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Abstract Images observed by the twin spacecraft Solar TErrestrial RElations Observatory
(STEREO) A and B appear as complex structures for two coronal mass ejections (CMEs)
on 1 August 2010. Therefore, a series of sky maps of Thomson-scattered white light by
interplanetary coronal mass ejections (ICMEs) on 1 August 2010 are simulated using the
Hakamada—Akasofu—Fry (HAF) three-dimensional solar-wind model. A comparison be-
tween the simulated images and observations of STEREO-A and -B clarifies the structure
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and evolution of ICMEs (including shocks) in the observed images. The results demonstrate
that the simulated images from the HAF model are very useful in the interpretation of the ob-
served images when the ICMEs overlap within the fields of view of the instruments onboard
STEREO-A and -B.

1. Introduction

It is well known that large solar flares and coronal mass ejections (CMEs) are drivers of ma-
jor space-weather effects. They are responsible for the most intense solar energetic-particle
events and cause major geomagnetic storms in the terrestrial environment. Although CMEs
have been studied by many solar and space scientists, our knowledge about their physical
characteristics remains limited.

White-light coronagraphs and heliospheric imagers are used for imaging observations of
CMEs. The Solar and Heliospheric Observatory (SOHO)/Large Angle and Spectrometric
Coronagraph (LASCO) can detect CMEs and observe their propagation. However, the up-
per limit of the field of view (FOV) of the LASCO instrument is only 32 solar radii (Rg).
Starting in 2003, images of CMEs have been made farther from the Sun by the Solar Mass
Ejection Imager (SMEI) on the Coriolis spacecraft. SMEI consists of three wide-angle,
white-light, CCD cameras and it has an all-sky FOV of > 20° (Jackson et al., 2004). How-
ever, there is still a gap of around 45 R, between the outer edge of the LASCO FOV and the
inner edge of SMEIL. The launch of the Solar TErrestrial RElations Observatory (STEREO)
in 2006 provided an opportunity to overcome this problem. STEREO consists of two space-
craft, each almost sharing the same orbit around the Sun as that of the Earth. STEREO-A
(A = Ahead of Earth) is moving faster and is slightly closer to the Sun than the Earth, while
STEREO-B (B = Behind) is a little farther from the Sun and trailing the Earth; the angular
separation between each spacecraft and the Earth increases by about 22.5° per year (Kaiser
et al., 2008). The Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI)
instrument array onboard STEREO is composed of five imaging telescopes including an
extreme ultraviolet imager (EUVI), two coronagraphs (COR1, 2), and two heliospheric im-
agers (HI-1, 2). The EUVI instrument obtains full-disk solar images in four extreme ultravi-
olet (EUV) wavelengths, producing images with a cadence as rapid as 2.5 minutes (Howard
et al., 2008). The CORI instrument has an FOV of 1.5-4.0 Ry and COR2 has an FOV of
2.5-15 Rg. HI-1 has an FOV of 4° —24°and HI-2 has an FOV of 19° —89°.

Together, all of these instruments can track a CME from the solar corona to 1 AU and be-
yond. Therefore, the SECCHI instrument suite provides continuous observations of CMEs
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from the Sun to the Earth (Howard et al., 2008). The STEREO spacecraft have great po-
tential to enhance the quality of space-weather predictions, because density structures can
be tracked on their way to Earth beyond the LASCO FOV (Zhao et al., 2010; Liu et al.
2010a, 2010b, 2011; Temmer et al., 2012). However, one of the difficulties associated with
the interpretation of the SECCHI observations is how to distinguish different types of den-
sity structures in the heliosphere (Lugaz, Vourlidas, and Roussev, 2009). Simulations by a
physical model could be used to overcome this problem by creating synthetic line-of-sight
images that can be directly compared with heliospheric image observations (Manchester
et al., 2008). This could improve our understanding of CMEs/interplanetary (ICMEs).

