closed’” magnetic field lines are rooted in the Earth’s iron core through
the Northern and Southern magnetic poles.

Figure 4 provides an overview of the pre- and post-SSC magnetic field measurements inside and upstream
of the magnetosphere from OMNI, Cluster, MMS, Van Allen Probes (RBSP), THEMIS (Angelopoulos, 2009),
and GOES 15 datasets. The panels from top to bottom include: a) SYM-H, and magnetic field magnitude and
vector in GSE coordinates and trajectory radial distances for b) OMNI IMF, c) Cluster 4, d) MMS 4, e) Van
Allen Probe A (RBSP; Kletzing et al., 2013), f) THEMIS A (Auster et al., 2008), and g) GOES 15 (Singer et
al., 1996) in solar magnetic (SM) coordinates and longitudinal position (MLT) at R~6.7 Re. The equatorial
and meridional trajectory projections for each spacecraft are provided in Figure 5 for 2015/12/19-00:00 —
23:59 UT. The modeled magnetopause and shock boundaries are provided for low (Pgyn=2 nPa; dashed grey
curves) and high (Pay»=20 nPa; solid black curves) upstream dynamic pressures.

The Cluster spacecraft were on an outbound trajectory when ICME 2 arrived on December 19, 2015. At SSC,
the Bx component nearly doubled in closed plasma sheet fields at the location of Cluster 4, rcs =[-3.3, 2.8, -
10.7] Re GSE, indicating the compression of the closed field region in the magnetotail. The By jump is marked
by an orange arrow in panel c. At 2015/12/20-01:00 UT, Cluster 4 crossed the magnetopause at [-0.0, 11.1,
-11.6] Re GSE and entered the magnetosheath. Similarly, The MMS spacecraft were located in the
magnetosphere before SSC. During SSC, MMS4 crossed the magnetopause at [4.6, -5.3, -0.4] Re GSE on
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its outbound trajectory at 20:00 UT. The storm-time magnetopause crossing by MMS is marked by a cyan
arrow in panel d. SSC was also detected by RBSP A. At the time of ICME shock arrival, RBSP A was
positioned in the dayside inner magnetosphere at [4.3, -1.7, 2.1] Re GSE. The impact resulted in a sudden
20%-increase in B, as indicated by a blue arrow in panel e. Lastly, THEMIS A also detected the storm arrival
while in the magnetotail [-8.0, -2.2, -2.8] Re GSE. The near-Earth magnetotail reconnection event of
December 20, 2015, reported by Angelopoulos et al. (2020) is marked by a green arrow in panel f. Enhanced
dipolarization fronts are also observed in the vicinity of the reconnection site. Similar magnetic signatures are
observed closer to Earth in GOES 15 observations.

Next, the magnetic flux content in the dayside magnetosphere, defined as -gs ¢< +g, is determined,
assuming cylindrical symmetry:

10

10 +3 R+
W [kilo-Webers] = Z(wR) = z <n B, f g f rdr)
R=2 R=2 3 R
where R is the radial distance from the Earth’s surface and B, represents the average B; inside each radial
bin. The cyan-shaded region in Figure 2c depicts a radial bin within which the average out-of-plane, ‘closed’

magnetic field, defined as B_Z=% Y (B, ]E“ ]%22 ), is determined. N denotes the number of observed data

points in each bin. The assumption is that all magnetospheric field lines on the dayside must cross the
equatorial plane (Bz>0 at Z=0 plane). It is also assumed that Bz is symmetric within each radial bin, R €
[0, r] and ¢ € [-T1/2, Tt/2]. Itis assumed that the observed B, by near-equatorial satellites (MMS and RBSP)
are, to a first order approximation, representative of B; at the equator. Evidence for the validity of this
assumption is provided in Appendix A.

Figure 6 shows the magnetic flux content inside each radial bin Wg before ICME 2 (‘Quiet’; blue, 2015/12/18-
10:30—22:50 UT), at SSC ("SSC’; red, 2015/12/19-16:15—23:50 UT), and at storm main phase peak (‘Peak’;
green, 2015/12/20-13:45—22:50 UT) from the RBSP A (2< R [Re] <6), GOES 15 (6< R [Re] <7), and MMS4
(7< R [Re] <10) magnetic field measurements. The error bars indicate the standard deviation of B within
each radial bin. Spacecraft trajectory radii shown in grey in Figure 4 demonstrate the intervals within which
magnetic field data is used for different storm phases.

