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ABSTRACT

The coronal mass ejection (CME) is one of the major solar eruptions that significantly impacts
on the terrestrial space weather environment. To have a better understanding of CME eruption and
propagation in the solar corona and ambient solar wind, I was assigned to simulate a halo CME eruption
on September 10, 2014, using the Alfvén Wave Solar Wind Model (AWSoM) and the Eruptive Events
Generator, Gibson and Low (EEGGL). I ran two steady-state solar wind solutions using different
Poynting flux constant at the inner boundary: 0.37 x 10° (PF0.37) and 1.0 x 10¢ J-m=2.s71.T~!
(PF1.0). The synthetic EUV images of the simulated solar corona are fainter than the SDO/ATA and
STEREO/SECCHI EUVI observations. The solar wind condition at 1 au in PF0.37 model is closer to
observed values, while the steady-state solar wind is much denser in PF1.0 model. The CME simulation
can reproduce some features in remote-sensing observations, e.g., leading edge in SOHO/LASCO C2
and C3 coronagraph and coronal dimming in SDO/AIA 171 A passband. The simulated CME shock
arrives at the earth 12 hours later in the PF0.37 model and three days later in the PF1.0 model due to
the denser solar wind condition and small flux rope magnetic field strength. Parameter optimization
in flux rope magnetic field strength and post-processing of the input photospheric magnetogram are
needed to improve the simulation results.

Keywords: Solar coronal mass ejections (310), Magnetohydrodynamical simulations (1966), Solar wind
(1534), Interplanetary medium (825)

1. INTRODUCTION

Coronal mass ejections (CMEs) are sudden eruptions
of coronal plasma structures into the interplanetary
space. The bulk motion of the ejected plasma and
the magnetic field carried by that plasma create sig-
nificant disturbances to the ambient steady solar wind
flows and the space weather environment of the planets.
Large CMEs targeting the earth, so-called halo CMEs,
may result in disastrous space weather events, which
threaten the communication, power transmission, nav-
igation, aviation, and other industries. Therefore un-
derstanding how the CMEs erupt in the solar corona
and propagate in the interplanetary space is one of the
critical topics in solar physics research.

The properties of the observed CMEs vary in 2-3 or-
ders magnitudes. The apparent velocity of the CME
vary from 20 - 2500 km -s™ (Webb & Howard 2012).
The acceleration of the CMEs by the Lorentz force
occurs in the lower corona, followed by intermediate
and gradual acceleration at larger heliocentric distance

* Note that this is not a peer-reviewed paper. It is a report of the
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> 5 R (Aschwanden 2019). A statistical study carried
out by Bein et al. (2011) shows that 74% of CMEs are
accelerated to the maximum speed below 0.5 Rg from
the surface of the sun. One CME eruption can carry
a mass in a range of 10?2 — 10'® g and total mechan-
ical energy of 10?7 — 103! erg (Vourlidas et al. 2010).
In white-light images taken by coronagraphs, a typical
CME reveals a three-part structure: leading edge, dark
cavity, and bright filament (Illing & Hundhausen 1985).

Highly twisted or sheared magnetic structures like
magnetic flux ropes and sheared arcades are considered
as the progenitors of the CMEs, where the nonpotential
energy released in the eruption is restored (Chen 2011).
Non-linear force-free field (NLFFF) extrapolations of
the photospheric magetic fields suggest the existence of
flux ropes in some active regions before flare/CME erup-
tions (e.g., Yan et al. 2001; Schrijver et al. 2008). Other
features in extreme ultraviolet (EUV) observations of so-
lar corona like filament, coronal cavities, sigmoids, and
hot channels also support the existence of magnetic flux
ropes (Cheng et al. 2017). Different models have been
proposed to explain the triggering processes of the pro-
genitors (Chen 2011), for example: tether-cutting or flux
cancellation (e.g., Moore & Labonte 1980), shearing mo-
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tions (e.g., Jacobs et al. 2006), magnetic breakout (Anti-
ochos et al. 1999), emerging flux (Chen & Shibata 2000),
and various types of instabilities (e.g., kink instability:
Sakurai (1976), torus instability: Kliem & To6rok (2006),
and catastrophe: Lin et al. (1998)).

Magnetohydrodynamics (MHD) simulations have
been widely used in investigating the initiation (e.g.,
Amari et al. 2003a,b; Torok & Kliem 2003) and propa-
gation of CMEs (e.g., Riley et al. 2003) with pre-existing
flux ropes or flux ropes forming during the eruption.

