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ABSTRACT

The July 23, 2012 CME was an extremely fast backside event, reaching ~1 AU (STEREO-A) within 20 h as
compared to ~3-6 days for typical CME events. Here, we present results from a simulation study of the
CME and its driven shock using a combined kinematic and magnetohydrodynamic (MHD) simulation
model, H3DMHD. In general, the model results match well with in situ measurements in the arrival time
of the CME-driven shock and the total magnetic field strength, assuming an initial CME speed of
3100 km/s. Based on extrapolation of an empirical model, the fast CME and its large magnetic field (|
BI~120 nT) are capable of producing an extremely large geomagnetic storm (Dst~— 545 nT), comparable
to the well-known Halloween storm in 2003, if the CME had made a direct impact to the Earth. We
investigated the effect of the adiabatic index (y). It is found that the shock tends to arrive slightly later for
a smaller y value, and y=5/3 provides the best agreement for the shock arrival time. We also
demonstrate that the strength (the Mach number) of the CME-driven fast-mode shock is not the largest
at the “nose” of the CME. This is mainly due to the manifestation of fast-mode wave speed upstream of

the shock.

© Elsevier Ltd. All rights reserved.

1. Introduction

Coronal mass ejections (CMEs) are eruptions of magnetized
plasma from the solar atmosphere into the interplanetary space,
where they are often referred to interplanetary CMEs (ICMEs).
Since their first observations in the 1970s with white light imagers
(Tousey, 1973; MacQueen et al., 1980), CMEs/ICMEs have drawn
much attention for their adverse space weather effects. For
example, solar energetic particle (SEP) events of a gradual type
are believed to be accelerated by fast-mode shocks driven by CMEs
(see review by Reams (1999)). Geomagnetic storms often occur
after the arrival of an ICME at the Earth (Gosling et al., 1991).
Statistical studies have indicated that the majority of front-site
CMEs can hit the Earth (Yermolaev and Yermolaev, 2006) and
induce geomagnetic storms (see review by Akasofu (2011)).
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The average speed of CMEs derived from white light corona-
graph data ranges from 300 km/s during solar minimum to
500 km/s during solar maximum (Yashiro et al, 2004;
Gopalswamy et al., 2005), which translates to ~3-6 days for a
typical CME to reach 1 AU. However, fast CMEs with a propagation
speed greater than 900 km/s are not uncommon, averaging ~13%
(Yashiro et al., 2004). Those fast and mostly Halo-CMEs can reach
the Earth in ~2 days. Historically, there are no more than 13
documented solar events that propagated to Earth in less than
1 day (Cliver and Svalgaard, 2004), and there are only a few
historical events with the shock transit times less than 20 h.
Notably speaking, the shock from the August 4, 1972 event (e.g.,
Zastenker et al., 1978), with a transit time of ~14.6 h, is considered
to be the fastest ICME (interplanetary coronal mass ejection) event
on record. The solar flare that was associated with the “super-
storm” of September 1, 1859 also took less time (17.6 h)
(Carrington, 1859). The “Halloween-events” in 2003 belong also
to the few extremely fast ICME events (Skoug et al., 2004).
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In addition to a frontal (fast-mode) shock and an ejecta, a
typical CME also consists of a magnetic cloud (MC) (Burlaga et al.,
1981). The large magnetic fields associated with MCs and cloud
sheath are responsible for large geomagnetic storms (e.g., Wu and
Lepping, 2002; Zhang et al., 2004). During solar cycle 23, the
average intensity of geomagnetic storms associated with MCs and
ICMEs is ~13 and 10 nT, respectively (Wu and Lepping, 2011). The
magnetic field associated with the Halloween CME events was
~60 nT (Skoug et al., 2004). Such an unusually large magnetic field
was responsible for the severe Halloween storm events.

Large magnetic storms are often associated with earthward
moving halo-CME events (e.g., Badruddin, 2013), as there is a
greater chance for halo-CMEs than non-halo-CMEs to make a
direct impact to the Earth. On the other hand, a CME that occurs
on the back side of the Sun from the Earth (backside CMEs) is not
likely to reach the Earth no matter how large the event is. The CME
event that occurred on July 23, 2012 represents one such an event.
The CME was considered “extremely fast” because it reached 1 AU
in ~20 h as recorded by STEREO-A and resulted in no geomagnetic
effect on the Earth (Dryer et al., 2012; Russell et al., 2013; Baker
et al,, 2013). From the perspective of space weather, farside or even
backside CME events such as the July 23 event can pose threats to
spacecraft nearby or along CME trajectories. For example, the
Messenger spacecraft is currently orbiting Mercury (~0.37-
0.47 AU from the Sun), and the planned European Space Agency's
Solar Orbiter will have orbits ~0.25 AU from the Sun and NASA's
Solar Probe Plus will fly as close as 9.8Rs from the Sun. The lead
time will be too short for these spacecraft to react.