Interestingly, though expected, we find that magnetic flux content remains constant at SSC while the
magnetosphere was compressed under enhanced dynamic pressure and northward B conditions. Figure 6
shows that compared to the pre-storm period (Wg> 9 kWb for 2 < R [Rg] < 11), at SSC the magnetosphere
was compressed inward (negligible W for R>6 Re). However, magnetic flux was greater in the compressed
regions, offsetting the lack of flux at higher R. Finally, the total magnetic flux content was ), Wg ~ 170 £ 30
kWb for both pre-storm and SSC intervals, indicating that dayside magnetic flux content remained constant
at SSC.

In contrast, inside the magnetic cloud, wherein Pgyn, B, and Ma are sharply reduced and IMF B was dominantly
southward (B; < 0), ‘closed’ magnetic flux content within the dayside magnetosphere does not remain
constant. Figure 6 shows that in comparison with the pre-storm period (Wg> 5 kWb for 2 < R [Rg] < 11), at
storm peak the magnetosphere is compressed inward (negligible Wg for R>7 Re). The MMS 4 and RBSP A
magnetospheric conditions at storm peak are marked by magenta and red arrows in Figure 4d & F. However,
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unlike the SSC interval discussed above, at the storm peak the total magnetic flux content in the dayside
magnetosphere has decreased by nearly 35% to Y, Wg ~ 110 + 30 kWh, indicating magnetospheric erosion
during the magnetic cloud encounter, especially at R > 5 Re. As discussed in the next Section, different
dayside and nightside reconnection rates, and therefore, the different rates at which magnetic flux is
transported and recycled by the Dungey cycle may explain this dayside flux erosion. Another possible, though
less explored, scenario involves ‘closed’ magnetic flux disconnecting from the magnetosphere at the time
when IMF reconnects with magnetospheric fields at multiple sites along the dayside magnetopause (Jieroset
et al., 2019; Russell & Qi, 2020).

Storm-Time Flux Transport. Signatures of dayside magnetic flux erosion, i.e., magnetic reconnection, and
tailward flux transport were observed during the SSC phase. In particular, during the encounter with the
ICME2 sheath region, the MMS spacecraft detected reconnected magnetic flux at the magnetopause
transported tailward as bundles of ‘open’ magnetic flux tubes with a flux rope-like geometry, known as flux
transfer events (FTEs) (e.g., Russell & Elphic, 1979; Akhavan-Tafti, Slavin, Eastwood, et al., 2019; Akhavan-
Tafti, Slavin, Sun, et al., 2019; Akhavan-Tafti et al., 2020). Figure 7a shows the close-up view of the magnetic
signatures inside and surrounding the FTE in the turbulent magnetosheath behind the quasi-parallel bow
shock (e.g., Pollock et al., 2018). The FTE is also marked by a black arrow in Figure 4d. Figure 7b & ¢ provide
the results from applying the minimum variance analysis (MVA; Sonnerup & Scheible, 1998; Xiao et al., 2004)
on magnetic field signatures within 2015-12-19/20:35:10-20:54:50 UT. The results indicate, as expected for
an FTE-type flux rope, a rotation in the magnetic field. They also indicate that the FTE axis (MVA intermediate
eigen vector) is mainly oriented along the XY plane (Wang et al., 2006), corresponding to enhanced IMF By.
Supplemental Figure S1 further shows the Geotail magnetic and plasma observations in the solar wind.

The FTE is observed at SSC when the magnetopause was compressed at a radial distance 8 Re and contains
significant magnetic flux. The FTE corresponds to a time of enhanced IMF By and reduced dynamic pressure.
The FTE core magnetic field strength Ba reaches 90 nT. The FTE is found to convect (not shown here) at
velocity vere = 75 [km/s] x [-0.71, -0.71, 0] GSE. This corresponds to an estimated FTE radius rere ~ 3.7 Re
and magnetic flux content Wrre ~ 1 (rrre)2 Ba = 160 MWb, assuming circular cross-section. The FTE
dimensions are comparable to the previously-reported FTEs at low-latitude flanks. However, the magnetic
flux content of this FTE is more than two orders of magnitude larger than that reported by Eastwood et al.
(2012) (<2 MWhb), due to its strong core field strength in close proximity to inner magnetosphere. This
magnetic flux content is comparable to the estimated total reconnected magnetic flux in the magnetotail
during the same ICME encounter (~0.2 GWb; Angelopoulos et al., 2020), marked with a green arrow in Figure
4f,

