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Abstract In early September 2017, a series of solar flares and coronal mass ejections
(CMEs) erupted from the Sun. The Cor2a coronagraph, a unit of the Sun Earth Connec-
tion Coronal and Heliospheric Investigation (SECCHI), onboard the Solar Terrestrial Re-
lations Observatory (STEREO)-A spacecraft recorded two Sun–Earth-directed CMEs on
4 September (referred to as CME04) and 6 September (referred to as CME06). A few days
later, the Wind spacecraft (≈212.4 solar radii: R�) recorded two interplanetary shocks, pre-
sumably driven by CME04 and CME06, at ≈22:41 UT on 06 September 2017 (referred to
as Shock06) and at ≈22:48 UT on 07 September 2017 (referred to as Shock07), respec-
tively. The travel time of the CME04/Shock06 [�tshock-CME@18R�] and CME06/Shock07
from 18 R� to the Wind spacecraft was 41.52 hours and 32.47 hours, respectively. The
propagating speed [VCME] of the CME04 and CME06 at ≈18 R� was determined with SEC-
CHI/Cor2a as ≈886 km s−1 and ≈1368 km s−1, respectively. Assuming a constant velocity
after 18 R�, the estimated �tshock-CME@18R� is 42.45 and 27.5 hours for CME04 and CME06,
respectively. This simple estimate of the CME propagation speed provides a satisfactory re-
sult for the CME04 event (error ≈2.3%) but not for the CME06 event (error ≈15.3%). The
second event, CME06, was delayed further due to an interaction with the preceding event
(CME04). It is suggested that the CME speed estimated near the Sun with coronagraph im-
ages can be a good estimator for the interplanetary CME (ICME) transit time when there
is no pre-event. A three-dimensional magnetohydrodynamic simulation is performed to ad-
dress this issue by providing a panoramic view of the entire process not available from the
observations. A southward interplanetary magnetic field [Bs] increased sharply to −31.6 nT
on 7 September at Wind, followed by a severe geomagnetic storm (Dst = −124 nT). The
sharp increase of the IMF [Bs] was a result of the interaction between Shock07 and the
driver of Shock06 (CME04). This study suggests that a severe geomagnetic storm can be
caused by the interaction between a MC, with an impinging IP shock from behind, and the
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Earth’s magnetosphere. The intensity of a geomagnetic storm will likely be stronger for an
event associated with ICME–ICME interaction than for a geomagnetic event caused by only
a single ICME.

Keywords Coronal mass ejection · Geomagnetic storm · Interplanetary shock ·
Interplanetary magnetic field · Space weather prediction · ICME-shock interaction

1. Introduction

Geomagnetic storms belong to the major consequences of space-weather events. In terms of
the geomagnetic activity index [Dst] a geomagnetic storm is categorized into three classes:
weak (−30 nT ≤ Dst < −50 nT), moderate (−50 ≤ Dst < −100 nT), and major or severe
(Dst ≤ −100 nT) (Gonzalez et al., 1994). Recent studies have established that a coronal
mass ejection (CME), a sudden eruption of huge bubbles of coronal material, usually with
strong magnetic fields, into the interplanetary medium, is a major contributor to geomagnetic
storms (e.g. Zhang et al., 2007; Wu et al., 2013). When a CME moves into the solar wind,
it becomes an interplanetary structure and is commonly named an interplanetary coronal
mass ejection (ICME) (Dryer, 1994). A fast-mode shock may result at the leading edge of
the CME/ICME front (e.g. Gosling et al., 1975; Sheeley et al., 1985). If any part of the
interplanetary (IP) shock arrives at the Earth, this knowledge can be used as a harbinger of
geomagnetic activity, because it can compress the magnetosphere and produce the so-called
storm sudden commencement (SSC) (Sugiura, 1953). When a geomagnetic storm follows
the arrival of an ICME at the Earth, its intensity is weakly dependent on whether or not a
shock appears in front of the ICME. Magnetic clouds (MCs) associated with ICMEs and an
upstream shock wave tend to produce (three times) larger geomagnetic storms than those
without an upstream shock wave (Wu and Lepping, 2016).

It is generally believed that ICMEs and MCs come from the same type of source. Gosling
(1990) was the first to report that about 30% of CMEs (now these would be interpreted
as ICMEs) appear to contain MCs. Later, various studies show that 41%, 25%, and 28%
of ICME were MCs by Bothmer and Schwenn (1996), Cane and Richardson (2003), and
Wu and Lepping (2007, 2011), respectively. These results suggest that roughly one-third
of CMEs observed near the Earth contain an MC. A large percentage of MCs or ICMEs
lead to magnetic storms (e.g. Wu and Lepping, 2002a,b; Huttunen et al., 2005). About 90%
of MCs were associated with geomagnetic storms (e.g. Wu and Lepping, 2002a; Wu, Lep-
ping, and Gopalswamy, 2006). Also, most severe geomagnetic storms are associated with
ICMEs or MCs and their driven shocks (e.g. Zhang et al., 2007; Wu et al., 2013). These
authors attribute their findings to the large, fluctuating magnetic field behind the shock and
the large, smooth, and long-duration MC magnetic field (southward) inside the MC that fa-
vor magnetic merging. A severe geomagnetic storm has a societal consequence, as it affects
space-vehicle operations, interrupts radio communications, and disrupts power grids. Being
able to accurately predict the arrival time of IP shocks, driven by ICMEs or MCs, is not only
an important scientific subject, but also imperative in space-weather applications.