Recently, a number of three-dimensional (3D) solar-wind models have been developed
and used to study these observed ICME:s for both scientific and operational purposes. These
models include those based on the 3D magnetohydrodynamic (MHD) models (see, e.g.,
Groth et al., 2000; Odstrcil, Riley, and Zhao, 2004; Té6th et al., 2005; Feng, Zhou, and Wu,
2007; Wu et al., 2007; Riley et al., 2008; Feng et al., 2010; Wu et al., 2011; Odstrcil et al.,
2013). Unfortunately, few of these models run fast enough, even on large computers, to
facilitate real-time space-weather forecasts. The Hakamada—Akasofu—Fry (HAF) model, on
the other hand, is a 3D kinematic solar-wind model that can quickly provide a description
of the background solar wind as well as shocks generated by solar events, based on solar
observations (Hakamada and Akasofu, 1982; Fry, 1985; Sun et al., 1985; Akasofu, 2001).
This kinematic model has demonstrated its value in the study of the solar-wind macro-scale
structure and the investigation of propagation of disturbances in interplanetary space. Using
this model, statistical results for shock arrival times have been made for the rising phase
of Solar Cycle 23 by Fry et al. (2003), for the maximum phase by McKenna-Lawlor et al.
(2006), and for the declining phase by Smith et al. (2009). An extensive set of real-time
studies has also been made during Solar Cycle 23 for special epochs by Sun et al. (2002a,
2002b) and Dryer et al. (2004). In the work of Sun et al. (2003), the interplanetary shock
waves were projected onto the plane of the sky so that they could guide the interpretation of
interplanetary scintillation (IPS) observations, or other observations of line-of-sight (LOS)
density. Using the HAF model, Sun et al. (2008) simulated the SMEI observations of a halo
CME on 27 -29 May 2003, and the SMEI images have confirmed that these simulations of
the ICME geometry are reasonably accurate (Howard et al., 2007; Webb et al., 2009).

In this article, we show that simulations of a series of solar events allow us to sort out
the interplanetary density structures from these events that overlap within the FOVs of the
observing instruments. In this process, the time-dependent, 3D structure of particle density,
calculated using the HAF model, is converted to Thomson-scattered white-light intensity
and compared to photometric observations of eruptive ejecta and shocks made by the twin
STEREO spacecraft A and B. In Section 2, STEREO observations of the solar events of
1 August 2010 are described in detail. In Section 3, the HAF model is briefly introduced and
simulations of solar-wind parameters at the Earth and STEREO-A and -B are presented. The
propagation of the multiple and merging CME/shocks in the ecliptic plane is shown, and the
transformation of Thomson-scattered light from the CME event is presented. In Section 4,
comparisons between the synthetic LOS images and the STEREO-A and -B observations
are given. Our discussion and conclusions are presented in Section 5.

2. Observations

On 1 August 2010, STEREO-A and -B were located at NOSW78 and SO2E71 in heliographic
coordinates, respectively. The two spacecraft were separated by about 149° in longitude.
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NASA’s Solar Dynamics Observatory (SDO)/Atmospheric Imaging Assembly (AIA) instru-
ments revealed that two filament-eruption events occurred on 1 August 2010 (Schrijver and
Title, 2011). The two filaments were associated with two separate CMEs. The two CMEs
were first seen in STEREO/COR1 images at about 0242 UT and 0748 UT, respectively (Liu
etal.,2012). As reported by the NOAA/Space Weather Prediction Center, a C3.2 X-ray flare
associated with the second CME occurred at 0755 UT on 1 August, 2010 from active re-
gion AR 11092, which was located at N20E36. The first filament eruption occurred at about
0240 UT from the active region AR 11094, leading AR 11092 by about 25°, and the second
one, centered near N37W32, began to rise at about 0630 UT (Schrijver and Title, 2011).
The HI-A telescopes view to the East (left) of the Sun—spacecraft line, while the HI-B
telescopes view to the western (right) half. As an example, the top two panels in Figure 1 dis-
play the images of the CMEs from the HI-1 onboard STEREO-A at 1729 UT, 1 August and
those on STEREO-B at 0409 UT 2 August, respectively. The middle two panels show those
from the HI-2 instruments on STEREO-A at 0609 UT 2 August and those on STEREO-B
at 0610 UT 2 August, respectively. In order to give a panoramic view of the CME evolution
from the low corona to large distances, two overlapping views of the SECCHI telescopes
together onboard STEREO-A and -B are shown in the bottom row of Figure 1. The image
is a composite of images taken with the COR2, HI-1, and HI-2, right to left for STEREO-A
and left to right for STEREO-B. The propagation of the CMEs can be observed from COR2
to HI-1 and from HI-1 to HI-2. The locations of Earth, Venus, and Jupiter are also indicated.