In this paper, we will present results from our study of this
solar flare/shock/CME event using global simulation. While we will
focus on the characteristics of the July 23, 2012 event, the
extremely fast CME event allows us to test the capability of the
simulation code. The rest of the paper is organized as follows. We
will discuss the observations in Section 2, simulation model in
Section 3, followed by simulation and validation of results
in Section 4. Discussion of the results and conclusions are given
in Sections 5 and 6, respectively.

2. Observations

The present “extremely rare” event was, to our knowledge, first
described by Dryer et al. (2012) because of its exceptionally fast
speed and MC field characteristics. Fig. 1 shows the locations of the
STEREO Ahead (0.963957, 345.633°, 1.750°)/Behind (1.021173,
109.567°, —6.979°) and the Earth (1.015935, 224.386°, 5.08°)
relative to the CME initiation site at 00:00 UTC in the heliospheric
Earth ecliptic (HEE) coordinate (AU, longitude, latitude) system.
The longitudinal separation of the STEREO-A and the STEREO-B
spacecraft with the Earth was 120.912° and 115.200°, respectively.
The separation angle between STEREO-A and STEREO-B was
123.887°. The July 23, 2012 CME event was initiated from the
active region AR-1520 on the Sun's back side. Fig. 2((a) and (b))
shows two consecutive solar disk images in 19.5 nm from the
Extreme Ultraviolet Imager (EUVI) on STEREO-A—one before
(a) and one after (b) the onset of the CME. The onset of the CME
can be identified as a sudden brightening within the active region
AR-1520 at S16W133 (pointed by an arrow in Fig. 2(b)). Because it
is a backside event, its associated flare was not visible to the
frontside observers such as the GOES satellites. On the other hand,
the small (~12°) longitudinal separation between the CME onset
location and STEREO-A makes it a standard halo-CME when
observed at STEREO-A. From the STEREO-B, it appears to be a
partial halo-CME. Fig. 2((c) and (d)) shows two coronagraph
images from STEREO-A/COR2 and STEREO-B/COR2, respectively,
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Fig. 1. The positions of the STEREO-A and STEREO-B spacecraft relative to the Sun
and Earth in heliocentric Earth ecliptic (HEE) coordinate system at July 23, 2012
03:00 UT. The dotted lines show the angular displacement from the Sun. Units are
in AU.

(Information obtained from NASA's Stereo Science Center)

taken several minutes after the CME onset (~02:50 UT). The
brighter CME in the STEREO-A/COR2 image (Fig. 2(c)) indicates
that the CME source is in the southern hemisphere (~S16°).

3. Simulation model

This study employs a “hybrid” simulation model (H3DMHD) of
Wu et al. (2007) to simulate the CME event. The model combines
an updated version of the kinematic code of Hakamada-Akasofu-
Fry (HAFv.2) (see Fry et al.,, 2001, and references therein) and a
three-dimensional (3-D), time-dependent numerical MHD model
(Han et al.,, 1988). The HAFv.2 code, an improved version of the
HAF code originally developed by Hakamada and Akasofu (1982),
is used to handle the simulation for subsonic/sub-Alfvénic flows in
the inner and outer coronal region sunward of 18Rs, while the
MHD code is used to simulate supersonic and super-Alfvénic MHD
flows, i.e., outside of the critical surface of Parker’s solar wind
model. The two simulation codes are joined at 18Rs, where the
output of HAFv.2 is fed into the MHD code's time-dependent inner
boundary values.

Simulation of solar wind and CMEs in supersonic/super-Alfvé-
nic solar wind flows is carried out by a time-dependent, 3-D, MHD
numerical code originally developed by Han (1977). The code
solves a set of ideal MHD equations that exclude the Coriolis force,
Joule heating, thermal conduction, and viscous terms. The MHD
equation sets, from Eqs. (1)-(4) listed below, are conservation of
mass, conservation of momentum, conservation of energy, and
magnetic induction:

Dp _
D—t+pV'V—0 (.l)
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Fig. 2. ((a) and (b)) Solar EUV disk images from STEREO-A and; (c) and (d) are coronagraph images from STEREO COR2A and COR2B, respectively for the July 23,2012 coronal

mass ejection (CME) event. The arrow in (b) points at the CME onset.
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where D/Dt denotes the time total derivative, p, V, and p are the
mass density, velocity, and thermal pressure of the MHD fluid,
respectively, B is the magnetic field strength, e is the internal
energy per unit mass (=p/[p(y—1)]), GM(r)/r? is the solar gravita-
tional force as a function of the radial distance, r, from the center
of the Sun, and y is the specific heat ratio (Cp/Cy). In this study, an
adiabatic MHD fluid with the specific heat ratio of y=5/3 is
assumed. We also test different values of y to understand its effect.