The propagation speed of ICMEs in the heliosphere can vary significantly, ranging from
≈300 to ≈1000 km s−1 or sometimes much higher at 1 AU (e.g. Yashiro et al., 2004; Wood
et al., 2017). In other words, it takes, on average, around 18 hours to several days for an
ICME to reach the Earth. Observations of CMEs from coronagraphs on the Solar and He-
liospheric Observatory (SOHO) and/or Solar Terrestrial Relations Observatory (STEREO)
A/B spacecraft allow us to estimate an ICME’s/shock’s arrival time at the Earth with a
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significant lead-time window. Current state-of-the-art shock-prediction models are mainly
empirical (e.g. Gopalswamy et al., 2000, 2001; Schwenn et al., 2005; Vršnak et al., 2010)
or kinematic (e.g. Hakamada and Akasofu, 1982; Fry et al., 2001). Although these mod-
els are relatively easy to implement and robust, they often provide an averaged prediction
uncertainty as large as 10 – 12 hours (e.g. Owens and Cargill, 2004).

The “St. Patrick’s Day” geomagnetic storm (Dst ≈ −223 nT) on 17 March 2015 was the
largest geomagnetic storm in Solar Cycle 24. Using MHD simulations that use the CME
propagation speed at 18 R� from coronagraph images, Wu et al. (2016a) estimated the
CME-driven shock-arrival time at L1 with a small error (5%). In early September 2017,
a series of CMEs erupted from the Sun with two ICMEs propagating toward the Earth.
Propagation speed was faster than 1000 km s−1 for the CME that erupted on 06 September
2017 (e.g. Chashei et al., 2018; Guo et al., 2018). The two ICME events (recorded on 06
September and 07 September 2017) provided us another opportunity to use the measured
CME speed at 18 R� [VCME@18R�] to estimate the arrival time of ICME-driven shocks and
ICMEs themselves. It motivates us to use the VCME@18R� to estimate the arrival time at 1
AU and to provide the cause of the severe geomagnetic storm onset on 07 September 2017.
Data analysis will be presented in Section 2. A Discussion and Conclusion will be presented
in Sections 3 and 4.

2. Observations

2.1. Propagation of CMEs from the Sun to 18 Solar Radii (STEREO Spacecraft)

Figure 1 shows a sequence of white-light coronal images recorded by the Cor2a coro-
nagraph, a unit of the Sun Earth Connection Coronal and Heliospheric Investigation
(SECCHI), onboard the Solar Terrestrial Relations Observatory (STEREO)-A spacecraft
during 19:24 – 21:54 UT on 04 September 2017. Cor2a recorded a CME (named CME04,
hereafter) that erupted from the southwest of the solar disk at 19:30 UT (Figure 1b) and
appeared as a partial halo CME during 19:30 – 21:54 UT (see Figures 1b – 1f). CME04
was associated with a M1.1 flare that started at ≈18:09 UT near S10W11, which was lo-
cated inside the active region (AR) AR12687. The speed of CME04 is estimated by tracking
prominent features, usually at the central front portion of the CME, in time. The slope of
the pixel height as a function of time indicates the CME speed and is determined by using
least-squares fitting, as shown in Figure 2. The average speed of CME04 is estimated to be
886 km s−1.

In less than two days, Cor2a recorded another halo CME on 06 September 2017 (named
CME06, hereafter). Figure 3 shows a sequence of white-light coronal images during 11:54 –
14:39 UT. CME06 erupted from the southwest (S09W33) of the solar disk at 12:24 UT (Fig-
ure 3b, top middle panel) and appeared as a halo CME during 13:24 – 14:39 UT in the field
of view (FOV) of Cor2a. CME06 was associated with a X9.3 flare that started at ≈12:00 UT
near S09W33, which was located inside of AR12673. With the same method mentioned in
the previous paragraph, the average speed of CME06 is estimated to be ≈1368 km s−1 (see
Figure 4).

2.2. In-Situ Observations at L1 (Wind Spacecraft)

Figure 5 shows the in-situ solar wind plasma, magnetic field (measured by the Wind space-
craft), and the Dst-index during 06 – 09 September 2017 (corresponding to day of year
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Figure 1 CME images recorded by STEREO/SECCHI Cor2a during 19:24 – 21:54 UT (a) – (f) on
04 September 2017. At 19:39 UT (b) Cor2a recorded a CME that erupted near the solar Equator.

Figure 2 Propagation speed of
the CME on 04 September 2017:
the average speed at the middle
(center) of the CME is
886 km s−1.

(DOY) range = 249 – 252). The Wind spacecraft was located at approximately 213 so-
lar radii [R�] from the Sun during that period. Wind recorded two IP shocks: one at
≈22:41 UT on 06 September 2017 (named Shock06, hereafter) and the other at ≈22:48 UT
on 07 September 2017 (named Shock07, hereafter), respectively.