Discussion. A clear understanding of storm-time magnetospheric dynamics is essential for improving the
space weather forecasting and mitigation procedures. The main objectives of the present study are to: 1)
provide an overview of the role of various ICME physical properties and their geo-effectiveness, 2) investigate
the magnetopause standoff distance and the estimated magnetospheric volume under different storm-time
intervals, and 3) quantify the magnetospheric magnetic flux content under different storm-time intervals.
These are made possible by the host of satellites sampling the solar wind and the Earth’s inner and outer
magnetospheres simultaneously. Our cross-scale examination of the magnetosphere sheds light on the
sources and the temporal evolution of storm-time magnetospheric dynamics.

We found that the magnetosphere is compressed during the SSC interval (SYM-H > 0), when dynamic
pressure in the ICME sheath region is enhanced and the dawn-dusk component of IMF B is dominant. At
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SSC, the magnetopause standoff distance compression commences at a fast rate of ~ -10.8 Re/hr. After the
SSC, the compression proceeds, though slower, until IMF B becomes dominantly southward (B; < 0). The
southward rotation of IMF starts the storm main phase during which SYM-H becomes more negative. We
found that the magnetopause standoff distance starts to recover to pre-storm conditions at a slow rate of
+7.8 x 102 Re/hr during the storm main phase and recovery phase, even though [SYM-H| continues to
increase until reaching a peak. Similarly, magnetospheric volume was found to reduce sharply by nearly 40%
at the ICME shock encounter. The magnetospheric volume reaches a minimum (Vwsp, ssc < 30% Vmsp, pre-
icme), when interacting with the ICME sheath, before the start of the storm main phase. Though the
magnetospheric volume recovered by the end of the storm main phase, the magnetosphere continued to
expand sunward in the early part of the recovery phase when still located inside the magnetic could (Ma <
2). It is important to note that Viusp assumes cylindrical symmetry and does not take into account complex
geometries at the northern and southern cusps.

The variations in the magnetopause standoff distance and, therefore, the magnetospheric volume directly
impact the magnetic flux content in the magnetosphere. Here, we investigated the storm-time ‘closed’
magnetic flux content within the dayside magnetosphere, using in-situ MMS, GOES 15, and Van Allen Probe
magnetic field measurements. We found that ‘closed’ magnetic flux remained constant during the SSC
interval (SYM-H > 0), when dynamic pressure in the ICME sheath region was enhanced and the dawn-dusk
component of IMF B was dominant. The storm-time magnetospheric compression due to the enhanced
dynamic pressure resulted in the rearrangement of magnetic fields in the dayside magnetosphere.

A large FTE was observed during the SSC phase, indicating the occurrence of dayside magnetic
reconnection (e.g., Akhavan-Tatfti et al., 2020). The FTE contained nearly 160 MWb, much larger than other
FTE observations (e.g, Wang et al., 2006). The dayside magnetic reconnection opens ‘closed’
magnetospheric field lines, resulting in a bundle of ‘opened’ field lines that can form FTE-type flux ropes.
FTEs are connected to the ionosphere on one side and to the solar wind on the other end. This FTES’ ‘opened’
magnetic flux content is comparable to the estimated total reconnected magnetic flux, also known as ‘flux
closure,” in the magnetotail during the same ICME encounter (~0.2 GWb), as reported by Angelopoulos et
al. (2020). The dayside reconnection rate is governed by IMF orientation and solar wind plasma properties,
while nightside reconnection is controlled by magnetotail conditions (Torbert et al., 2018). Conditions in the
magnetotail are influenced by the dayside reconnection rate, such as via loading of the magnetospheric lobes
with open flux during southward IMF. Our observations suggest that, during the SSC phase, the magnetic
flux opened by the dayside reconnection, as indicated by the FTE, caused a magnetotail reconnection with
comparable reconnection rate, resulting in the observed ‘closed’ magnetic flux remaining constant at SSC.