The H3DMHD model uses a Sun-centered spherical coordinate
system (r, 8, ). The computational domain is set to 2.5<r<
285Rs, —87.5° <0 < 87.5° and 0° < ¢ < 360°, with uniform grids:
Ar=3Rs, A@=5°, and Ag@=>5°. The outer boundary condition is of
a non-reflective type, whereas the inner boundary is dynamically
driven by a prescribed photospheric field (r-component only) and
solar wind velocity (Arge and Pizzo, 2000). The two angular grid
sizes are chosen to match the spatial resolution of the photo-
spheric field. The radial grid size is chosen with efficiency of the
code in mind while small enough to resolve the CME structure.

The model uses the two-step Lax-Wendroff finite difference
scheme to provide second order accuracy in both space and time
(Lax and Wendroff, 1960). A detailed description of the numerical
scheme can be found in the work of Han et al. (1988) and Detman
et al. (1991).

The nonuniform background solar wind plasma and IMF are
essential for the coupling of the corona to the solar wind. We first
use this model to simulate pre-event steady state solar wind based
on solar magnetic maps. Then we apply a Gaussian velocity pulse
at the inner boundary to simulate the CME. The velocity pulse is
parametrized by the width (duration) and the height (amplitude).
The duration of the flare measured by the GOES X-ray instruments
is used as a proxy for the duration. However, for this backside
event, direct flare observations from Earth are not available. We
use a time duration of 3.5 h, which is typical for large X-ray flares,
for this event. The height of the velocity pulse, i.e., the initial speed
of the CME, is obtained from the coronagraph observations. The
relation of CME and shock speed can be provided by analogy with
the laboratory shock tube's “piston” and its shock (Dryer, 1981).

In this study we use a coronagraph analysis software tool
developed by the Naval Research Laboratory to estimate the speed
of the CME. Here, as an example, we used a sequence of
6 coronagraph images from SOHO/LASCO C2/C3 (Brueckner et al.,
1995) to measure the CME propagation front, marked with an “s”
in Fig. 3(a). By multiplying the location of the selected pixels to the
cosine of the position angle, the radial distance of the propagation
front is calculated (see Sheeley et al., 2008, for details). These
measurements were performed ten times in order to determine
the stand deviation and the mean values of the height profile.
After applying a linear least-squares fit, we obtain an initial CME/
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Fig. 3. (a) An example of SOHO/LASCO composite image from C2 and C3. (b) Linear regression analysis of time series of CME/shock locations. The CME/shock location is
estimated by tracking the CME/shock front on each of the SOHO/LASCO C2/C3 images marked as an “s” on (a).

shock speed of 3678 + 52 km/s (Fig. 3(b)). The small uncertainty
(1-standard deviation) relative to the average value suggests that
consistent results can be obtained from this analyzing procedure.
This speed is close to the initial shock speed estimated with the
STEREO-A coronagraph images using the same method (Dryer
et al., 2012). Note that different speeds may result if different CME
bright features are selected and tracked, and the propagation
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speed estimated from this method highly depends on 6 because
it is a free parameter and is assumed to be () to range from 4.6° to
6.8° (5.7 +£0.8°). Therefore, this procedure can only provide
ballpark figures for the initial CME speed. In this simulation we
use 2900 km/s as the CME initial speed and adjust (i.e., “tune”) the
value by 100 km/s increments if necessary until the difference
between the simulated and true shock arrival times at STEREO-A is
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Fig. 4. ((a)-(d)) Simulated solar wind speed and CME at four times en route to 1.3 AU; (e-h) solar wind plasma density (color) and speed (black contours). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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small. It is found that 3100 km/s for the initial speed of the CME
gives the best agreement. We will show detailed results in the
following section.

4. Simulation results
4.1. General result

To demonstrate the global structure of the simulated CME and
its evolution, we plot the radial speed and the density of the CME
at the Sun's equatorial plane (=0°) in Fig. 4. The heliocentric
Earth ecliptic (HEE, X=Sun—-Earth line, Z=ecliptic north pole)
coordinate system is used. Note that the Earth and STEREO-A/B
were not located exactly on but up to ~7° from the equatorial
plane. Because the actual location of STEREO-B is one grid (5°)
below and the Earth is one grid above the equatorial plane, we
expect the difference should be small. Fig. 4(a) shows the radial
speed of the solar wind 3 h after the lift-off of the CME at 06:00 UT
on July 23. The simulated background solar wind reveals two fast
streamers (~700 km/s) in a spiral configuration, with the Earth
(longitude ¢p=0°) in the low solar wind speed (~400 km/s) and
the STEREO-A and STEREO-B in the transition region between the
fast and slow solar winds. At this time, the CME was ~25 solar
radii from the surface of the Sun and can be seen as a small red dot
near the longitude of STEREO-A. Notice that the CME initiation site
coincides with the source region of one of the fast streamers,
which may have contributed to the overall CME propagation
speed. Fig. 4(b) shows the time when the CME-driven shock
arrived at the STEREO-A spacecraft at 23:00 UT on July 23. At this
time the CME and its driven shock, refracting around the Sun, has
expanded more than 180° in longitude—sometimes called a
“hemisphere-buster”. About 10h later, the CME reached the
STEREO-B spacecraft at 10:00 UT on July 24 (Fig. 4(c)), and another
12 h (22:00 UT on July 25) later the weakened eastern flank of the
CME-driven shock arrived at the Earth (see Fig. 4(d)).