An SSC occurred at 23:00 UT on 06 September 2017 within one hour after the passage of
Shock06 measured by the Wind spacecraft. After Shock06 encountered the Wind spacecraft,
Dst increased continuously, and it peaked at ≈51 nT at 02 UT. After that, the value of
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Figure 3 CME images recorded by STEREO/SECCHI Cor2a during 11:54 – 14:39 UT (a) – (i) on
06 September 2017. At 12:24 UT (b) Cor2a recorded a CME that erupted near the solar Equator.

Dst started decreasing immediately after the IMF turned southward (see Figure 5g) and
dropped to −3 nT at 11 UT. Then the Dst stayed (or hovered) around zero for many hours,
presumably in response to the sheath field (Sheath06). At ≈18 UT on 7 September, a MC
(referred to as MC07, hereafter) encountered the Wind spacecraft and lasted for ≈7.25 hours
(i.e. MC07 ended at 01:52 UT on 08 September 2017). An IP shock was recorded inside
MC07 at ≈22:25 UT on 07 September 2017 (DOY 250.934).

This IP shock is referred as Shock07, hereafter. Shock07 was associated with a sharp
(further) drop in the IMF Bz-component, which reached −31.6 nT. The sharp drop in Bz

induced a sharp Dst drop to −124 nT at 02 UT on 8 September. This large geomagnetic
storm was associated with the southward magnetic field inside of MC07. We refer to this
geomagnetic storm as Storm07.

After Dst dropped to its minimum value of −124 nT at 02 UT on 08 September, Storm07
started to recover and lasted for ≈8 hours. At 10:00 UT on 08 September 2017 an MC-
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Figure 4 Propagation speed of
the CME on 06 September 2017:
The average speed at the middle
(center) of the CME is
1368 km s−1.

like structure (named MC08, hereafter) was observed by Wind, and the IMF Bz-component
showed a sharp, southward turning and reached a minimum value of −13 nT. Then Dst
dropped to −109 nT at 1800 UT on 08 September 2017. The duration of MC08 (which was
the driver of Shock07) was ≈7 hours.

3. Discussion

3.1. Estimation of Shock-Arrival Time at 1 AU

Table 1 summarizes relevant information about CME04, CME06, Shock06, and Shock07.
For example, the arrival times for the leading edges of CME04 and CME06 at 18 R� were
≈20:00 UT 04 September 2017 and ≈12:24 UT 06 September 2017, respectively, as de-
rived from Figures 2 and 4. From the time difference, the propagation time of the CME-
driven shock [�tshock-CME@18R�] from 18 R� to Wind was 41.5 hours for CME04 and 32.5
hours for CME06 (the actual propagation time depends on which part of the associated
ICME reached Wind). This time difference will be used as the ground truth. Here we test
if the CME propagation time can be estimated reasonably using the CME speed measured
with the STEREO/SECCHI Cor2a coronal images. VCME/shock is 886 km s−1 for CME04,
and it is 1369 km s−1 for CME06. Assuming a constant propagation speed, the travel time is
simply the propagation distance divided by the average propagation speed. This gives 42.4
and 27.5 hours for CME04 and CME06, respectively. While simple, this estimation pro-
vides satisfactory agreement for the CME04–Shock06 event. Therefore, it is suggested that
VCME@18R� (estimated by using Cor2’s coronagraph images) can be a good estimator for the
CME-driven shock’s arrival time (SAT) at the Earth when there is no pre-event. Note that this
method has been used previously by Wu et al. (2016a) for the 15 March 2015 event (referred
to as CME15), with an error of ≈5%. On the other hand, this simple ballistic method fails
for the CME06 event. It is found that the predicted time is longer than the actual propagation
time by ≈15.3%. This suggests that the assumption of a constant propagation is not correct
for the CME06 event and for this particular event. We suggest the following two possibili-
ties to explain this: i) the CME06–Shock07 event is farther away from the Sun–Earth line
than the other two events (CME04 and CME15); and ii) ICME–ICME interactions possibly
occurred.
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Figure 5 Geomagnetic activity index (Dst: panel b) and Wind-observed in-situ solar wind parameters
06 – 10 September 2017. From top to bottom: (a) proton plasma beta, (b) Dst, (c) magnetic field [B] in
terms of magnitude, (d) – (e) latitude [θB], and longitude [φB] in GSE coordinates, (f) induced magnetic field
[VBs], (g) Bz of the field in GSE, (h) Akasofu ε, (i) thermal velocity [Vth] or proton temperature [T ], (j)
bulk speed [V ], and (k) number density [Np]. The blue horizontal line in panel c represents the scheme’s
identification of the extent of this MC candidate (Lepping, Jones, and Burlaga, 1990). The purple-solid line
and blue-dashed vertical lines represent the IP shock and the front boundary of the MC.

Now we consider the first possibility. The source locations of CME04, CME06, and
CME15 were S10W11, and S10W33, and S22W25, respectively. Earth was orbiting around
N7.2◦ during 4 – 6 September 2017, and around S7.2◦ on 15 March 2015. Mapping the Earth
to the surface of the Sun, the angle between the center of Sun and the source location of the
CME (referred as Suncenter–CME-line), the angles for the center of the Sun to the Earth (re-
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Table 1 Related information for the CME04/06, Shock06/07 during 04 – 09 September 2017.