On the contrary, at the storm main phase and peak, when located inside the magnetic cloud wherein IMF B,
was dominant and southward and $<0.1 and Ma~1.0, the dayside magnetosphere expanded. At this stage,
it was found that magnetic flux does not remain constant. In fact, the magnetosphere contains 35% less
magnetic flux within 2 < R [Re] < 11 than pre-storm (and SSC) conditions. This suggests that the
magnetospheric ‘closed’ magnetic field must be eroded during the magnetospheric re-expansion period,
without immediate replacement by magnetotail reconnection and Earthward convection. The magnetospheric
magnetic flux erosion was most significant at R = 5 Re. This ‘SSC’ to ‘Peak’ reduction in magnetic flux over

nearly 13 hours is equivalent to a potential @ = T Thoms - 1.3 kWb/s or V (e.g., Stephens et al., 2016).

In other words, at the storm main phase and peak, the nightside reconnection rate did not instantaneously
readjust itself to changes in the dayside rate. Therefore, the time lag between the dayside and nightside
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reconnections caused erosion in ‘closed’ magnetic flux at R > 5 Re. This can result in the expansion of the
polar cap, defined as the boundary between open and closed magnetospheric fields (e.g., Russell, 1972).
Future studies will investigate the relationship between storm-time closed magnetic flux content and the polar
cap size and potential (Milan et al., 2007). Storm-time relative magnetopause and magnetotail reconnection
rates shall also be determined.

ICME-driven storms cause drastic variation in outer radiation belt electrons (e.g., Turner et al., 2019). The
storm-time magnetopause compression at SSC can lead to the loss of magnetospheric trapped plasma
population. The trapped radiation belt electrons are known to be lost to the magnetopause, via a process
known as ‘magnetopause shadowing’ and outward radial transport (e.g., Ukhorskiy et al., 2006). The
magnetopause shadowing involves the inward motion of the magnetopause due to the enhanced storm-time
dynamic pressure. This inward magnetopause motion results in the intensification of the ring current, as
indicated by the enhancing storm time index, SYM-H. This leads to the expansion of electron drift orbits such
that their paths intersect the magnetopause leading to rapid electron losses. Turner et al. (2012) also
attributed the sudden loss of radiation belt electrons to their outward transport during the main phase of a
storm. Future investigations will examine the temporal evolutions of storm-time magnetospheric plasma
energization and loss mechanisms (e.g., Goldstein et al., 2017).

Comparative Analysis. As described above, ICME 2 was one of a chain of three independent and well-
separated ICMEs spanning one month (December 12, 2015 - January 12, 2016). All three ICMEs are
comprised of a shock, sheath, and magnetic cloud regions. As listed in Table 1 above, the magnetic cloud
scale sizes were estimated to range between 1500 to 8000 RE (i.e., ~0.06 to 0.34 AU). At the closest
approach, the magnetic field magnitude inside the magnetic clouds reached 15-20 nT, which are >3 times
the average IMF magnitude. Plasma dynamic pressure peaked within the sheath regions following the
shocks. Storm-time index reached SYM-H < -150 nT. The ICME geo-effectiveness directly correlated with
the ratios of plasma beta and Alfvenic Mach number of the ICME sheath to magnetic cloud. In particular, the

ratios Eﬂ ~200 and % ~ 10 were observed during ICME 2 which was the most geo-effective (SYM-H < -
MC 'A, MC

150 nT) of the three ICMES.

The dayside 'closed’” magnetic flux content was found to remain constant during ICME 2 SSC phase and
reduce by 35% at storm main phase. Here, we further investigate closed magnetic flux content during storm
phases for ICMEs 1 & 3. The radial profiles of the dayside closed magnetospheric magnetic flux contents for
ICME 1 and ICME 3 are included in Figures 8a & b. Similar to Figure 6, the total closed magnetic flux content
is determined inside each radial bin Wy before, during, and at ICME 1 and ICME 3 SYM-H peak from the
RBSP A (2< R [Re] <6) and MMS4 (6< R [Re] <10) magnetic field measurements. Table 2 summarizes the
total magnetic flux content Y; W within radial distances 2< R [Re] <10 during different storm intervals for the
three ICMEs. No MMS observations were available for 6 <R [Re]<9 for this period, since the MMS spacecraft
were near their perigee just before SSC. Therefore, magnetic flux content for these radial distances are
extrapolated from a power law fit to MMS and RBSP observations at other radial distances: f(x) = a xb; where
coefficients a = 183 (143.4, 222.6) and b = -1.549 (-1.779, -1.319). The values in parentheses indicate the
95% confidence bounds.