Fig. 4(e)-(h) shows four snapshots of solar wind density in a
color-coded format at times similar to those for the solar wind
speed shown in Fig. 4(a)-(d). The contour lines in black represent
the velocity contours.

4.2, Validation with STEREO-A data

Comparing simulation results with in situ measurements con-
stitutes a means to validate the simulation. Here, we compare
simulated results with total magnetic strength data acquired from
IMPACT/MAG (Acuna et al., 2008) and solar wind plasma density,
temperature, radial speed from PLASTIC (Galvin et al., 2008), all on
board STEREO-A. Note that because the photospheric field is
assumed to be in the radial direction at r=2.5Rs, our model thus
cannot simulate the realistic vector fields. This is also true for all
data-driven global MHD simulations (e.g., Manchester et al. 2004;
Odstrcil et al. 2005; Wu et al. 2007; Lugaz and Roussev 2011; Shen
et al.,, 2011). Therefore, we can only compare the total magnetic
field strength, which is a variable that can be simulated ade-
quately. Fig. 5(a) shows the comparison of the field strength. As
one can see, the arrival time of the sudden field increase (shock
front) matches well (due to the empirical approach described in
Section 1) with the simulated field. The simulated total field
intensity peak is ~130 nT, which is reasonably in good agreement
with the observed peak field intensity that reached 109 nT at a
1-min time scale (Russell et al, 2013). Note that although the
output of our simulation is once per hour, the actual time step
varies and can be as small as a few minutes.

Unfortunately, data from the PLASTIC plasma instrument on
STEREO-A was compromised on July 24, as noted in the caption of

) © ___9=1.67 Veeu=3100 km/s
p— STEREO-A ]

150;*

- ™
- L

i\d—hﬂ-"‘-ﬂ' L et
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Fig. 5. Comparison of simulated (gray lines) and STEREO-A observational (black
dots) data for (a) total magnetic field strength, (b) solar wind bulk flow speed,
(c) temperature, and (d) the proton number density. Plasma data gaps exist on and
around day 206 (July 24) due to instrument saturation. The simulation suggests
that the second peak in the magnetic intensity is associated with a reverse shock.

Fig. 5, due to contamination by solar energetic particles. Therefore,
we will only use the uncompromised part of the data as provided
by the STEREO Science Center for comparison. Fig. 5(b) shows the
hourly proton flow speed. In general, there is a good agreement in
the upstream solar wind speed (~500 km/s) and the onset time of
the sharp increase in the flow speed. However, there are differ-
ences in the flow structure. Prior to the arrival of the shock, there
is a small increase in the solar wind flow speed from ~500 km/s to
more than ~800 km/s at ~17 UT on July 23. This small pre-event
perhaps also caused a small increase (peak IBI~15 nT) in the total
magnetic field. This small increase is not shown in our simulation
result because we did not insert a perturbation corresponding to
the pre-event conditions into our simulation. On the other hand,
Russell et al. (2013) interpreted the small initial field increase as
the arrival of the CME event and argued that the CME was not
preceded by a fas-mode shock due to the very high pressure of the
energetic particles. The simulated hourly flow speed at the shock
downstream is ~1600 km/s and is slightly larger than the flow
speed (~1300 km) at the corresponding time. Furthermore, our
simulation shows an even larger flow speed at a much later time
(~09 UT on July 24) than that observed. The simulated flow peak is
associated with a reverse shock, but this cannot be confirmed by
the compromised plasma density, velocity, and temperature. The
second peak in IBI (see Fig. 5(a)) may be an evidence for the
reversed shock, although it was measured ~7 h later (at ~0200 UT
on July 24). On the other hand, Liu et al. (2014) suggested that the
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July 23 CME event was associated with two “nearly simultaneous”
eruptions and they may have contributed to the two-peak feature
in the total magnetic field observed by STEREO-A. Fig. 5(c) and
(d) shows the comparison of the solar wind proton temperature
and density. There are large discrepancies in the solar wind plasma
density and temperature.