CME04 CME06

Start time 04 September 2017 19:39 UT 06 September 2017 12:24 UT

End time CME@18R� 04 September 2017 23:10 UT 06 September 2017 14:20 UT

Shock@Wind 07 September 2017 22:41 UT
(Shock06)

07 September 2017 22:48 UT
(Shock07)

aVCME/shock@18R� [km s−1] 866 1368
b�r [R�] 194.84 194.84
c�tShock-CME@18R� [hours] 47.52 32.47
d�tpred [hours] 43.47 27.52
e�tError [hours] 4.05 4.97
fError [%] 8.5 15.3
g〈Vshock〉 [km s−1] 792 1159

aVCME/shock@18R�: measured by using SECCHI-Cor2a (see Figures 2 and 4) [km s−1].

b�r [R�] = Distance between 18 R� and Wind spacecraft: Location of Wind [212.839 R�] – inner boundary
of G3DMHD (18 R�) = 194.839 R�; units are in solar radii [R� = 695,500 km].
c�tshock-CME@18R�: observed travel time of CME/shock from 18 R� to the Wind spacecraft [hours].

d�tpred: �r/VCME/shock@18R� [hours].
e�tError = |�tpred − �tOBS| [hours].

fError = |�tpred − �tOBS|/�tOBS × 100 [%].
g〈Vshock〉 = �r/�tShock-CME@18R�: averaged propagating speed of an IP shock from 18 R� to Wind.

ferred to as Suncenter–Earth line) are 20.39◦, 28.28◦, and 37.09◦ for CME04, CME15, and
CME06, respectively. Therefore the source of CME04 was located closest to the Suncenter–
Earth line, followed by CME 15 and then CME 06. This suggests that distance between the
CME’s source location and the Suncenter–Earth line could play an important role on the ac-
curacy of the forecast for SAT. Note that an event where there is a shock inside a MC is very
complicated and fairly rare. Less than ten such events were identified from the Wind data
during the past 23 years (1995 – 2017). Further studies are required to assess the probability
quantitatively. This is beyond the scope of this study.

3.2. What Caused the Severe Storm in September 2017?

A geomagnetic storm can be induced by a southward IMF in the MC sheath, the leading
(i.e. front part) region of a MC, the trailing part of an MC, and both sheath and MC regions
(e.g. Wu and Lepping, 2002a). During early September 2017, two IP shocks (Shock06,
Shock07) and two MCs (MC07, MC08) were identified (see Figure 5). MC07 and MC08
were the drivers for IP Shock06 and Shock07, respectively (see details in Section 3.1).
MC07 and MC08 were identified by two procedures: i) we first applied the automatic MC
auto-identification (MCI) routine (Lepping, Wu, and Berdichevsky, 2005) to find the MC
candidate, and then ii) we used a MC-fitting (MCF) model (Lepping, Jones, and Burlaga,
1990) to determine the MC parameter values, and to be sure that the structure is a bona
fide MC. Figures 6a and 6b show MC17’s magnetic-field structure in cloud coordinates and
GSE coordinates, respectively. The solid-black curves are the MC-fitting results. Figure 6
shows that the MCF model is capable of fitting the MC obscurations including a dynami-
cally evolving structure (shock), as far as field direction is concerned, but the field magnitude
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Figure 6 The MC of 07 September 2017. This is a poor-quality (Qo = 3) example of the use of the Lep-
ping, Jones, and Burlaga (1990) MC-fitting model where the points are the observed magnetic-field data (in
15-minute average form), and the solid black curves are the result of the model, and Qo is defined by Lep-
ping et al. (2006). The blue-dotted curves represent in-situ observations at L1 (Wind). (A) The left six panels
are given in cloud coordinates (CL, Lepping et al., 2006) in terms of magnetic field in x-, y-, z-components
[Bx, By, Bz], field intensity [|B|], latitude [θB], and longitude [φB], and (B) the right six panels, for the
same physical quantities, are in geocentric-solar-ecliptic [GSE] as designated. The dashed vertical line is the
estimated MC start time (see Table 2), and the solid vertical line is the estimated end-time. Note that “GS
Coord.” on the top of (B) means GSE coordinate.

is not well modeled, especially when the internal shock occurs. However, field magnitude
is well modeled, on average. This is true in general, not just for this case. A sheath is the
region between a shock and a MC. Sheath06 was named for the region between Shock06
and MC07, and Sheath07 was named for the region between Shock07 and MC08. Note that
MC07 (which started at 19:44 UT on 07 September) was about 21 hours behind Shock06
(which started at 22:41 UT on 06 September). It is reasonable to assume that MC07 was
the driver of Shock06, because past statistical results show that the duration of a sheath (the
area between a shock and an MC) is usually in the range of 1 – 28 hours (see Figure 1b of
Wu and Lepping, 2016). Therefore, it is not unreasonable to assume that MC07 is the driver
of Shock06. Also, if the direction of the spacecraft’s velocity is significantly displaced from
the shock’s normal at its nose, the sheath-duration can become quite large, as shown by Wu
and Lepping (2016).