The net dayside closed magnetic flux content remains constant in SSC phase in all three ICMEs. In contrast,
magnetic flux is reduced by nearly 30% in storm main phase in ICME 3, similar to ICME 2. The closed

magnetic flux content did not change significantly in ICME 1 storm main phase. This can be further linked to
the ICMEs’ SYM-H profiles. ICME 1 main phase appeared as a smooth decrease in SYM-H before

10
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recovering. Unlike ICME 1, ICMEs 2 & 3 showed double-dip SYM-H signatures during the main phases (first
dip from sheath and second dip from the magnetic cloud). Future investigations will examine the relationship
between SYM-H profile and the variations in storm-time dayside closed magnetic flux content.

Lastly, the storm-time interplanetary conditions at Earth are at times similar to the environment in close
proximity to the Sun. In particular, plasma beta and the Alfvenic Mach number are found to reduce
significantly inside the magnetic cloud ($<0.1 and Ma~1.0). For comparison, at Mercury where the average
radial distance from the Sun is ~0.4 AU, the average Ma~ 6.6 (Winslow et al., 2013). Slavin et al. (2012)
showed, using MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
measurements, that magnetopause reconnection played a dominant role in driving the magnetospheric
convection at Mercury. In particular, the authors discovered that more than 50% of the reconnected magnetic
flux at the magnetopause was transported tailward as FTEs. Similarly, enhanced ion-scale FTE counts were
reported during Mercury’s disappearing dayside magnetosphere under extreme solar wind conditions,
defined as solar wind dynamic pressure Pqyn > 140 nPa (Slavin et al., 2019). In contrast, at Earth, the average
contribution of FTEs (average diameter d~1 Re and magnetic flux content y~1 MWb; Akhavan-Tafti et al.,
2018) to the magnetospheric convection has been estimated at ~0.1% (e.g., Rijnbeek et al., 1984). However,
in this study, we provided evidence for one large-scale FTE that transported up to 160 MWb magnetic flux to
the magnetotail during SSC. Future analyses will explore storm-time magnetic reconnection signatures near
the dayside geosynchronous region and investigate the prevalence of FTEs and their size distribution at
Earth under low-Ma conditions.

Conclusion. In conclusion, a clear understanding of storm-time magnetospheric dynamics is essential for
improving space weather forecasting and mitigation procedures. In this study, cross-scale observations of
storm-time magnetospheric dynamics during a chain of three independent and well-separated ICME events
were presented. It was found that the subsolar magnetopause standoff distance moved planetward at a rate
~-10.8 Re/day at the storm sudden commencement phase. This inward motion continued until reaching
geosynchronous orbit resulting in a 70% decrease in pre-storm magnetospheric volume. The dayside closed
magnetic flux content is quantified using in-situ OMNI, Geotail, Cluster, MMS, GOES, Van Allen Probes, and
THEMIS measurements at different radial distances. It was shown that the total magnetic flux remained
constant within the compressed and reconnecting dayside magnetospheric region. In contrast, the dayside
magnetospheric magnetic flux does not remain constant at storm main phase and peak when the
magnetospheric volume increased while IMF was dominantly southward, indicating magnetic flux erosion at
the dayside magnetopause. The magnetospheric magnetic flux erosion especially impacted the magnetic
environment at radial distances R = 5 Re. It is concluded that a time lag in storm-time Dungey cycle resulted
in inadequate replenishment of the eroded dayside magnetospheric flux which can lead to enhanced plasma
transport through the magnetopause during increased solar wind activity.

Appendix A. There are two possible approaches to address the Heliophysics System Observatory’s (HSO)
lack of multi-scale equatorial fields measurements. One approach is to map non-equatorial magnetic field
observations to the equator using empirical magnetospheric models (Tsyganenko & Sitnov, 2007) or to
assume that near-equatorial B, (within a relative small distance from the equatorial plane) is comparable to
that at the equator. Each approach presents a set of advantages and caveats, in particular with regards to
reliability under extreme space weather conditions.

In this study, it is assumed that the observed B; by near-equatorial spacecraft (MMS and RBSP) are, to a
first order approximation, representative of B; at the equator (GOES). To test the validity of this assumption,

1
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the observed B; in bin R = 6 Re is compared between the three spacecraft. The bin R = 6 Re is selected since
it is the bin within which the three orbits overlap. GOES is on an equatorial orbit, while MMS and RBSP orbits
are near-equatorial, with inclination angles 28 and 10 degrees, respectively.