Downstream of the shock, the simulated solar wind speed is
about a factor of 2 larger than the observed speed but is gradually
approaching and matching the background solar wind on July 27.
The simulated solar wind density and temperature are in agree-
ment with the measurements at this time. Note that the MHD
model employed here is just an approximation of the solar wind
and CME fluids and one should not expect a perfect fit between
our simulation result and the observations. In addition, uncertain-
ties in the input parameters can also contribute to the discrepancy.
It is useful to understand the effect of each parameter in the
simulation result to improve our better understanding of the MHD
simulation.

4.3. Effects of the initial CME speed and the ratio of specific heats (y)

As already mentioned, we perform our simulation for a number
of initial CME speeds starting from 2900 km/s, with 100 km/s
increments. It is found that an initial CME speed of 3100 km/s
results in a good match in the shock arrival time with the in situ
measurement at STEREO-A. While the initial CME speed plays an
important role in the shock arrival time, the ambient solar wind is
also an important controlling factor. Both gas dynamic and MHD
models suggest that the shock-standoff distance (in front of the
Earth’s magnetospheric subsolar point) is a function of the sonic
Mach number and the ratio of specific heats. This is further
complicated by the fact that CMEs are not solid objects. Here, we
will explore the effect of the ratio of specific heats on the shock
arrival time.

For each initial CME speed (V;), we apply three different values
of the specific heat ratio (1.25, 1.45 and 1.67) to our simulation. The
result is shown in Fig. 6. In terms of the shock arrival time, it is
shown that the (y, Vo) pair, (1.67, 3100 km/s), respectively, per-
forms the best; other pairs lead to a delay of ~1-5 h. In general, a
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Fig. 6. Comparison of simulated (colors) and STEREO-A observational (black)
results for a period from 12 UT on July 23 to 19 UT on July 24, 2012. The top panel
shows the total magnetic field strength, whereas the bottom panel shows the solar
wind bulk flow speed. Black squares are hourly averages of the STEREO data,
whereas the black trace in the magnetic strength panel shows the 5-min averages
of the data. Three specific heat ratios: y=1.67 (red), 1.45 (gold), and 1.25 (blue), are
used in combination with two initial CME speed: 3100 km/s (solid lines) and
2900 kmy/s (dashed lines). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).
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larger value of the initial CME speed results in a faster shock. Fig. 6
also shows that a larger value of y leads to an earlier arrival of the
shock. With regard to the shock amplitude (B and V), all para-
meters result in a larger magnetic field strength. The (y=1.67,
Vo=2900 km/s) pair seems to provide the best prediction of the
shock magnetic field strength. Fig. 6 also shows that a faster initial
CME speed leads to a larger magnetic field strength and solar wind
speed, whereas a slower initial CME speed leads to a smaller value
of the magnetic strength and solar wind speed.

4.4. Shock strength

For such a fast CME, one might expect a strong shock wave
driven by the CME. In this subsection, we study temporal and
spatial variations of the CME-driven shock. It is often assumed that
the CME-driven shock front (at its “nose”) is the fastest and
strongest in shock strength. For the July 23 event, the CME was
initiated in the active region, as it is also true for most other CME
events in regions of high solar wind speed (see Fig. 4(a)). One
would expect the shock to be faster along the radial direction at
the initiation site because it is where the maximum power is
presumably released. Here we test this hypothesis using the
simulation result. Fig. 7 shows the solar wind speed upstream of
the shock, the fast-mode shock wave speed relative to the solar
wind, the wave speed for the fast-mode magnetosonic wave, and
the Mach number for the fast-mode shock as a function of radial
distance from the Sun for three locations: 2°W (black) (black),
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48°E (purple), and 47°W (red) of the CME initiation site. Note that
we use 2°W instead of 0° for the shock nose longitude because it is
where the grid point is located. The calculation starts from 18 Rs
because no plasma temperature information is available from the
HAFv.2 code. The fast-mode magnetosonic wave speed () is
defined, following Jackson (1975), as Gr=(1/2) [C*+Va*+{(Cs
+Va2)2-4C2V4? cos? Opn}'1?), where Co=(yp/p)'/? is the sound
speed, Va=IBl/(47p)'/? is the Alfvén speed, and O, is the angle
between the upstream magnetic field (B) and the shock normal.
The fast-mode shock Mach number is defined as M;=V*/C;, where
V* is the plasma speed in the solar wind frame (V— V). The shock
speed is calculated as the time rate of the change of the shock
location based on the wave transit method (Wu et al., 1996).