Storm07 is a complicated storm, because Bz-min was caused by the interaction of Shock07
that ran into MC07. Storm07 was caused by the southward IMF Bz in the regions of
Sheath06, MC07, and Sheath07. Therefore, Storm07 can be cataloged as a two-step storm
(Sheath06+MC07) or a sheath storm (Sheath07). Figure 5 shows that Dst dropped dramat-
ically at the time associated with the rear part of MC07. The sharp decrease of Bz-min was
caused by the interaction between MC07 and Shock07. Here, we conclude that Storm07
was a product of an interaction between MC07 and shock07, because the sharp decrease of
Bzmin was caused by the interaction between MC07 and Shock07.
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Table 2 The MC fit-parameters for the MC that occurred on 7 September 2017 (starting day).

Starting time = 18:37 UT CA [%] = −3%

�T = 7.25 hours �t = 15 minutes

VMC = 550 km s−1 βCA = 4.3◦
2Ro = 0.0999 AU Check = 3.9%

Bo = 20.22 nT �o = 1.29 × 1020 Mx

H = +1 right-handed Jo = 5.7 µA km−2

θA = −52◦ and φA = 48◦ (GSE coordinates) IT = 3.9 × 108 Å

χR = 0.244 N = 30

Asf [%] = 1.8% Qo = 3

*Definitions of Magnetic Cloud Quantities.

�T : Duration of the MC encounter (i.e. �T = end time – start time of MC passage).

VMC: Average solar wind speed [km s−1] within the MC.

2Ro: Estimated diameter [AU], where Ro is the model-estimated radius.

Bo: Estimated axial magnetic-field magnitude [nT].

H : Handedness (+1 for right-handed or −1 for left-handed).

φA, θA: Longitude and latitude, respectively, of the MC-axis (GSE coordinates).

to: Estimated center-time of the MC.

χR: Square root of the reduced chi-squared of the MC fit.

asf [%]: Asymmetry factor [%], which depends on to and �T .

CA [%]: Estimated relative closest approach distance, i.e. yo/Ro [%] where yo is closest approach.

�o: Estimated axial magnetic flux [1020 Mx].

Jo: Estimated total axial current density [µA km−2].

�t : Length of the averages used in the analysis; these are usually 15 minutes, 30 minutes, or 1 hour.

βCA: Cone angle, the angle between the MC-axis and the X-axis [GSE coordinates].

Check: A check of the estimated radius by using duration, speed, CA, cone angle, and Ro.

IT: Estimated total axial current [108 A].

N : Number of points used in the MC-fitting interval.

Qo: Estimated quality of the model fitting (where Qo = 1,2, or 3, for excellent, good, or poor, respectively);
see Lepping et al. (2006).

It is not typical for an IP shock to be observed in the rear part of a MC. Accord-
ing to Collier, Lepping, and Berdichevsky (2007), only 6 MC–Shock interaction events
(out of 82 MCs) were reported in the early era of the Wind mission, i.e. from November
1994 through August 2003. These six MC–Shock events occurred on 19 October 1995,
07 November 1997, 25 June 1998, 20 March 2002, 25 March 2002, and 18 June 2003. MC’s
IMF rotated from South to North (S–N) for the events on 19 October 1995, 07 Novem-
ber 1997, 25 June 1998, and 25 March 2002; and North to South (N–S) for the events on
20 March 2002 and 18 June 2003. For the event on 20 March 2002, Bz was northward in the
very early part of the MC, and southward Bz was weak in the rear part of MC. This event
caused only weak geomagnetic activity.

For the event on 18 June 2003, an IP shock (referred to as Shock18) encounter at the rear
part (about three-fourths of the way in) of the MC. Bz was ≈ − 5 nT and −18.4 up- and
down-stream of Shock18. Dst was in a range between −20 and −50 nT in the early part of
the MC. Dst decreased to −145 nT at the time of the downstream of Shock18 (see Figure 7).
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Figure 7 Geomagnetic activity index (Dst: second panel) and Wind-observed in-situ solar wind parameters
15 – 19 June 2002. From top to bottom: proton β , Dst, |B| field magnitude, latitude [θB], and longitude [φB]
in GSE coords., VBs, Bz of the field in GSE, proton thermal speed [Vth], bulk speed [V ], and number density
[Np]. The vertical blue-solid line and blue-dashed lines represent the IP shock and the front boundary of
the MC.