Figure A1 shows the average B; within the radial bin R=6 Re by MMS 4, RBSP A, and GOES 15 during the
ICME 2 encounter. The observations are compared between different storm-time conditions. It is indicated
that the variation in B, between the three spacecraft is relatively small, with a relative standard deviation
RSD<15%. It is further found that the assumption remains valid under different space weather conditions.
Therefore, it is concluded that the observed B, by MMS and RBSP spacecraft are, to a first order
approximation, representative of B; at the equator.
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Figures.

Figure 1: Solar wind conditions during December 12, 2015 - January 12, 2016. The panels include: a) storm-
time index SYM-H, b) IMF magnetic field (3-hour resolution) magnitude and vector, c) ion velocity vector, d)
dynamic pressure, and e) plasma beta (black) and Alfvenic Mach number (red; Ma = Vsw/Va; where Vsw and
Va represent solar wind flow and Alfven speeds). All vectors are in Geocentric coordinate systems (GSE)
coordinates. Storm events, including the SSC, main, and recovery phases corresponding to ICMEs 1-3 are
shaded with light blue columns.

Figure 2: a) Time-series profile of storm-time index SYM-H during ICME 2 (December 18, 2015 — December
29, 2015), b) the Shue magnetopause standoff distance model in the GSE XY plane for the duration of
ICME2. The colored curves indicate the magnetopause boundary based on the observed OMNI
measurements in the solar wind. The shadings of the colored curves correspond to the intervals in panel a
within which the Shue magnetopause standoff distances were derived. The MMS (diamond) and Cluster
(star) magnetopause crossings are provided to validate the model results before (transparent) and during
(black) ICME 2. The GSE coordinates of the Cluster MP crossings are also included, and c) the schematic
illustrating the cross section (in grey) of infinitesimally-thin disks to determine the Shue model
magnetospheric volume Vusp. The schematic also illustrates the radial bins (in cyan) within which average
out-of-plane ‘closed’ magnetic field is derived to determine magnetic flux content.

Figure 3: Timeseries profiles of storm-time a) SYM-H and IMF Ma (red), b) IMF B in GSE coordinates, c)
the Shue model magnetopause standoff distance ro (black) and tail flaring a (grey), and d) the Shue model
magnetospheric volume Vusp between -15< X [Re] < ro. The solid red lines indicate the average value before
ICME arrival (2015/12/18-00:00-2015/12/19-11:00 UT). The storm intervals are marked with magenta (SSC),
cyan (main phase), and orange (recovery phase) shades.

Figure 4: Storm-time in-situ measurements for ICME 2 from OMNI, Cluster, MMS, RBSP, THEMIS, and
GOES spacecraft. The panels include: a) SYM-H, and magnetic field magnitude and vector in GSE
coordinates and trajectory radial distances for b) OMNI IMF, c) Cluster 4, d) MMS 4, e) Van Allen Probe A
(RBSP; Kletzing et al., 2013), f) THEMIS A (Auster et al., 2008), and g) GOES 15 (Singer et al., 1996) in
solar magnetic (SM) coordinates and longitudinal position (MLT) at R~6.7 Re. The spacecraft positions are
included in grey on the right y-axes. The storm intervals are marked with grey (pre-storm), magenta (SSC),
cyan (main phase), and orange (recovery phase) shades.

Figure 5: The spacecraft trajectory projections for 2015/12/19-00:00 — 23:59 UT in the GSE XY and XZ
planes. The modeled magnetopause and shock boundaries are provided for low (Payn=2 nPa; dashed grey
curves) and high (Payn=20 nPa; solid black curves) upstream dynamic pressures.

Figure 6: The magnetic flux content inside each radial bin Wg before ICME 2 (‘Quiet’; blue, 2015/12/18-
10:30—22:50 UT), at SSC ('SSC’; red, 2015/12/19-16:15—23:50 UT), and at peak SYM-H (‘Peak’; green,
2015/12/20-13:45—22:50 UT) from the RBSP A (2< R [Re] <6), GOES 15 (6< R [Rg] <7), and MMS4 (7<
R [Re] <10) magnetic field measurements. The total magnetic flux content YW in the dayside
magnetosphere is included for 2< R [Rg] <10.