Fig. 7(a) shows the solar wind speed upstream of the shock.
Indeed, it is faster at the CME initiation site than the other two
regions away from this site. This can be seen in Fig. 4(a), until r~
190Rs. On the other hand, the fast-mode shock speed in the solar
wind frame is about the same, but slightly faster in the east and
slower in the west longitude (see Fig. 7(b)). Fig. 7(c) shows the
fast-mode magnetosonic wave speed at the shock location. In
general, the fast-mode wave is faster in the east than in the west
longitude (200-250 km/s vs. ~150 km/s). Along the CME “nose,” it
is much faster initially but the speed drops below 150 km/s at
~190 Rs. Fig. 7(d) shows that the fast-mode shock Mach number at
the three longitudes as a function of the radial distance from the
Sun. The Mach number slowly decreases between 18Rs and ~1 AU.
Interestingly, the fast-mode shock Mach number is the largest,
ranging from 18 to 13, 45° west of the CME initiation location. The
fast-mode shock Mach number is the smallest, ranging from ~8 to
5, 50° east of the CME initiation location. Along the CME nose the
fast-mode shock number falls in between, ranging from ~11 to 9.

5. Discussion
5.1. Comparison with the Halloween events

Yashiro et al. (2004) showed statistically the average CME
speed to be ~300 km/s in solar minimum and ~500 km/s in solar
maximum. They also showed that less than 5% of the CME events
observed by SOHO/LASCO were faster than 1000 km/s. The re-
ported CME event on July 23, 2012, was obviously much faster
than normal. Based on our simulation, the initial speed (at 2.5Rs)
that is required to initiate the CME could exceed 3000 km/s. The
two notable large CME events that occurred in the last decade, i.e.
the events that occurred during the Halloween 2003 epoch, are
only comparable in terms of their propagation speed. Table 1
shows the comparison of the three events. All three events
occurred in the southern hemisphere ~15-16° from the solar
equator. The two CME events during the Halloween epoch were

Table 1
Velocity pulse required to initiate shock/CME for Halloween 2003 and July 23 2012.

Event Type Il Arrival Source®  Flare Shock

number start date/time classification speed
(date/ (hh:mm) (kmy/s)
time)

1? 2003-10-  2003-10- S16E06  X17.2 2000
28/11:02  29/05:58

27 2003-10- 2003-10- S15E02  X10 2000
29/20:42  30/16:19

3 2012-07-  2012-07- S16W133 3100
23/02:50  23/21:10°

2 From Dryer et al. (2004).
° Arrival time at STEREO-A.
¢ The solar equatorial coordinate system is used for the source location.

halo-CMEs from the Earth's point of view, whereas the July 23,
2012 event was also a halo-CME event but from the STEREO-A
point of view. The two Halloween events were associated with an
X17.2 and an X10 flare, respectively. Because the present event
occurred on the back-side, no flare measurement was available.
The initial speed of the CME for the two Halloween events was
2000 km (Dryer et al., 2004). Based on our simulation results, the
event under studied had an initial speed of ~3100 km/s, i.e., it was
~50% faster than the two Halloween events and is probably the
fastest CME on record.

The July 23, 2012, CME event was associated with the largest
observed magnetic cloud in terms of its magnetic field strength.
The magnetic field IBI recording at 1 AU (STEREO-A) is the largest
(~110 nT) and is about 2 times of that for the Halloween event
(e.g., Skoug et al., 2004). An interesting question is what would be
the size of the storm if the 23 July 2012 CME/shock hit the Earth
head on? Here we use a simple linear relationship formulated by
linear least-squares fitting of the storm intensity (Dst) with
magnetic cloud field data (Wu and Lepping, 2005):
Dst=0.83+7.85B,(min). For this event, the minimum southward
IMF, B,, was ~—47nT at ~04UT on July 24. This gives
Dst~—370 nT. This formula would have probably underestimated
the Dst index for the Halloween event (Dst= —401 nT) because the
same formula would only have given Dst~—376nT if B,
(min)~—35nT were used. If the plasma flow speed within the
magnetic cloud is considered the formula becomes: Dst= —16.48-
12.89 (VBs)min, Where vBs is in mV/m. Here (vB;)min~(1500 km/s) x
(47 nT)=70 mV/m, which gives Dst~—885 nT. This value is close
to the estimate of —1000 nT made by Russell et al. (2013), who
applied the formula by Burton et al. (1975) to this CME event if it
would have hit the Earth. However, this value is likely over-
estimated because the same formula yields Dst~—16.48-12.89 x
(1400 km/s x 35 nT) x 1073 ~—648 nT for the Halloween event.
By scaling the Dst linearly, using the value of the Halloween event,
we found a Dst index of ~—545nT, which is probably more
reasonable and is closer to the estimate of —480 nT made by
Baker et al. (2013). Note that both formulas predict a larger Dst
value for the July 23, 2012 CME event than for the Halloween CME
event if the Earth were located at STEREO's position. While it is not
as large as the 1859 superstorm event, which probably produced
Dst~-1760 nT (Tsurutani et al., 2003), it is comparable to the
March 13, 1989 storm event (Dst= —589 nT), the largest storm of
the 20th and, thus far, the 21th century.