According to the study of Collier, Lepping, and Berdichevsky (2007), Shock18 was driven
by a halo CME (VCME = 2053 km s−1), which erupted at ≈23.9 hours on 15 June 2003,
and the associated source location of the presumably associated flare was S20W81. Again,
the MC–Shock event on 18 June 2003 confirmed the finding of this study: the storm can be
enhanced by shock compression of Bz inside the MC.
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A large southward IMF can be associated with various kinds of solar wind structures:
i) an interplanetary (IP) shock wave (sheath) (e.g. Tsurutani et al., 1988; Kamide et al.,
1998; Wu and Lepping, 2008, 2016), ii) part of a magnetic cloud (MC) (e.g. Wu and Lep-
ping, 2002a, 2002b) or an IP coronal mass ejection (ICME) (e.g. Richardson and Cane,
2011; Wu and Lepping, 2011), iii) a heliospheric-current-sheet sector boundary crossing
(e.g. McAllister and Crooker, 1997), or iv) a combination of these interplanetary structures
(e.g. Tsurutani and Gonzalez, 1997; Echer and Gonzalez, 2004). We study a new category of
storm type: MC–Shock interaction. The severe storm that occurred during 07 – 08 Septem-
ber 2017 was produced by such an interaction.

3.3. An MHD Simulation to Validate VCME in the Plane-of-the-Sky Used for
CME Propagation

One may argue that the accuracy of the above prediction of the shock-arrival time at the
Earth (SAT) is poor because the technique used to measure the CME speed is not the true
CME speed but the plane-of-the-sky speed and can be subjective. We have many years’ of
experience in measuring VCME with coronagraphs and in studying CMEs’ associated solar
wind structures at the Earth (e.g. Wood et al., 2011, 2012, 2017; Wu et al., 2011, 2016b,c,
2017). Based on our previous work, we believe that the technique generally provides reason-
ably accurate initial CME speeds. As a double check, we perform a global three-dimensional
(3D) magnetohydrodynamic (MHD) numerical simulation. The simulation is done with a
well-developed H3DMHD model (Wu et al., 2007a,b, 2016a,b), which is capable of simu-
lating realistic time series of solar wind profiles at the Earth. The H3DMHD model uses the
HAF model (Fry et al., 2001) to generate solar wind parameters at the inner boundary of
the heliosphere in order to drive the 3DMHD model that was originally developed by Han,
Wu, and Dryer (1988). In this study, we will use our newly developed scheme to replace
the HAF model, which is not conveniently available for the present study. The new scheme
provides the relationship between the expansion factor and solar wind speed at 18 R� (Wu
et al., 2019).

The 3DMHD model solves a set of ideal-MHD equations using an extension scheme
of the two-step Lax–Wendroff finite difference method (Lax and Wendroff, 1960). The in-
duction equation is used to take into account the nonlinear interaction between the plasma
flow and the magnetic field. The computational domain for the 3D MHD simulation is a
Sun-centered spherical coordinate system (r , θ , φ) oriented on the Ecliptic plane. The Earth
is located at r = 215 R�, θ = 0◦, and φ = 180◦. The domain covers −87.5◦ ≤ θ ≤ 87.5◦;
0◦ ≤ φ ≤ 360◦; 18 R� ≤ r ≤ 345 R�. An open boundary condition at both θ = 87.5◦ and
θ = −87.5◦ is used, so that there are no reflective disturbances. A constant grid size of
�r = 3 R�, �θ = 5◦, and �φ = 5◦ is used, which results in 110 × 36 × 72 grid sets.

3.3.1. Simulation Results

For the purpose of adding a CME perturbation into the simulation, a pressure pulse is used
as a proxy. The observed CME information such as the CME source location, onset time,
and speed are used to construct the pressure pulse. The source location of the solar flare as-
sociated with the CME is used as the center of the CME perturbation, if both STEREO-A/B
coronal imagers were not available at the same time. Note that STEREO-B has lost con-
tact since September 2015. Coronal imagers of STEREO/Cor2 (called Cor2a is hereafter)
are used to estimate the CME propagation speeds [VCME] for this study. Both CME04 and
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CME06 are halo CMEs. The size of a halo CME is less than 120◦ in the θ - and φ-directions
(e.g. Wood et al., 2017).

To initiate the CME, a pressure (velocity + density) pulse of a Gaussian shape is im-
posed at the inner boundary of the computational domain (r = 18 R�). Two pressure pulses
were added to simulate the evolution of both CME04 and CME06. The values of VCME04

(886 km s−1) and VCME06 (1368 km s−1) estimated in the previous section used as the initial
CME speeds at 18 R�. The duration [δt ] of the pressure pulse is a free parameter to tune
the ejecta time to match the arrival time of the CME-driven shock with observations and the
solar wind profile at Earth. Table 1 lists the detailed information about source location, erup-
tion time, and propagation speed of these two CMEs. We tuned the δt of the pressure pulses
to match the shock-arrival time (SAT) at Wind (or ≈1 AU). The value of δt was three hours
for both CME04 and CME06 to match the shock-arrival time (SAT) at the Wind spacecraft.

Figure 8 shows the evolution of CME04 and CME06 from the Sun to the Earth and their
interaction. Figure 8 shows scatter plots of the simulated time series of solar wind velocity
profiles at a plane 7.5◦ above the solar Equator (or 7.5◦N). An undisturbed background
solar wind profile (at 12:37 UT, 04 September 2017) is shown in Figure 8a. Figures 8b (at
00:36 UT on 05 September) and 8e (at 15:29 UT on 06 September) show that CME04 and
CME06 were ejected from the inner boundary. Figure 8f (at 22:31 UT on 06 September)
and Figure 8h (at 20:28 UT on 07 September) show the front edges of CME04 and CME06
that encountered the Earth. Figures 8g (at 12:31 UT on 07 September), 8h, and 8i show the
interaction between CME04 and CME06. Figure 8g shows that CME06 encountered the rear
part of CME04. CME06 and CME04 merged at 12:35 UT on 08 September (see Figure 8i).
Simulation results also show clearly that a high-speed structure (or a CME and its driven
shock) has passed the Earth on 06 and 07 September 2017, and the center of both CME04
and CME06 were off the Sun–Earth line by many degrees. The east boundaries of CME04
and CME06 encountered the Earth.