The Block Adaptive Tree Solar-Wind Roe Upwind
Scheme (BATS-R-US) code (Powell et al. 1999) and
later on Space Weather Modeling Framework (SWMF,
Toth et al. 2005, 2012) have been used to simulate the
CME eruption and propagation to 1 astronomical unit
(au) since the early 2000s. Groth et al. (2000) simulated
a space weather event by introducing a localized isother-
mal density enhancement in the steady-state solar wind
solution. The loss of equilibrium of a Titov and Dé-
moulin flux rope (Titov & Démoulin 1999) was studied
by Roussev et al. (2003). Manchester et al. (2004a,b)
adopted a Gibson and Low (GL) flux rope (Gibson &
Low 1998) anchored at the photosphere to initialize the
CME and generated intense geomagnetic storms in the
simulation. The interaction between two CMEs and the
CME’s energy density evolution is also studied by Lugaz
et al. (2005a,b). Lugaz et al. (2007) utilized the coro-
nal magnetic field reconstructed from the photospheric
magnetogram to replace the simplified steady-state so-
lar wind model. Manchester et al. (2008) initiated two
CME:s in sequences to model the CME event on Octo-
ber 28, 2008, and reproduced white-light images of the
CME eruption. Cohen et al. (2008, 2009) obtained the
CME parameters from both magnetogram and corona-
graph observations and produced the EIT waves caused
by the CME eruption. The magnetic reconnection dur-
ing the CME eruption is also investigated by Cohen et al.
(2010); Lugaz et al. (2011).

After that, the Alfvén Wave Solar Wind Model (AW-
SoM, van der Holst et al. 2010, 2014) was developed
and became the solar corona and inner heliosphere mod-
ule of the SWMF. Manchester et al. (2012) utilized
the two-temperature feature of AWSoM to study the
coupled evolution of electrons and protons in CME-
driven shocks. The discrepancy in simulated CME-
driven shock parameters between one-temperature and
two-temperature models is discussed in Jin et al. (2013).
Lugaz et al. (2013) studied the interaction between two
CMEs and how the magnetic reconnection determines
the CME structures during the propagation. The evolu-
tion of the magnetic flux ropes and magnetic clouds are
further studied in Manchester et al. (2014a,b). The im-

pact of flux rope eruption to adjacent solar structures is
investigated by Jin et al. (2016). Recently, a new Erup-
tive Events Generator, Gibson and Low (EEGGL) was
developed (Jin et al. 2017b), which shows the capability
to reproduce a vast number of CME features in both the
lower corona and heliosphere (Jin et al. 2017a).

A halo CME was first observed in the C2 images of
the Large Angle Spectroscopic Coronagraph (LASCO,
Brueckner et al. 1995) on board Solar and Heliospheric
Observatory (SOHO; Domingo et al. 1995) at 18:02 UT
on September 10, 2014. The CME was triggered by
an X1.6 class flare that erupted in NOAA active region
(AR) 12158 at 17:21 UT and peaked at 17:45 UT. The
CDAW database recorded a CME linear speed of 1267
km - s~1, while the SWRC database provided a speed of
~ 1400 km - s~!. It took the CME shock less than 48
hours to arrive at the earth at 15:26 UT on September
12, 2014. The CME triggered a geomagnetic storm with
a maximum Kp index of 7.0 and a minimum Dst of —87.0
nT. !

In this project, I was assigned to simulate the halo
CME erupting on September 10, 2014, using AWSoM
and EEGGL, and compare the simulation with both in-
situ measurements at 1 au and remote-sensing observa-
tions. The rest of the report will be organized in the fol-
lowing way: I will introduce the AWSoM, EEGGL and
modeling procedures in Section 2; the simulation results
and comparison to observations will be presented in Sec-
tion 3; a naive discussion of the results will be carried
out in Section 4; the section 5 will provide a summary
to the report.

2. METHODOLOGY
2.1. AWSoM

Alfvén Wave Solar Wind Model (AWSoM, van der
Holst et al. 2010, 2014) is the Solar Corona (SC)
and Inner Heliosphere (IH) components of the Space
Weather Modeling Framework (SWMF, Toth et al.
2005, 2012), which extends for the upper chromosphere
to the corona and the heliosphere. AWSoM solves the
three-temperature MHD equations for isotropic electron
temperature and anisotropic proton temperature to sim-
ulate the solar corona and inner heliosphere plasma dy-
namics. Alfvén wave equations describe the propaga-
tion, reflection, and dissipation of Alfvén waves to ad-
dress the coronal heating and solar wind acceleration.

