
mailto:clshen@ustc.edu.cn


is worth noting that the enhancement in the shock-MC structure
in the 2001 November 5 event is associated with the largest
SEP event in solar cycle 23.

In the early days of 2017 September, the active region AR
12673 passed across the visible side of the Sun. This extremely
energetic active region produced more than 80� ares including
four X class� ares within 7 days. Two of the four X class� ares,
X9.3 and X8.2� ares(e.g., Yan et al.2018a, 2018b), are ranked
as the top two� ares in solar cycle 24 until now. AR 12673 also
produced more than 20 CMEs from 2017 September 4 to 10.
Thus, we can expect that these CMEs may interact with others
during their propagations from the Sun to the Earth. In
addition, an intense geomagnetic storm occurred at 2017
September 8 02:00 UT with a peak Dst value(Dstmin) of
� 142 nT according to the real time Dst observation provided
by World Data Center(WDC). Based on the in situ
observations by theWind andDeep Space Climate ObseRva-
tory (DSCOVR) spacecraft near the Earth, an obvious shock-
ICME complex structure was the main source of this intense
geomagnetic storm. Thus, in the paper, we will mainly focus on
the space weather effect of shock-ICME complex structures in
this period. The detailed in situ observations of ICMEs and
their solar sources will be presented in Section2. In Section3,
we will quantitatively discuss the signi� cance of the shock-
ICME complex structure in generating the geomagnetic storms.
The in� uence of the shock-ICME complex structure on SEP
intensity will be investigated in Section4. We will give the
conclusions and make some brief discussions in the last
section.

2. Interplanetary and Solar Sources of the
Geomagnetic Storms

To check the geomagnetic activity and the possible
interplanetary drivers of the geomagnetic storm, in situ
observations from 2017 September 6 to 11 from theWind
(black symbols) andDSCOVR(red symbols) spacecraft as well
as the Dst observations from WDC are shown in Figure1. Seen
from this � gure, there was an intense and multi-step
geomagnetic storm. The peak of the storm occurred at 2017
September 8 02:00 UT with a value of� 142 nT. The sudden
commencement of this storm occurred at 2017 September 7
01:00 UT after the� rst shock(shown as the� rst vertical blue
line) arrived at the Earth. Soon later, the Dst index began
to decrease when the sheath region and the ejecta region
(Ejecta-1) of the� rst ICME(called as ICME-1 hereafter) hit the
Earth. The leading edge of Ejecta-1 arrived at the Earth on 2017
September 07 06:50 UT and the trailing edge of it arrived at
2017 September 07 11:30 UT(shown by the� rst shaded
region). During this period, the in situ observations exhibited
obvious signatures of an MC with enhanced magnetic� eld
intensity, smooth rotated magnetic� eld vector, low temper-
ature, and low plasma beta. After the passage of ICME-1, the
Dst index began to recover. About 10 hr later, the Dst index
started to decrease again when the second ejecta(shown by the
second shaded region as Ejecta-2/ ICME-2) hit the Earth. The
ICME-2 started at 2017 September 07 16:50 and ended at 2017
September 08 01:00 UT. Meanwhile,Wind and DSCOVR
recorded a shock at 2017 September 7 22:28 UT, before the
trailing edge of ICME-2. It means that this shock was
propagating inside the ejecta region of ICME-2 and formed a
shock-ICME complex structure. Seen from panel(j) in
Figure1, the Dst index decreased quickly since the arrival of

the shock inside ICME-2. This sudden and quick decrease
owed to the large south component of the magnetic� eld in the
ejecta region of ICME-2, which was compressed by the shock.
At 2017 September 8 02:00 UT, the Dst index reached its peak
value of � 142 nT. Thus, this intense geomagnetic storm was
mainly caused by the shock-ICME complex structure. After
that, two other ejecta were observed near the Earth. They are
marked as the third and fourth shaded regions in Figure1.
The third shaded region(called as Ejecta-3 hereafter) has the
signature of enhanced magnetic� eld, low proton temperature,
and bi-direction electron beam. But, no obvious rotation of
the magnetic� eld vector can be found. All of the magnetic� eld
carried by this structure points southward. This structure
caused another Dst peak with the value of� 124 nT. The fourth
shaded region in Figure1 is a long-lasting ejecta(referred to
Ejecta-4 hereafter) from 2017 September 08 19:30 UT to
September 11 00:00 UT.

Overall, there are two shocks and four ejectas recorded by
the in situ measurements near the Earth from September 6
12:00 UT to September 11. The shock times, begin and end
times of these ejectas are shown in rows 2–4 of Table1. In
order to� nd the possible solar sources of these structures, we
further check the coronagraph observations ofSTEREO-A and
SOHO�2017 September 3–8. Figure 2 shows the relative
position of Earth andSTEREOsatellites. During this period, the
separation angle between Earth andSTEREO Ais � 128°. Thus,
an Earth-directed CMEs can be well observed by theSTEREO-A.
Figure 3 shows the Time-Elongation Angle map from 2017
September 3 to 8. A 64-pixel wide slice is placed along the
ecliptic plane in the running-difference images from COR2,
HI1, and HI2 on boardSTEREO-Ato produce this J-map. Seen
from this � gure, three different trajectories, which correspond
with three CMEs, can be well observed. Meanwhile, the
coronagraph images fromSTEREO-Aand SOHO also show
that there are three Earth-directed CMEs erupted from the Sun
during this period. Figure4 shows the coronagraph images of
these CMEs. The� rst CME (CME-1) was � rst observed by
STEREO Aat 2017 September 4 18:54 UT and was� rst
observed bySOHO/ LASCO at 2017 September 4 19:00 UT.
The front edge of this CME creates the� rst track in the J-map
shown as the red symbols in Figure3. About 1 hr later,
another Earth-directed CME(CME-2) appeared in theSOHO
and STEREO-A� eld of view. Panels(c) and (d) show the
coronagraph observations of this CME. This CME was� rst
observed bySTEREO Aat 2017 September 4 19:54 UT and
was � rst observed bySOHOat 2017 September 4 20:36 UT.
Seen fromSOHO, this is a halo CME. The second trajectory in
Figure 3, which is indicated by blue symbols, shows the
position of the front edge of this CME. Another Earth-directed
CME (CME-3) was observed bySOHOandSTEREO-Aabout
two days later. At 2017 September 6 11:54 UT, this CME was
� rst observed bySTEREO-A/ COR2 at its south west direction.
Half an hour later, this CME was observed bySOHO/ LASCO
at 2017 September 6 12:24 UT. This CME was associated with
a X9.2 class� are and appeared a halo CME in theSOHO/
LASCO observations. Green symbols in Figure3 show the
position of its front edge and panels(e) and (f) show the
coronagraph images of this CME. The� fth column in Table1
shows the time when these CMEs were� rst observed by
SOHO/ LASCO.

In addition, the graduated cylindrical shell(GCS) model,
which was developed by Thernisien et al.(2006, 2009) and
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