In-situ observations show that the duration of Sheath06 (≈21 hours) was ≈75% longer
than that of a typical sheath. Note that the typical duration of a sheath is ≈12 hours (e.g. Wu
and Lepping, 2016). The encountered part of CME04 was far away from CME04’s center.
This is the main reason for the unusually long duration of Sheath06. Here, we demonstrate
that the 3D MHD simulation can be a useful tool in identifying the driver for an IP shock,
and to explain an unusually long duration of sheath06.

3.3.2. Comparison of in-Situ Observation Versus Simulation Results

Validation of simulation results is one of the important procedures for G3DMHD simu-
lation. Comparing simulation results with in-situ observations of solar wind plasma and
field parameters is one of the ways to validate G3DMHD simulations. Figure 9a shows a
comparison between observations (from Wind in red-dotted curves) and the simulation of
background solar wind (in black-solid curves) during 05 September – 01 October. The two
vertical blue-dotted lines indicate IP shocks’ arrival time (SAT) at Wind, which is located at
≈212.84 R�. The labels “Shock06” and “Shock07” indicate that the IP shocks arrived at the
Wind spacecraft on 06 September 2017 and 07 September 2017, respectively. No IP shock
was formed in the simulation, because no CME perturbation was added into the simulation.
Correlation coefficients (ccs) for simulation versus observations are 0.67, 0.52, 0.33, and
0.37 for velocity [Vr], density [Np], temperature [Tp], and magnetic field [B], respectively.

Figure 9b shows the comparison between observations and simulations with two CMEs’
perturbations during 05 – 09 September. The values of ccs for simulation versus observation
are 0.84, 0.79, 0.73, and −0.02 for V , Np, Tp, and B , respectively. Simulated solar wind
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Figure 8 Temporal profile of simulated solar wind velocity in the plane of 7.5◦N of the solar Equator during
04 – 08 September 2017 by using velocity formula V r = 150 + 500f −0.4

s for velocity variation at 18 R�.
(a): Undisturbed solar wind. (b) and (e): CME04 and CME06 ejected from 18 R�. (f) and (h): IP Shock06
and Shock07 arrived at the Earth.

speed [VG3DMHD] at the downstream of the IP shocks (Vpeak: peak of solar wind speed) is
well correlated with the observations for both Shock06 and Shock07. The simulated Nppeak

(peak of solar wind density) at the downstream of Shock06 and Shock07 are also reasonably
well correlated with observations. Bpeak-G3DMHD (peak of IMF in the simulation) at Shock06
downstream is also reasonably well correlated, but Bpeak-G3DMHD was too low for Shock07.
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Figure 9 In-situ (red-dotted curves) and G3DMHD (black-solid curves) solar wind in September 2017.
(a) Comparison of undisturbed G3DMHD background solar wind with observation (Wind) during 05 Septem-
ber – 01 October 2017. (b) Comparison of disturbed G3DMHD solar wind with observation of during 05 – 09
September 2017: simulated CME04 and CME06 were ejected at 18 R� . Shock06 and Shock07 were marked
by two vertical blue-dotted lines.

Our MHD simulation results correspond reasonably well with the observations in a num-
ber of areas: i) SAT at Wind; ii) solar wind speed upstream of Shock06; iii) solar wind speed
downstream of Shock06 and Shock07, and the temporal profile of the solar wind speed after
Shock07 encountered Wind matched perfectly with observation for approximately two days
(DOY 251 – 253); iv) solar wind density downstream of Shock06 and Shock07; v) IMF B

downstream of Shock06; and vi) solar wind temperature profile upstream of Shock06, and
in the period of 05 – 09 September.

The average propagation speeds (from 18 R� to 1 AU) for 〈VShock06〉 and 〈VShock07〉
were 792 km s−1 and 1159 km s−1, respectively (see Table 1). The differences between
〈Vshock〉 and VCME are ≈76 and 209 km s−1 for the events of CME04–Shock06 and CME06–
Shock07, respectively. The difference between VCME@18R� and 〈VShock〉 is one of the main
causes for the error in the estimation of the SAT.

The values of �tError for the CME04–Shock06 [�tError.CME04-Shock06] and CME06–
Shock07 [tError.CME06-Shock07] events are 4.05 and 4.97 hours, respectively. The errors
(≡�tError/�tShock-CME@18R� × 100%) are 8.5% and 15%, respectively. (Note that the large
error of �tShock07-CME06 is caused by a small value of �tShock07-CME06@18R�; see Table 1.)
However, the errors for both events are smaller than ≈15%, which is not large. Hence, the
coronagraph technique can be a viable tool to estimate the initial speed of the CME.