1 By the way, I found this event has been studied by Manchester
et al. (2019) when I was writing this report. The comparison
between my naive simulation and Manchester et al. (2019) is
not included in this report for time reasons. It is also because
Manchester et al. (2019) is an AGU poster/presentation without
direct access.



To simulate the coronal magnetic field structures, a
photospheric magnetogram is extrapolated as the pre-
specified boundary conditions. The Poynting flux at
the inner boundary is proportional to the magnetic field
strength at the inner boundary by a constant. AWSoM
used adaptive mesh refinement (AMR) blocks to resolve
the heliospheric current sheet. At the last of the steady-
state run, there are sim4.5 x 10¢ cells in SC and 107
cells in TH.

2.2. EEGGL

Eruptive Events Generator, Gibson and Low
(EEGGL, Jin et al. 2017b) is an automatic tool to
generate analytical flux rope parameters by giving the
footprint locations on a synoptic photospheric magne-
togram. The EEGGL adopts the flux rope model pro-
posed Gibson & Low (1998) to find the flux rope pa-
rameters under a magnetohydrostatic condition. Five
parameters describe the flux rope: a stretching parame-
ter a controlling the shape of the flux rope, the distance
r1 from the solar surface to flux rope torus center, the
flux rope radius rg, magnetic field strength a; inside the
flux rope, and the flux rope helicity.

When the flux rope parameters are determined, the
flux rope density and magnetic field strength are di-
rectly superposed to background coronal density and
magnetic field. The strong magnetic field pressure in-
side the flux rope creates an unstable system and drives
the eruption immediately. Jin et al. (2017b) suggests
several advantages of utilizing an imbalanced force flux
rope model, including no energy build-up stage before
eruption, dense plasma, and low-density cavity structure
above the polarity inversion line (PIL), and controllable
CME eruption speed.

2.3. Modeling Setup

In this project, I ran the AWSoM simulations on
the supercomputer Cheyenne?. First, I pre-processed
a synoptic photospheric magnetogram Global Oscilla-
tion Network Group (GONG, Harvey et al. 1996) (see
Figure 1) with Finite Difference Iterative Potential-field
Solver (FDIPS, Toth et al. 2011) to create the input
of AWSoM runs. Second, I ran the AWSoM simula-
tion with local time stepping to obtain a steady-state
solar wind solution. I obtained two steady-state solu-
tions using two different Poynting flux to magnetic field
strength ratio: 0.37 x 10 and 10¢ J-m=2.s71.T~1,

2 Computational and Information Systems Laboratory. 2019.
Cheyenne: HPE/SGI ICE XA System (Climate Simulation Lab-
oratory). Boulder, CO: National Center for Atmospheric Re-

search. doi:10.5065/D6RX99HX.
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Figure 1. The GONG synoptic photospheric magnetogram
of CR2154 used in the simulation. The AR12158 is marked
in the yellow circle.

The #MINIMUMRADIALSPEED is used to avoid inflows in
the solar wind. Then I used EEGGL to obtain the CME
flux rope parameters from the GONG magnetogram, in-
serted the flux rope in the steady-state solution, and
restarted the AWSoM to simulate the eruption of the
CME in the ambient solar wind.

3. RESULTS
3.1. Steady-state Solution

I ran two steady-state simulations with Poynting
flux to magnetic field strength ratio equal 0.37 x 108
(PF0.37) and 10¢ J-m=2.s7!1.T~! (PF1.0). In order
to check the consistency of the AWSoM simulation, I
used compare_remote.pro routine to compare the syn-
thetic solar EUV images with the remote-sensing ob-
servations from Atmospheric Imaging Assembly (AIA,
Lemen et al. 2012) on board Solar Dynamic Observatory
(SDO, Pesnell et al. 2012) and SECCHI/EUVI (Howard
et al. 2008) on board STEREO-A /B spacecraft (Kaiser
et al. 2008). The solar wind condition at 1 au in our sim-
ulation is also compared with OMNI data as extracted
from NASA/GSFC’s OMNI data set through OMNI-
Web.