Figure 7: a) The MMS4 magnetic measurements inside and surrounding an FTE in GSE coordinates.
Minimum Variance Analysis (MVA) applied on magnetic field on magnetic field signatures within 2015-12-
19/20:35:10-20:54:50 UT. The panels include: b) maximum (max) and intermediate (int) components of the
magnetic field, and ¢) maximum (max) and minimum (min) components of the magnetic field. The MVA eigen
vectors in GSE coordinates and eigenvalue ratios are included.

Figure 8: The magnetic flux content inside each radial bin Wy before a) ICME 1 (‘Quiet’; blue, 2015/12/13-
23:30—2015/12/14-12:00 UT), at SSC (‘SSC’; red, 2015/12/14-13:30—14:30 UT), and at peak SYM-H
(‘Peak’; green, 2015/12/14-16:50—22:40 UT) and b) ICME 3 (‘Quiet’; blue, 2015/12/30-09:15—18:20 UT), at
SSC ('SSC’; red, 2015/12/31-03:00—13:00 UT), and at peak SYM-H (‘Peak’; green, 2015/12/3'-13:00—
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20:00 UT) from the RBSP A (2< R [Rg] <6) and MMS4 (6< R [Re] <10) magnetic field measurements. The
total magnetic flux content ); Wi in the dayside magnetosphere is included for 2< R [Re] <10. The SSC
magnetic flux content was extrapolated in ICME 1 for 6<R [REe]<9, since the MMS spacecraft were near
their perigee just before SSC, as indicated by dashed blue bars. Magnetic flux content for these radial
distances are extrapolated from a power law fit to MMS and RBSP observations at other radial distances:
f(x) = a xb; where coefficients a = 183 (143.4, 222.6) and b = -1.549 (-1.779, -1.319). The values in
parentheses indicate the 95% confidence bounds.

Figure A1: The juxtaposition of the observed B inside radial bin R=6 Re before ICME 2 (‘Quiet’; blue,
2015/12/18-10:30—22:50 UT), at SSC ('SSC’; red, 2015/12/19-16:15—23:50 UT), and at peak SYM-H
(‘Peak’; green, 2015/12/20-13:45—22:50 UT) from RBSP A, GOES 15, and MMS4. The relative standard
deviation (RSD) of B, between observations at different distances from the equator is RSD<15%. This RSD
is comparable to that of total fluxes in Figure 6 and Figure 8.

Tables.

Table 1: The physical properties of the three ICMEs.

Table 2: The total magnetic flux content Y. Wg within radial distances 2< R [Re] <10 during different storm
intervals for the three ICMEs.
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SYM-H max(|Bmc]) &° Vsw MC Diameter °© max(Pdyn) ¢ SH-MC ¢ SH-MC
[nT] [nT] [km/s] [RE] [nPa] B Ma
ICME 1 -50 15 450 1500 20 31 10-8
ICME 2 -150 20 400 8000 20 10-0.05 20-2
ICME 3 -100 15 425 4500 10 1-0.05 6-2
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Table 1: The physical properties of the three ICMES.

a Magnetic cloud is referred to as ‘MC.’

b Maximum magnetic field magnitude inside the magnetic cloud.

¢ Magnetic cloud diameter is estimated as Diameter = Vsw X duration
d Maximum solar wind dynamic pressure

¢ The ICME sheath is referred to as ‘SH.’
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Table 2: The total magnetic flux content . Wg within radial distances 2< R [Re] <10 during
different storm intervals for the three ICMEs.

|
‘ Pre-Storm 2 SScb Peak °
kWb kWh kWb
| ICME 1 180+40¢ 160+10 160+10
| ICME 2 170430 170430 110+30
ICME 3 170+30 180+30 120410

a ‘Pre-storm’ refers to values collected during one complete RBSP orbit before SSC.

b ‘SSC’ refers to values collected during one RBSP orbit during SSC (SYM-H > 0 [nT)).

¢ ‘Peak’ refers to values collected during one RBSP orbit during storm main-phase,
including the storm peak where SYM-H reaches its lowest value.

d No MMS observations were available for 6<R [Re]<9 for this period, since the MMS
spacecraft were near their perigee just before SSC. Therefore, magnetic flux content for
these radial distances are extrapolated from a power law fit to MMS and RBSP
observations at other radial distances: f(x) = a x°; where coefficients a = 183 (143.4,
222.6) and b = -1.549 (-1.779, -1.319). The values in parentheses indicate the 95%
confidence bounds.
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