5.2. Controlling factors of shock arrival time

The initial speed of the CME is probably one of the most
important factors that determine the arrival time of the CME/
shock at the Earth (and other places). The measurement of CME
features in coronagraph images as employed in this study is
limited to a projection of the “feature” onto the plane of the sky.
In order to ascertain an accurate velocity, assumptions must be
made about the actual direction of motion in three dimensions,
and then a correction is applied to the measured values based on
the inferred geometry. The lack of knowledge of this direction of
motion is the largest contribution to uncertainty in the measured
velocity. With a proper angle correction, the coronagraph images
can provide reasonable estimates of the initial speed of CMEs,
especially for large CME events; however, for small events, the
technique may not work at all due to the sensitivity of the
instrument. It has been shown that the measurement errors from
the coronagraph technique increase with increasing distance from
the Sun (Wen et al., 2007). This is the reason the present study
adopted a model that uses r=2.5Rs for the inner boundary of
simulation domain. Note that current coronagraph cannot mea-
sure CMEs that are initiated within 2R;, where the CME-driven
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shock may have been formed (e.g., Wu et al., 2012). It is also
necessary to clarify that the coronagraph technique provides the
CME speed not in the initial frame but in the solar wind frame.
Within a few solar radii from the Sun, the plasma flow speed is
expected to be small and the uncertainty is probably negligible for
fast CMEs. Even for events with minimum uncertainties in the
CME speed estimate, there is another uncertainty as demonstrated
in this study. The uncertainty comes from the edge pixel selected.
Different pixels result in different speeds. This is why different
initial CME speeds were tested in our simulation until the shock
arrival time matches the observations. It is also important to note
that a good match in the shock arrival time does not mean a good
match in the CME/shock distance and speed profile. This can only
be confirmed with observations. The simulation result simply
suggests a possible solution based on the simulation model and
input parameters.

Our simulation also suggests that the ratio of specific heats
affects the arrival time of the shock. A value of y=5/3, which
indicates adiabatic compression of monatomic gases, is widely
used in global MHD simulations. Experimental measurements of y
have been conducted in many investigations (e.g., Fairfield, 1971;
Chao and Wiskerchen, 1974), using the semi-invariant property of
the standoff distance of the Earth's shock from the magnetopause
at the stagnation point (Spreiter et al., 1966): A=1.1D (p/p’), where
D is the distance at the nose of the magnetopause from the center
of the Earth and p/p’ is the ratio of the mass density across the
bow shock. These studies estimated the value of y for the
magnetosheath plasma ranging from ~1.5 to 2. While there is a
clear difference between the Earth's bow shock and the CME-
driven shock, there is no obvious reason to consider the two
shocks to be associated with different thermodynamic processes.
In other words, we cannot justify the y value, but the use of y=5/3
in our simulation should be adequate and provides the best
estimate of the shock arrival time.

Our result clearly shows that the larger the y value, the faster
the shock speed. Differences in the arrival time from 1.25 to 1.67
are ~1.2 h. So the difference in the shock arrival time for typical y
values is not significant, as compared to the initial CME speed.
Nonetheless, it is important to understand the effect of y on the
MHD CME/shock simulation. Recently, Wu et al. (2011) conducted
a global simulation study of the CME event that occurred on
August 3, 2010, using the same MHD model. They found that y=5/
3 provides a more accurate shock arrival time than y=1.45. In this
study, three y values are investigated: 1.25, 1.45, and 1.67. In a good
agreement with Wu et al. (2011), our simulation also shows better
agreement between the simulated and measured shock arrival
time when y=5/3 is used. The effect of y on the shock speed can be
understood in thermodynamics physics. In a thermodynamic
system, gas motion occurs due to unbalanced pressure. After being
ejected from the Sun, the CME propagates outward and expands
into a larger space due to a large pressure built behind the CME
before the ejection. In our simulation model, we assume the solar
wind/CME motion is an adiabatic process (i.e., P~py with y=5/3).
Therefore, for the same solar mass density ejected from the Sun, a
larger value of y will result in a larger pressure in the CME, hence a
faster CME/shock.

Note that we have not considered possible effects of the
background solar wind speed. When a fast CME/shock propagates
in a slow solar wind, the fluid drag can cause the CME/shock to
slow down, thus delaying the shock arrival time. However, pre-
vious studies have suggested that the background solar wind
shows little effect on the shock arrival time at Earth for solar
disturbances (e.g., CME) with sufficiently large momentum inputs,
e.g., V(peak) > 1000 km/s (e.g., Wu et al., 2005). As the CME event
on 23 July 2012 is much faster (V(peak) > 3000 km/s), background
solar wind effects may not be important and can be ignored.