The Figure 2 shows the comparison between the sim-
ulation and SDO/ATA observations in 6 different pass-
bands, which are sensitive to different temperatures: 94
A (Fe xvi, logT = 6.8), 131 A (Fe vII1,xx,xxI11, 5.6,
7.0, 7.2), 171 A (Fe 1x, 5.8), 193 A (Fe x1,xx1v, 6.1,
7.3), 211 A (Fe x1v, 6.3), 335 A (Fe xv1, 6.4). The active
region and ambient solar corona are brighter than the
quiet solar corona in the simulations. The simulations
cannot reproduce fine structures in the active regions
in the real SDO/AIA observations. The southern polar
coronal holes observed by SDO/AIA is reproduced in all
the synthetic ATA images. The solar corona in PF0.37
model is fainter than that in PF1.0 model. The syn-
thetic images of the PF0.37 model reveal a coronal hole
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at the north pole that is not presented in observations.
The synthetic AIA 131 and 171 A images of the PF1.0
model are most similar to the SDO/ATA observations.

The comparison between the STEREO/SECCHI
EUVI observations are shown in Figure 3.  Since
STEREO-A and B are close to each other at the far side
of the sun, only the comparison with STEREO-A obser-
vations is shown. The EUVI 195 A emission is mainly
contributed by Fe X11, which is similar to SDO/AIA 193
A. EUVI 284 A is dominated by the emission from Fe
XV which peaks at logT = 6.3. The results are similar
to the SDO/ATA images. All the synthetic EUVI images
reveal an equatorial coronal hole and a coronal hole at
the south pole. The EUVI images of PF0.37 model is
dimmer than the PF1.0 model, and the bright active
regions, especially in the hotter EUVI 284 A channel,
cannot be reproduced by the simulations.

I also used the compare_insitu.pro to compare the
simulations with in-situ measurements of STEREO ob-
servations at the far side of the sun and the OMNI
data. The Figure 4 shows the comparison between the
modeled solar wind condition at 1 au with the OMNI
database. The strong fluctuations in the solar wind con-
dition caused by CMEs are not included in the steady-
state solution. The model cannot reproduce the small
changes in the solar wind condition because of the coarse
grid. Generally speaking, the PF0.37 model shows a bet-
ter consistency with the OMNI database, especially in
the solar wind radial velocity u, at ~ 400 km -s~!. The
number density of the background solar wind in PF0.37
model (~ 10 cm™?) is close to the OMNI data, while the
number density in PF1.0 model of ~ 20 — 30 cm™2 is
much larger than the observations. The temperature at
1 au in both PF0.37 and PF1.0 models are smaller than
the observed values of ~ 10° K. The total magnetic field
strength in the PF1.0 model (~ 5 nT) is larger than that
in the PF0.37 model and closer to the observed values
from the OMNI database.

The comparison with the STEREO-A and B obser-
vations at the far side of the sun is demonstrated in
Figure 5 and 6. The overall solar wind radial veloc-
ity u, in PF0.37 model is similar to the observed val-
ues ~ 400 km - s—1 during the eruption while the ra-
dial velocity u, in PF1.0 decreases to ~ 200 km -s~!
at the same time. The particle density in the PF1.0
model is still much larger than the PF(0.37 model and
the observed values. The temperature in PF1.0 model
matches the STEREO observations better, especially
during September 4 - 9. Similarly, the total magnetic
field in the PF1.0 model of 5 nT is larger than that
in PF0.37, but still smaller than the observed values of
~5nT.

3.2. Magnetic Flux Rope Parameters

I determined the flux rope parameters from the
GONG synoptic magnetogram using EEGGL. The only
additional input to EEGGL is the position of the posi-
tive and negative footprints. The CME flux rope param-
eters are shown in Table 1. Since I have no experience
in using Tecplot to illustrate the 3-D flux rope, a 2-D
vector plot of the photospheric magnetic field generated
in the EEGGL run is shown in Figure 7.

3.3. CME in White-light Coronagraph

I compared the synthetic SOHO/LASCO white-light
images of the CME propagating in the lower solar corona
with the SOHO/LASCO observations. I used the pro-
cessed SOHO/LASCO images from Helioviewer because
I am not familiar with SOHO/LASCO data reduction
and enhancement. Some of my attempts to enhance the
SOHO/LASCO level 1 data are presented in Section A.
The C2 coronagraph has a field of view (FOV) from 2.0
Rs to 6.0 Rg and C3 coronagraph has a FOV from
3.7 =32 Rg. I did not include the comparison with the
STEREO/SECCHI COR data because the STEREO-
A/B are at the far side of the sun, so their observations
do not have much information about the 3-D structure
of the CME.