3. HAF Simulations
3.1. Input Parameters for HAF Model

The HAF model has two components: background solar wind and event-driven solar wind.
The background solar wind is established by the inner boundary conditions. The coronal
magnetic field and the outflow of plasma establish the ambient solar-wind structure. Obser-
vations by various solar observatories of LOS photospheric magnetic fields are individually
combined to construct daily and synoptic magnetogram maps of the radial magnetic field.
The velocity at the source surface at 2.5 Ry is computed using the Wang—Sheeley—Arge
(WSA) algorithm (Wang and Sheeley, 1990; Wang et al., 1997; Arge and Pizzo, 2000).

3.1.1. Source Surface Map

We note that the coronal magnetic field and velocity on the source surface in this work
are calculated using the background solar-wind model that was developed independently by
Yang et al. (2011) on the basis of the work of Cohen et al. (2007). This model makes use of
solar magnetogram data and the WSA model. The initial coronal magnetic field is obtained
through the potential field source surface model. The final self-consistently coronal magnetic
field (2.5 Ry) is then obtained by solving the MHD equations. The velocity at the source
surface at 2.5 Rg is computed using the WSA model. Figure 2 shows the simulated solar
source-surface velocity and B field at 2.5 Ry, for Carrington Rotation 2099. The asterisk and
triangle symbols indicate the locations of the Earth, STEREO-A and -B, and the two CMEs
on 1 August, respectively.
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Figure 1 Running-difference images of the August 2010 CMEs observed by STEREO-A (left) and -B (right)
near simultaneously. The top row displays HI-1 images with FOVs of 4-24° from STEREO-A and -B,
respectively. The middle row shows images from HI-2 with FOVs of 19—89°. The bottom row shows the
overlap views of the SECCHI telescopes. The image is a composite of images taken with COR2, HI-1, and
HI-2. COR2 has a FOV of 0.7 —4°. The positions of the Earth, Venus, and Jupiter are also indicated.

3.1.2. The Event-Driven Components

Solar observations provide the start time, location, and magnitude for the solar eruption
source. The solar event is represented by time-dependent boundary conditions at the source
surface (at 2.5 Ry). The disturbance energy is characterized by the enhanced solar wind on
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Figure 2 Synoptic plot of the radial magnetic fields and velocities at the source surface (2.5 Rg), as obtained
from the Yang et al. (2011) and WSA model based on the LOS photospheric magnetic-field observations
at Wilcox Solar Observatory for Carrington Rotation 2099. The asterisk and triangle symbols indicate the
locations of Earth, STEREO-A and -B, and the two CMEs considered here on 1 August 2010.