The large error of �tError.CME06-Shock07 may be caused by the disturbed background so-
lar wind of the CME06–Shock07 event. Note that the difference in the eruption times of
CME04 and CME06 was less than two days, and VCME06 was ≈60% faster than VCME04.
The leading edge of CME06–Shock07 interacted with the rear part of CME04–Shock06
(or the downstream of Shock06) while CME06–Shock07 was on its way to the Earth. Note
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that CME06 may be slowing down or speeding up while it was on its way to the Earth. In
this study, CME04–Shock06 and CME06–Shock07 were slowing down by factors of 8.5%
and 15%, respectively. The speed difference between 〈VCME〉 and 〈VShock〉 may be caused
by the interaction between different kinds of solar wind structures, e.g. the background (or
non-disturbed) solar wind and the disturbed solar wind (i.e. a CME and its driven shock).
Previous studies suggest that a fast CME generally will be decelerated on its way to the
Earth, but a slow CME will be accelerated (e.g. Gopalswamy et al., 2000). Both CME04
and CME06 are in the category of the fast CMEs. Therefore, they were most likely slowing
down when they arrived at 1 AU. These results are consistent with previous studies (e.g.
Liou et al., 2014; Gopalswamy, 2016). Note that VCME06 was 1.58 times VCME04 at ≈18 R�
and VShock07 was 1.46 times VShock06 at ≈1 AU. Hence, this suggests that, in general, a CME
with a higher propagating speed will decelerate faster than a CME with lower propagating
speed. Figure 9b shows clearly that the solar wind density in the region between Shock06
and Shock07 was higher than that at the upstream of Shock06. This result is in contrast to
the general assumption that the preceding event paves the way for the later event (arriving
earlier) by removing solar wind density (e.g. Liu et al., 2014).

4. Summary and Conclusions

We have studied two Sun–Earth-directed ICME events that occurred in the early September
2017 (04 and 06 September) time-frame. What made the two events special is that they are
“catch-up” CME events: VCME04 (= 866 km s−1) is slower than the VCME06 (= 1387 km s−1).
These initial CME speeds were estimated with time series of coronagraph images and val-
idated by MHD simulations. The estimated (Sun–Earth) shock-arrival time (SAT) at the
Earth is 43.47 hours. It took ≈47.52 hours for Shock07 to arrive at the Earth. The error was
only 8.5%.

VCME06 was almost 50% faster than VCME04. The in-situ solar wind data and the Dst-index
show that the Dstmin value of Storm08 was caused by the southward IMF Bz of MC07, as
expected. MC07 was associated with CME04. The duration of MC07 [�tMC07] is rather
short: ≈ five hours (�tMC07 ≈ five hours). The short �tMC07 may be caused by the interac-
tion between MC07 and Shock07, or the source location of CME04 was not at or near the
longitude of the Sun–Earth line. In addition, the sharp Bz drop in the middle of MC07 may
also be caused by the interaction of the MC07–Shock07 (IP shock compression), i.e. MC07
Bz was compressed by Shock07 from behind. Storm07 was a complicated event, because it
was caused by the combination of two interplanetary structures. One may categorize it as a
“sheath storm” that was caused by the southward part of Bz in the sheath region of Shock07.

The source locations of CME04 and CME06 were S10W11 and S10W33, respectively.
The center of Shock07/CME06 was farther away from the Earth than for the center of
Shock06/CME04 complex. Therefore, Shock07/CME06 did not induce bigger geomagnetic
activity than Shock06/CME04. These results also show that the location (i.e. latitude and
longitude) of the solar disturbance (e.g. CME) is another important factor in space-weather
prediction. In this study, we used VCME only to estimate the SAT for two CME events in
September 2017. The results are quite good. This technique was employed previously by
Wu et al. (2016a), who studied the first severe geomagnetic storm (St. Patrick Day’s Storm
2015) in Solar Cycle 24. More such case studies are required to make sure this technique is
appropriate for all events.

In this study, we examined the evolution of two Sun–Earth-directed ICME events that
occurred on 04 and 06 September 2017. We also investigated the associated geomagnetic ac-
tivity after these two events encountered the Earth. The following phenomena were found:
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i) the CME speed determined at 18 R� using coronagraph images can be a good estima-
tor for predicting the ICME-driven shock’s arrival time at the Earth when there is no pre-
event; ii) a relatively severe geomagnetic storm can be caused by the interaction between
the Earth’s magnetosphere and a system in which a MC is simultaneously interacting with
an impinging IP shock at its rear (note: this is a rare event); and iii) the intensity of a geo-
magnetic storm will likely be stronger for an event associated with ICME–ICME interaction
than by a geomagnetic event caused by only a single ICME.

In order to settle the argument about the use of VCME, which was measured from the
plane-of-the-sky, a three-dimensional MHD simulation is performed to address this issue
by providing a panoramic view of the entire process, which is not available from the ob-
servations. The simulation demonstrates a good match between the predicted and observed
shock-arrival times, suggesting that VCME measured at 18 R� with the SAT is reasonably
accurate.
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