The SOHO/LASCO C2 and C3 observations of the
CME was shown in Figure 8. The leading edge of the
CME first appeared in the C2 FOV at 18:00 UT. The
halo shaped leading edge was entirely caught by C2 FOV
at 18:36 UT. Another small eruption is observed in C2 at
20:48 UT. The C3 images also illustrate the halo struc-
tures of the CME.

The synthetic SOHO/LASCO C2/3 images from
PF0.37 and PF1.0 models are shown in Figure 9 and 10
respectively. Both the PF0.37 and PF1.0 C2/C3 images
reveal the halo shaped leading edge of the CME (illus-
trated by the green arrow), which shows remarkable con-
sistency in the spatial position with the SOHO/LASCO
observations. The linear velocity of the leading edge
in PF0.37 model is faster than that in PF1.0 model,
but the linear velocity in the simulations is slower than
the observed values. Besides, there is an unexpected
"brightening remnant" revealed in both C2/C3 images
of PF0.37 and PF1.0 models (illustrated by the blue ar-
row). I will discuss the formation of this structure in
Section 4.

3.4. CME-Caused Coronal Dimming

The coronal dimming refers to the decrease of coronal
intensity in EUV or X-ray passband after CME erup-
tion, which is commonly observed in nearly all CMEs
(Mason et al. 2014). It is directly caused by the coronal
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Figure 2. Comparison between the synthetic solar EUV images from PF0.37 (a) and PF1.0 (b) steady-state solution with
SDO/AIA observations.
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Figure 3. Comparison between the synthetic solar EUV images from PF0.37 (a) and PF1.0 (b) steady-state solution with
STEREO/SECCHI EUVI observations. Since STEREO-A and B are close to each other at the far side of the sun, only the

comparison with STEREO-A observations is shown.
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Figure 4. Comparison between the solar wind condition from PF0.37 (a) and PF1.0 (b) steady-state solution with OMNI
database.
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Figure 5. Comparison between the solar wind condition from PF0.37 (a) and PF1.0 (b) steady-state solution with STEREO-A
measurements.
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Figure 6. Comparison between the synthetic solar EUV images from PF0.37 (a) and PF1.0 (b) steady-state solution with
STEREO-B measurements.

Long (deg) Lat (deg) Orientation (deg) B Radius Stretching Apex Height (Rg)
87.50 14.52 255.96 -26.14 0.58 0.60 0.78

Table 1. CME flux rope parameters retrieved from EEGGL.

CME Source Region (R =1.00000 1<) Here I compared the intensity change of the SDO/ATA

171 A passband before and after the eruption in both
simulation and observations. The results are shown in
Figure 11. The SDO/AIA observation shows the bright-
ening of the post flare loops and the dimming of the am-
bient solar corona (illustrated by the yellow circle). The
PF0.37 and PF1.0 models show the brightening at the
center of the active region and intensity decrease in the
northern hemisphere. The dimming region in PF0.37
model is more extensive than those in the PF1.0 model
and observations. The coronal dimming gradually recov-
ers in both simulation the observations, the dimming in
the high latitude regions in the simulation last for more
than 10 hours.

Solar Latitude (Pixel)

20 30
Solar Longitude (Degree) 3.5. CME Shock Propagation in Inner Heliosphere
Figure 7. The photospheric magnetic field of AR12158 in The CME_ shock and ambient solar wind prope-rties in
GONG synoptic map and the photospheric magnetic field of the equatorial cut at 40 h after the CME eruption are
the flux rope footprints. shown in Figure 12. The ambient solar wind density
in PF0.37 model is much smaller than that in PF1.0
mass loss due to the CME eruption (Tian et al. 2012). model, which has already been shown in the steady-state

solar wind condition in Figure 4. The CME shock at 40
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Figure 8. CME white-light observations from SOHO/LASCO C2 (a) and C3 (a) coronagraphs.

h has a mass density of ~ 10722 g-cm~2 in PF0.37
model. The radial velocity of the CME shock in PF0.37
is ~ 700 km - s~!, while the CME shock in PF1.0 model
is much slower with a radial velocity of ~ 400 km -s!.
The differences between the radial velocity in the two
models can also be verified from the shock’s position at
40 h after the eruption. Part of the CME propagates
into a streamer in PF0.37 model, which is similar to the
results in Jin et al. (2017a). The proton temperature of

the CME shock in PF0.37 model is logT ~ 6.2, which
is higher than the proton temperature of logT ~ 5.5 in
PF1.0 model. The total magnetic field strengths at the
shock front are 10™* G and 1073% G for PF0.37 and
PF1.0 model respectively.