Table 1 Solar events of 1 August 20102,

Supporting solar observations Observed arrivals
Events Year M D UT; Vcowmg, km s~! Location t,h CME S/IC M D UT,
CMEO 2010 07 30 0730 540 NI16E58 6.25 Partial Halo

CMEl 2010 08 01 0242 730 NI14E14 1.5 PartialHalo W 08 03 1704
CME2 2010 08 01 0748 1140 N20E36 3.5 Halo W 08 03 1704

2VeME s the speed of CME. 7 is piston driving duration, estimated by using X-ray flare duration as proxy;
S/C is spacecraft data used, where W is Wind. UT is the launch time of the CME.

the source surface. The input data and the observed shock arrival times are shown in Table 1
(see also Schrijver and Title (2011) and Liu et al. (2012), for an expanded version of the first
part of this table).
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When the HAF model is operated for real-time forecast, the initial speed is usually es-
timated from the metric type II radio-burst speed, or, if no metric radio type II bursts ob-
servations were available, the CME speed can be measured from imager data. In this work,
we use the CME speed as the initial speed. We considered that the two CMEs on 1 Au-
gust would be interacting with the background solar wind and the preceding CME (Liu
et al., 2012). Therefore, the CME of 30 July 2010, labeled as CMEQ, is included as an input
event to the HAF model. This CME is launched at about 0730 UT on 30 July with a speed
around 540 kms~!. The speeds of the two CMEs on 1 August, labeled as CME1-2, are about
730 kms~! and 1140 kms~', respectively. The speeds are obtained from linear fits to CME
propagation distances before CME collisions (Liu et al., 2012).

The start times of the events were determined by the launch times of the CMEs, which
are estimated by extrapolating the coronagraph observations of SECCHI back to the solar
surfaces (Liu et al., 2012). The piston driving time [t] is provided by the Geostationary
Operational Environmental Satellite (GOES)-7 soft X-ray duration. The t-parameter is the
difference in time between the rise time of the integrated X-ray flux and the time of its
decrease, measured linearly on the logarithmic flux scale at a level set at half the distance
from the background level to the peak (Fry et al., 2001).

Because the two eruptions were only four hours apart and CME?2 was faster than CMEI,
the two CMEs merged quickly and the front of the merged structures is likely a shock wave
(Liu et al., 2012). The combined shock associated with the two CMEs arrived at the Earth
at 1704 UT on 3 August 2010, as observed by the Wind spacecraft. Using the HAF model,
this shock was predicted to arrive at 1700 UT on 3 August 2010. The simulation results are
shown in Figure 3 and will be discussed in Section 3.2. It can be seen that the simulation is
in reasonably good agreement with the observations at the Wind spacecraft, as well as with
those of STEREO-B.

3.2. Simulation of Solar Wind Parameters

Ecliptic-plane plots (prepared in real time) of a snapshot of interplanetary magnetic field
at six different times from 1 to 5 August are shown in Figure 3. The red lines are field
lines directed away from the Sun, and blue represents field lines directed toward the Sun.
The Earth’s location is indicated by the large black dot and labeled “E”. The STEREO
spacecraft are labeled “A” and “B” at +78° and —71° from the Earth. The edges of the
FOVs are indicated as green lines. As shown in Figure 3, it can be seen that the first shock
driven by CMEOQ was predicted to arrive at STEREO-B at about 1400 UT on 2 August.
A combined shock, formed from the interaction between CME1 and CME2, was predicted
to arrive at STEREO-B at about 0500 UT on 3 August, and then at the Earth at about 1700
UT on 3 August 2010. Note that CMEO was overtaken by the merged front of CME1 and
CME2 and merged into one front at its western flank.