Recently, Liu et al. (2014) pointed out that the July 23 CME event
was subject to a small deceleration. They suggested that a smaller
solar wind drag for the event due to the removal of solar wind
plasma by a preceding CME event on July 19 to be the cause.

5.3. Radial and longitudinal shock strength

The compression ratio (1) of the shock is also commonly used as
the shock strength. In this study, we use the Mach number to
categorize the shock strength along its periphery to demonstrate
its importance as discussed in Section 4.4. The Mach number can
be computed with parameters upstream of the shock. On the other
hand, it requires parameters from both shock upstream and
downstream to calculate the compression ratio. In a stationary
planar shock, the two shock strength parameters are related
through a simple function of y. For large Mach numbers, the
compression ratio can be simplified as r=(1+7y)/(1—y). Therefore,
a smaller y results in a larger compression ratio. Since the
compression ratio is defined as the ratio of downstream to
upstream gas density, the amplitude of the shock is directly
controlled by y. For a larger y the solar wind density downstream
of the shock (i.e., peak density) is smaller because of a smaller
compression ratio. From the conservation of mass, the ratio of the
downstream to upstream flow speed in the shock normal direction
is reciprocally proportional to the compression ratio. Although this
dependence is also shown in Fig. 6(b), the difference is not as
pronounced as the solar wind density (not shown). This is because
the compression ratio is computed based on the flow speed in the
shock frame. When the shock speed is subtracted from the flow
speed, the difference becomes clear (not shown). The behavior of
the magnetic field at the shock is similar to that of the solar wind
density because of the requirement of the frozen-in condition.

We also explore longitudinal variations of the shock strength.
For this particular event, the shock strength is generally very large,
with a Mach number greater than 5 for the three longitudes (2°W,
47°W, and 48°E of the CME initiation site). These values are indeed
much greater than the typical Mach number (75% less than 2 and
rarely greater than 4) for fast-mode shocks observed between
0.3 and 1 AU (Volkmer and Neubauer, 1985) and can easily put the
shocked-solar wind in hypersonic flow category.

A surprisingly finding of the present simulation is that the
shock Mach number is not the largest at the nose of the CME.
Instead, it is larger in the west than in the east of the CME
initiation longitude. Further analysis of the simulation result
indicates that the true shock speed (in the solar wind frame) can
be different, although the shock propagation speed is faster at the
CME initiation longitudes. The Mach number, which is the ratio of
the shock speed to the local wave speed, is not the largest at the
CME initiation longitude, due to a larger local wave speed. CMEs
are initiated at solar active regions where solar wind is faster
(Zirker, 1997) and magnetic field is stronger. Closer to the Sun, the
stronger magnetic field dominates the plasma dynamics. The fast-
mode magnetosonic wave can be approximated by the Alfvén
wave, which is proportional to the magnetic field strength. This is
also demonstrated in Fig. 7(c). As a consequence, the shock
strength is weaker. Because CME-driven shocks are considered
the source of “gradual” solar energetic particle events (e.g.,
Reames, 1999; and references therein) it has recently been shown
that the intensity of solar energetic particles (*He and O) of greater
than ~10 MeV is well correlated with the fast-mode shock Mach
number (Liou et al., 2013). The present result suggests that the
background solar wind plasma and magnetic field play an im-
portant role in the intensity of solar energetic particle (SEP) events
through changing the shock strength. This latter topic is worth
investigating but beyond the scope of the present work.
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6. Conclusions

On July 23, 2012, a solar eruption from the active region AR
1520 produced a large CME event. Since this event was not
directed toward Earth it had no space weather effects at all. In
other words, it would have had space weather implications if it
had impacted Earth. The CME was initiated backside and heading
approximately toward the STEREO-A spacecraft. Both coronagraph
and in situ measurements have recorded probably the largest CME
event so far in solar cycle 24. We studied this CME event using a
combined kinematic and MHD code, H3DMHD, to simulate the
CME event. Our simulation study justifies the H3DMHD model's
ability to handle extremely fast CME events. Thus, it was shown
that there is generally good agreement between the observed and
simulated total magnetic field strength and the plasma flow speed.
Based on our simulation, the initial shock speed driven by the CME
could have exceeded 3100 km/s and the shock transit speed at
~1 AU could have reached ~2000 km/s. An inaccurate estimate of
the CME speed reduces the accuracy of the model prediction. It is
also found that a smaller value of the adiabatic index tends to
delay the arrival of the shock; however, the shock arrival time does
not vary significantly over the typical values of the adiabatic index.
Finally, we demonstrate the importance of the solar wind para-
meters in the shock strength along its periphery. We bring this
point to the attention of the SEP community.
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