3.6. CME Shock Conditions at 1 au

The simulated CME shock properties at 1 au from
two models are compared with the OMNI database in
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Figure 9. Synthetic white-light SOHO/LASCO C2 (a) and C3 (a) observations in PF0.37 model. Green arrow: leading edge;

Blue arrow: a brightening remnant.

Figure 13. The arrival time of CME shock in PF0.37
model at the earth is later than the real arrival time by
~ 10 hours. The solar wind radial velocity jumps from
350 km - s~! to 500 km - s~1, which is still smaller than
the observed ~ 700 km - s~!. The number density jumps
from 5 to 15 cm™3, which is slightly higher than the
observed values. The temperature increase dramatically
from less than 10° K to ~ 1.1 x 10 K, which is larger
than the observed values of 9x 10 K. The total magnetic
field increase by ~ 10 nT, which is smaller than the
observed increase by 25 nT.

In the PF1.0 model, the CME arrives three days later
than real observations due to the small radial velocity
caused by large ambient solar wind density. The radial

velocity increase from 200 to 400 km - s~!, smaller than

observed value ~ 700 km-s~!. The number density
increases unrealistically to 70 cm™3 in the simulation.
The proton temperature increases to ~ 3 x 10° K, which
is smaller than the observed values. The less proton
temperature increase in the simulation may come from
the CME shock’s insufficient heating due to the slow
propagation speed. The total magnetic field increases
by ~ 20 nT, which is the only quantity consistent with
previous measurements.

4. DISCUSSIONS
4.1. Faint Corona
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Figure 10. Synthetic white-light SOHO/LASCO C2 (a) and C3 (a) observations in PF1.0 model. Green arrow: leading edge;

Blue arrow: a brightening remnant.

Both the simulated solar corona in PF0.37 and PF1.0
models are fainter than the SDO/AIA observations and
the bright active region features can only be distin-
guished in AIA 131 A and AIA 171 A, which is simi-
lar to the results in Sachdeva et al. (2019). Since the
AIA 131 A has a low temperature contribution from Fe
viil (logT = 5.6) and ATA 171 A is contributed by Fe
IX emission which peaks at log7T = 5.8, I suggest the
solar corona in the simulation is still cooler than the
real observations so that the bright features in the hot
ATA channels (e.g., AIA 94 A and AIA 211 A) can-
not be reproduced. Besides, since the coronal magnetic
field is extrapolated from a synoptic photospheric mag-
netogram describing the entire Carrington rotation, it’s

difficult for the model to reproduce the instantaneous
features in the solar corona.

Jin et al. (2017a) simulated the steady-state solar
corona of CR2107 and reproduced most of the bright-
ening active regions, even in the hot AIA channels like
AIA 211 A. However, they still reported that the syn-
thetic intensity in the cooler passbands like ATIA 171 A
is two times larger than the observed values while the
hot ATA 211 A emission is underestimated by a factor
of five in the simulation, which suggests a lower overall
coronal temperature in the simulation.

4.2. Brightening Remnant
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corona.

An unexpected brightening remnant is shown in syn-
thetic LASCO C2 and C3 images after the eruption of
the CME leading edge. To understand the brightening
structure’s formation, I show the solar wind property
at 5hbH0m after the CME eruption in the PF1.0 model
at z = 0 in Figure 14. The brightening structures in
LASCO FOV corresponds to the density enhancement
and low proton temperature region at X ~ —5 R and
Y ~ 5 Rg, which is a part of "filament plasma" em-
bedded in the flux rope. The structure does not erupt
into the solar wind successfully and falls back to the so-
lar corona. I guess the failed eruption of the "filament
plasma" in the simulation may be related to the mag-
netic field strength in the inserted flux rope.

4.3. CMFE Radial Speed

The propagation speed of the simulated CME shocks
in PF0.37 and PF1.0 models are all slower than observa-
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tions. The simulated CME shock in the PF0.37 model
arrives at the earth 12 hours later, and in the PF1.0
model it arrives at the earth three days later. The de-
lay of CME arrival is associated with two factors in the
simulation: the steady-state solar wind density and the
magnetic field strength in the flux rope.