The simulation results for the events on 1 August 2010 using the HAF model are shown in
Figure 4. From the top to the bottom of Figure 4(a) the solar-wind speed, particle density, and
dynamic pressure observed by STEREO-B are shown as a function of time at 1 AU during
1-10 August 2010. The HAF simulations are shown by the red curves and the observations
by the STEREO-B data in black dots. It can be seen that a shock driven by CMEQ was first
predicted to arrive at STEREO-B at 1400 UT on 2 August (indicated by the vertical dotted
line), and then a merged shock driven by CME1 and CME2 disturbances was predicted to
arrive at 0500 UT on 3 August (indicated by the vertical dashed line). Figure 4(b) displays
the solar wind plasma parameters at L; observed by Wind and simulated by the HAF model.
The merged shock reached Wind at the time indicated by the blue vertical dashed line, and
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arrived at the Earth at 1704 UT on August 3. Figure 4(c) shows that no obvious ICME
signatures were observed by STEREO-A during this time interval. The HAF model also
suggests that the flank of the combined shock might have been very weak when it reached
STEREO-A. Therefore, no evidence of any shock or ejecta signatures at STEREO-A is
shown. It is likely that the shock missed STEREO-A because the longitudinal extent of the
merged front of CMEs was not large enough to reach it. However, there are slight jumps in
simulated density and dynamic pressure at 0200 UT on 5 August, which might be the results
of the sweeping of the western flank of the shock. The mimicked initial condition probably
results in this overexpansion of the shock shape. Also, the velocity observed by STEREO
seems higher than that from the simulation. This might be explained by the unrealistic steady
state inner boundary conditions of the HAF model, which is limited by the potential-field
assumption in the WSA model.

It can be seen that the merged shock driven by CME1 and CME2 was first observed
by STEREO-B, and later by Wind. A possible explanation is that CMEO may have removed
some of the solar-wind plasma via expansion or rarefaction following the shock/CMEQ com-
pression ahead of the CME1/CME?2 shock because the former’s propagation direction was
east of the latter shock (Liu et al., 2012). These results are generally consistent with the
observations and interpretations of Liu et al. (2012).

Although the simulated arrival times of shocks are roughly consistent with the observa-
tion, there are some disagreements. In the case of Wind, the velocity and density perturba-
tions following the shock-front arrival seem to be broader (spanning more time) than the
results from the simulations. Moreover, the density shock predicted by the model seems to
be much steeper than the one measured by Wind. This might be caused by an unrealistic
shock thickness owing to the unrealistic CME initiation mechanism. As a kinematic solar
wind model, the HAF model concerns mainly shock arrival time and shock intensity for
time-series output and shock arrival location and shock-front shape for 2D plots in the eclip-
tic plane. Therefore, the comparison between simulation results and observations would not
cover all physical characteristics of shocks (for example, quasi-perpendicular shocks that are
examined by particle-in-cell simulations). This might also be the reason why the simulated
density of the first ejection is much higher than that of the observed one at STEREO-B.

3.3. Sky Map of the Thomson-Scattered Light

The simulated sky maps of Thomson-scattered white-light intensity are made by calculat-
ing the integrated density of solar plasma along the LOSs (Sun et al. 2003, 2008) and then
converting to scattered white-light radiation to facilitate comparison with the STEREO ob-
servations.

Thomson scattering has a strong angular dependence, such that scattering into a LOS
is highly dependent on the location of the electron relative to the Sun and the observer
(Billings, 1966; Hundhausen, 1993). Close to the Sun, the scattering is heavily weighted
to the plane of the sky. At large elongation, the spherical shape of the maximum scattering
surface becomes significant to the appearance of white-light images (Vourlidas and Howard,
2006). The scattering is peaked on the Thomson surface, a 0.5 AU radius sphere with a
diameter passing through both the Sun and the observer. The Thomson-scattering integral
along LOSs from the observer to infinity can be written as (Howard and Tappin, 2009;
Tappin and Howard, 2009)

o0
1= / N, (r)z* Loy dz, (1
0
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where z is the distance of the scattering point from the observer. N,(r) is the solar-wind
electron density at a distance r from the Sun; its value is determined by the particle density
of solar-wind plasma. I,y is the total radiation scattered by an electron toward the observer,
including two components: transverse and radial. The expression is described as (Billings,
1966; Hundhausen, 1993)

Lo = 210222 sin? x[(1 = u)C +uD] — Iy~ sin® x [(1 — ) A + uB], )
2z 272
where I, is the integrated scattering radiation per unit area per unit solid angle from the solar
surface, o, is the electron-scattering cross section, y is the angle between the radius through
the scattering point and the LOS, and u is an empirical constant (0.56). The coefficients A,
B, C, and D are functions of €2, which is the angle between the radius through the scattering
point and the tangent from the scattering point to the solar photosphere:

A =cos Q2sin’ Q, 3)
1 cos? Q 14sin
B=——|1-3sin’Q— 1 +3sin® Q) In[ ——— ) |, 4
8[ s sin Q ( +osin ) n( cos 2 >} @
4 cos® Q
C=-—cos— , )
3 3
1 2Q 1 +sinQ
D=—|5+site— 5 s Q)m( 02 | 6)
8 sin cos 2

The integration is carried out through a conceptual grid in spherical coordinates with a
resolution of 0.02 AU x 4° x 2° (radius x longitude x latitude), with the observer in the
center.

4. Comparison of STEREO and HAF Images
4.1. Comparison of STEREO-B and HAF Images

The simulated sky maps at 0800, 1200, 1600, and 2000 UT on 2 August 2010 are shown
in the right column of Figure 5. The sky maps are Hammer—Aitoff projections in ecliptic
coordinates with longitude extending from —180° to 180° and latitude from —90° to 90°,
with the Sun centered at 0°. The HI-1B and HI-2B telescope FOVs (red oval and green
oval) are superimposed on the synthetic images. The positions of the Earth and Venus are
indicated by green dots. For comparison, the corresponding observations by STEREO-B are
shown in the left column of Figure 5. There are bright fronts, indicated by yellow arrows,
moving across the field of HI-2B. In each simulated image, there are two arcs of density
enhancement within the HI-2B FOV. From the relative positions of the Earth and Venus, we
can deduce that the brightness enhancement pointed to by the yellow arrow corresponds to
the smaller arc in the synthesized image.

In the right panels of Figure 6, the density structures in the ecliptic plane at the same
time sequence as in Figure 5 are given to facilitate interpretation of the white-light images.
The intersection of the Thomson sphere with the ecliptic plane is marked with a white circle
(right column). As can be seen in these images, the CMEOQ was compressed by the merged
disturbance of CME1 and CME2 at the western flank and finally merged into one front in
the field of HI-2B. In order to better compare specific features, in the left panels of Figure 6,
we show the simulated images from the same point of view (POV) of HI-2B. It is found that
there are two bright structures associated with the two different disturbances. The smaller
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STEREO-B Images Distribution of Integrated White Light Radiation along LOS
STEREO B 10/08/02 SN B 08/02/2010

COR2: 08:24:49
HI1: 08:09:50
HI2:  08:10:10 «

STEREO B 10/08/02
COR2: 12:24:49
HIl:  12:09:50
HI2:

STEREO B 10/08/02
COR2: 16:24:49
HIl:  16:09:50
HI2:  16:10:10

STEREO B 10/08/02
COR2: 20:24:49 - 08/02/2010
HIL:  20:09:50 i’ CAR S T,

HIZ: 20:10:10

o I 1

Figure 5 Four of the composite images that were observed by STEREO-B (left) at 0800, 1200, 1600, and
2000 UT on 2 August 2010. The CMEs are shown in a time series propagating through the FOV of COR2,
HI-1B, and HI-2B (from left to right) that extend from 0.7° to 4°, 4° to 24°, and 19° to 89° elongation. The
position of the Earth, Venus, and Jupiter are also indicated. Also shown are the simulated sky maps (right)
in ecliptic coordinates (Hammer—Aitoff projection) at the same time. The HI-1B and HI-2B telescope FOV's
(red oval and green oval) are superimposed onto the simulated images. The Earth and Venus are indicated by
green points. The location of the CMEQ front is indicated by the white arrow, while that of the merged front
formed from the interaction between CME1 and CME?2 is indicated by the yellow arrow.
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Figure 6 (Left) The simulated SECCHI HI-2B images at the same times as in Figure 5. (Right) Ecliptic plane
plots of the predicted proton density (normalized as shown in the color bar). The Sun, Earth, and STEREO-A
and -B are shown by the black dots. The white circle is the approximate projection of the Thomson sphere
onto the plane of the image. The edges of the FOV of HI-2B are indicated with black lines.