The ambient solar wind density, especially in the
PF1.0 model, is much larger than the observed value
from the OMNI database, making the CME acceleration
in solar corona and inner heliosphere less efficient. The
main reason for the deviation in the background solar
wind density may come from the GONG synoptic map.
Sachdeva et al. (2019) reported that using a GONG
map processed with Air Force Data Assimilative Pho-
tospheric flux Transport (ADAPT, Henney et al. 2012)
produces much better steady-state solar wind conditions
than only using GONG synoptic map.

The CME speed near the sun constrains the field
strength in the flux rope. Jin et al. (2017a) mentioned
that successive runs are needed to obtain a proper field
strength to provide the best overall propagation time.
Sometimes, the CME propagation speed near the sun is
set to be slightly larger than the observed values to bal-
ance the denser ambient solar wind (Jin et al. 2017a).
Since this is only a class project, I do not have enough
time to perform the optimization study for the flux rope
field strength. The field strength provided by EEGGL
is directly used in the simulation.

5. CONCLUSIONS

In this project, I am assigned to simulate a halo CME
that erupted on September 10, 2014, using Alfvén Wave
Solar Wind Model (AWSoM) and Eruptive Events Gen-
erator, Gibson and Low (EEGGL). I used the synoptic
photospheric magnetogram from Global Oscillation Net-
work Group (GONG) to obtain two steady-state solar
wind solutions of CR2154 with different Poynting flux:
PF0.37 model with a Poynting flux constant of 0.37 x 10°
and PF1.0 with a constant of 10 J.-m=2.s71.T~1!,
The synthetic solar EUV images and solar wind condi-
tions at 1 au are compared with SDO, STEREO, and
OMNI data. The solar EUV corona in both models
is fainter than the observations from SDO/AIA and
STEREO/SECCHI EUVI, especially the PF0.37 model
with smaller Poynting flux at the inner boundary. The
PF0.37 model produces better solar wind conditions at
1 au when compared with observed values. The solar
wind density in PF1.0 is much higher than the OMNI
data.

After that, I used the EEGGL to obtain the CME flux
rope parameters and insert the flux rope in the steady-
state solar wind solutions. Both models can reproduce
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Figure 14. CME properties in the solar corona at 5h50m
after the eruption in the equatorial cut (z = 0).

the brightening leading edge of the CME eruption ob-
served in LASCO C2 and C3. However, the CME propa-
gation speed in PF1.0 model is much slower than the ob-
servations. An unexpected brightening structure, which
corresponds to a part of flux rope plasma that does not
eject successfully into the interplanetary space, can be
found in synthetic LASCO C2 and C3 images. The AW-
SoM simulation can reproduce the similar corona dim-
ming patterns observed in SDO/AIA 171 A passband.
In the PF0.37 model, the CME shock arrives at the earth
12 hours later than the observations. The CME propa-
gates more slowly in the PF1.0 model than the propa-
gation in the PF0.37 model due to the denser ambient
solar wind. The jump of radial velocity and number den-
sity when crossing the CME shock in PF0.37 model is
smaller than the observed values, while the proton tem-
perature jump is more enormous. In the PF1.0 model,
it takes the CME shock three more days to arrive at
the earth in the simulation. The density jump in PF1.0
model is much larger than the OMNI data, while the
proton temperature jump is much smaller due to the
slow propagation speed.

To improve the simulation results in the future, we
can use ADAPT-GONG map to obtain the potential
field at the inner boundary and optimize the flux rope
field strength by successive runs. In the future, we can
investigate some other topics, which are not covered in
this project, e.g., synthesizing Hinode/EIS observations
of the eruption, monitoring the ion charge state evo-
lution during the CME propagation from the sun to 1
au, and simulating the Cryogenic Near-Infrared Spec-
tropolarimeter (Cryo-NIRSP) mounted on the newly-
built Daniel K. Inouye Solar Telescope (DKIST, Rim-
mele et al. 2020).
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APPENDIX

A. SOHO/LASCO DATA REDUCTION

Unfortunately, there is no one-line script to read the
synthetic SOHO /LASCO C2 and C3 outputs of AWSoM
and compare them with the observations, partly because
of the complicated data reduction procedures unlike
the straightforward aia_prep for SDO/AIA data. The
CME structures are usually dominated by the strong
emission from the F (dust) corona and static K (elec-
tron) corona. In the main body of the paper, I directly
used the data products (actually JPEG images) from
the Helioviewer since they have better contrast to show
the CME structures.