dense arc continues to be brighter because it corresponds to the merged front that is crossing
the Thomson surface. The larger arc seems relatively fainter because it corresponds to the
CMEO whose integral density along the LOS is much lower than that of the merged CMEs.

Furthermore, the northern part of the larger dense arc seems much brighter than the
southern part. The all-sky maps simulated by the HAF model, which can track the front
of the CME disturbance as it extends beyond the FOV of SECCHI, help us to interpret
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the northerly front. From the simulated full-view images, we found that the CMEO extends
significantly to the North and then the density peak appears in the northern direction, as
shown in the simulated all-sky map and synthetic HI-2B image.

From the real HI-2B images in Figure 5, we can conclude that the bright fronts indicated
by the yellow arrows correspond to the merged fronts of CME 1 and CME2. There is a fair
agreement between the overall shape and position of the leading edge of the merged CME
disturbance in the real and synthetic images. However, the density enhancement of the front
of CMEO cannot be readily seen in the HI-2B observed images where the model predicts the
larger intense brightness arc. Nevertheless, we can still identify a very dim structure indi-
cated by a white arrow in the southern half of the real HI-2B image at 0800 UT on 2 August.
However, the dim structure gradually fades away and becomes a wave-like structure marked
by a white arrow. There is a factor that contributes to this. As shown in Figure 4(a), the
simulated CMEQ would be clearly identified with a particle density approaching 37 cm ™3,
while from the observation data, the CMEQ is about two times less dense (only 20 cm™?) and
might be nearly visible. Moreover, the real image does not capture the northerly front that
appeared in the simulated image. This might be due to the unrealistic shock shape owing to
the mimicked CME initiation mechanism.

4.2. Comparison of STEREO-A and HAF Images

The first two STEREO-A images in the left column of Figure 7 show a bright front (a thin
curve), as indicated by a white arrow in the HI-2A view. A brightness structure was also
clearly visible in the FOV of HI-2A in the simulated all-sky maps at the same time. The
synthetic images from the same POV of HI-2A are presented in the left panels of Figure 8
to make more direct comparisons with the real ones. There is good agreement between the
position of the dense front in the real and synthetic images. However, the asymmetric shape
of the simulated dense arc is slightly different from the approximately symmetric shape of
the real one, and the simulated dense arc seems significantly brighter in the North of the
bright structure. These may be due to the northerly extension of the simulated CMEQ as
mentioned in Section 4.1. From the density maps projected on the ecliptic plane as shown
in the right panels of Figure 8, we found that the bright front enters the HI-2A image FOV
(in both the observed and synthetic images) at the same time that the CMEO front crosses
the HI-A2 FOV limit. Therefore, we believe that the bright arc indicated by the white arrow
corresponds to the leading edge of CMEQ.

In addition, there are two dense arcs in both the observed and synthetic all-sky images.
One arc is in the FOV of HI-2A, which corresponds to the leading edge of CMEOQ and the
other is in the FOV of HI-1A, which corresponds to the merged front of CME1 and CME2.
The lower three STEREO-A images in the left column of Figure 7 show an extraordinarily
bright front (indicated by the yellow arrow) moving across the field of HI-2A, which corre-
sponds to the merged front of CME1 and CME2. The thin curve could not be found in the
FOV of the HI-2A image at 1809 UT on 2 August. From the density structure in the Eclip-
tic in the left panels of Figure 8, it is easily seen that the CMEO structure may have been
hidden by the interaction with the merged front of CME1 and CME2. On the other hand, it
might have become too faint and no longer visible in the FOV of HI-2A around 1809 UT
on 2 August. Therefore, the bright front indicated by the yellow arrow corresponds to the
leading edge of the merged front of CME1 and CME2.