I also tried some methods to enhance the CME struc-
tures observed in the LASCO C2 coronagraph. The data
reduction and processing are described as follows:

1. The SOHO/LASCO C2 level 0.5 data are down-
loaded from the Virtual Solar Observatory (VSO).

2. I used the reduce_level_1.pro in SSWIDL to
calibrate the level 0.5 data to level 1.

3. A monthly minimum background model down-
loaded from the NRL website is calibrated to level
1 and subtracted from the level 1 data to remove
the dominant static K-corona, F-corona, and stray
light (Morrill et al. 2006).

After that, I used two ways to enhance the image fur-
thermore. One is to calculate the ratio between the
white-light images during eruption and the daily me-
dian image. The other is adopting a Normalized Radial
Graded Filter (NRGF, Morgan et al. 2006) provided in
sunkit image to filter the static K-corona which has a
steep gradient along the radial direction. The results are
shown in Figure 15. The raw level-1 image in the first
row is dominated by F-corona emission, and barely any
K-corona structures can be distinguished. The back-
ground model subtraction reveals the fine streamers in

the K-corona and part of the CME leading edge. The
white-light ratio images enhance the CME leading edge
and the halo shaped ambient regions, while some of the
streamers appear to be dark. The images filtered by
NRGEF also reveal the fine structures in the CME erup-
tion and the dark cavity behind the leading edge. The
enhancement in the lower-left corner should be an arti-
ficial effect.

B. BUGS AND SOLUTIONS

In this section, I list the major errors and problems
that I encountered during the AWSoM runs and the so-
lutions:

1. The make rundir command cannot generate the
IH and SC directory in the run directory. Solution:
use the run directory generated by test9.

2. SWMF crashed when reading the FDIPS pro-
cessed magnetogram without any error messages.
Solution: add -grid uniform keyword after
./remap_magnetogram.py to convert the magne-
togram into uniform (co)latitude grid.

3. Error message in steady-state time step-
ping: NaN in variables -rho. Solution: use
#MINIMUMRADIALSPEED command in PARAM.in to
avoid inflows in solar wind.

4. GLSETUP.py cannot show interactive GUI to select
the position of the footprints remotely. Solution:
determine the position of the footprints from the
EEGGL on CCMC website, then pass them to the
GLSETUP. py by:

GLSETUP.py InputFitsFileName -CMESpeed
InputSpeed -LonPosIn LonPos -LatPosIn
LatPos -LonNegIn LatNeg -LatNegln LatNeg

And I found the README file in SWMF/share/IDL/Solar/
does not have a detailed description for the setup of the
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Figure 15. First row: SOHO/LASCO C2 white-light level 1 data during CME eruption plotted in log scale; Second row:
SOHO/LASCO C2 white-light level 1 data with background model subtracted plotted in log scale; Third row: white-light ratio
between the CME images and the daily median value; Last row: SOHO/LASCO C2 level 1 data after NRGF processing

compare_remote.pro and compare_insitu.pro script.
So I also write down my procedures and encountered
problems here:

1. Include the SWMF/share/IDL/share/General into
the IDL path by setenv IDL_PATH ... or
export IDL_PATH=... (see the SWMF IDL doc-
umentation).

2. Copy the

los_*.out

and *.sat files to

SWMF/share/IDL/Solar/simdata directory

3. Change the first line in setenv_insitu.sh and
setenv_remote.sh to setenv <ssw_path> where
<ssw_path> is the location where the SSW is in-
stalled (by default /usr/local/ssw).
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4. Run setenv_remote.sh or setenv_insitu.sh
and then run compare_remote.pro and
compare_insitu.pro in the IDL command line.

Some problems and solutions:

1. When running compare_remote, IDL cannot find
procedure compare_AIA or compare_EUV, that’s
because at some machines IDL can only recog-
nize procedure names in lower case, one can either
compile them manually or add these lines to the
ssw_startup_remote file:

.compile compare_ATA
.compile compare_EUV

2. When running compare_remote, there’s an error
message DS_MPO. That’s because the AIA team
updated the aia_prep procedure in SSW in 2019.
If you are using SSW installed or updated after
2019, open the procedures_local.pro, search
"aia_prep" (or go to line 782), add another key-
word /no_mpo_update at the end of that line,
ie.
aia_prep, filename, -1, index, data,$
/normalize, /no_mpo_update
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