We also measured the distance from the Sun of the merged front of CME1 and CME2
as a function of time using the STEREO/COR?2, HI-A data, and simulated results. The lo-
cation of the merged front of CME1 and CME2 as a function of time for the simulation and
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STEREO-A Images Distribution of Integrated White Light Radiation along LOS
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Figure 7 Five of the composite images that were observed by STEREO-A (left) at 0800, 1600 UT on
1 August, at 1000, 1800 UT on 2 August, and at 0000 UT on 3 August 2010. The CMEs are shown in a time
series propagating through the FOV of COR2, HI-1A, and HI-2A (from right to left) that extend from 0.7°
to 4°, 4° to 24°, and 19° to 89° elongation. Also shown are the simulated sky maps at the same time (right).
See Section 4.2 for the implications of this simulation.
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Figure 8 (Left) The simulated SECCHI HI-2A images at the same times shown in Figure 7. (Right) The
ecliptic-plane model density maps normalized as indicated in the scale.
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observations of STEREO-A is shown in Figure 9. It seems that the HAF model’s results
better match the HI-A data within 100 Ry, and align with the HI-A data for distances larger
than 130 Ry. We note that the result given by the HAF model appears to be about five hours
ahead of the HI-A data at large distances (> 130 Ry). It is partly caused by an overexpan-
sion of the western flank of the merged shock driven by CMEL and CME2 as a result of the
uncertainty in the simulated shock’s width.

5. Discussion and Conclusions

It is obvious that the brightness and structure of a CME observed by STEREO-A and -B
along lines of sight depend on the CME’s expansion, its distance from the Sun, the observing
instrument, and the Thomson surface. The white-light images are affected not only by the
geometry of the CME, but also by the projection on the plane of the sky. However, simulated
sky maps derived from the solar-wind model are useful for identifying CME structures.
Also, by obtaining the geometry and trajectory of the structure, simulations are useful for
discerning different CMEs.

In this article, we have simulated sky maps of Thomson-scattered white light of the two
CMEs that occurred on 1 August 2010 using the HAF model and have made detailed com-
parisons of these images with those made by STEREO-A and -B. It is demonstrated that the
simulated sky maps are in good agreement with the images observed by STEREO for the
events. Both events were located between the line connecting the Sun and STEREO-A and
the line connecting the Sun and STEREO-B. The HI-A telescopes only view to the East of
the Sun—spacecraft line, while the HI-B telescopes only view the western half. Therefore, in
this case the ICMEs were able to enter the FOVs of both HI-A and HI-B. This facilitates the
comparison of the simulation results with the observations from different directions.

Images of STEREO/HI are difficult to interpret, in particular when multiple density struc-
tures appear in the FOV of the instrument. The HAF simulation allows us to associate the
observed STEREO features with features in the synthetic images and the simulated 2D in-
terplanetary magnetic field (IMF)/density maps on the ecliptic plane. The shock fronts of
the ICMEs can be identified. This is an essential point that is often overlooked in space-
weather forecasting of what might, metaphorically, be referred to as “tsunami” arrival times.
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Of course, we do not address the consequences of associated IMF polarities. Moreover, the
HAF model, which can obtain all-sky maps, is helpful in distinguishing which part of the
dense arc is moving across the FOV of the real observations by analyzing the dense structure
outside the FOV of instruments onboard STEREO-A and -B.

In conclusion, combining observations with model simulations can lead to a better under-
standing of the structure and propagation of ICMEs. In future work, the comparison of the
model with the observation will guide us in adjusting key model parameters such as initial
conditions and arrival times, leading to improvements in model performance.
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