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Abstract The interaction of interplanetary coronal mass
ejections (ICME) with each other and with co-rotating in-
teraction regions (CIR) changes their configuration, dynam-
ics, magnetic field and plasma characteristics and can make
space weather forecasting difficult. During the period of
March 20-25, 2011, the Solar Terrestrial Relation Observa-
tory (STEREO B) encountered a compound stream contain-
ing several interacting structures. Our analysis suggests that
the stream consists of two ICMEs followed by an embed-
ded ICME/CIR. The sudden appearance of the third ICME
within the fast wind side of the CIR causes the proton
temperature(7,) to drop suddenly to its lowest level in about
1.2 hours, from 3.89 x 10° K to 1.07 x 10* K (by a factor of
~36). The fast wind which follows the CIR influences not
only the third ICME’s temperature but also its proton beta
(Bp)- In addition, the third ICME impacts the CIR through
expansion and deceleration. A forward pressure wave pen-
etrates ICME]. It’s source is either the second ICME, the
merged third ICME and CIR, or it may be a remnant shock.
The compression causes an increase of the 7}, and B, of the
second and part of the first ICME. Despite the signatures
of four large-scale interacting structures within the com-
pound stream, it is difficult to reconcile the in-situ sequence
with other remote sensing observations of ejecta close to
the Sun because of the large system of coronal expanding
loops above the active region. Compound streams therefore
remain difficult to interpret, and further understanding of the
subject will depend on the future study of similar events.
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1 Introduction

During their propagation through interplanetary space,
ICMESs can interact either with each other or with CIRs,
making space weather forecasting more difficult. This in-
teraction can alter their configuration, dynamics, and their
magnetic field and plasma characteristics (Winslow et al.
2016; Al-Shakarchi 2018), including flux rope deforma-
tions, reverse shock formations (Lugaz et al. 2005; Al-
Shakarchi and Morgan 2018), radio emission enhancements,
increases in T}, and ICME deflections (Lugaz et al. 2012;
Liu et al. 2012; Oliveros et al. 2012; Farrugia et al. 2012;
Lugaz et al. 2017; Shen et al. 2012).

At 1 AU, interplanetary streams are classified as either
“simple”, “irregular”, or “compound” (Burlaga and Ogilvie
1972; Burlaga 1975). Burlaga et al. (1986) defined a com-
pound stream as the interaction between a fast and slow
stream. Between 0.85 and 6.2 AU, they found that a com-
pound stream formed as a consequence of the interaction
between, and the coalescence of, two exceptionally fast tran-
sient streams overtaking two co-rotating streams and a slow
transient stream. They defined a fast stream as an interplan-
etary flow with speed greater than 475 km/s. Furthermore,
Burlaga et al. (1987) suggested that compound streams are
formed by the interaction of two or more fast interplane-
tary ejecta, with fast being defined as greater than 450 km/s.
They also state there should be at least two interaction re-
gions (two magnetic field magnitude peaks) present. Their
study includes many examples of interactions between dif-
ferent transient ejecta, or between transient ejecta and co-
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rotating streams, and described the results of these interac-
tions in terms of compound streams. During the period of
1972-1983, nine out of 17 intense magnetic storms (A, >
90) occurred as a consequence of amplified magnetic magni-
tudes as a result of structures interacting within compound
streams. Both magnetic field strengths and densities were
higher than for isolated flows. Jian et al. (2008) identified
many hybrid CIR-ICME events and found that their struc-
tures sometimes possessed an irregular profile or some com-
plexity in addition to their original morphology. Cane and
Richardson (2003) found that only about 8% of ICMEs were
identified within the High-Speed Stream (HSS) passage at 1
AU. Possibly due to the ICME sources always being located
far away from the weak field regions, the ICMEs are infre-
quently embedded within HSS (Forsyth et al. 2006). More-
over, ICMEs were found more frequently at the leading front
of the HSS or within the slow interstream solar wind. The
CIR which follows the ICME is able to overtake the trail-
ing region of the ICME, compressing the rear region and
deforming the magnetic cloud (MC) flux rope.

Burlaga et al. (2001) classified the faster ejecta into
magnetic clouds and complex ejecta. They defined com-
plex ejecta as fast non-co-rotating interplanetary flows
(>600 km/s) with a disturbed magnetic field (not flux ropes)
and an average P}, of 0.25 £ 0.09, which is greater than that
found in MCs. The features of the individual CMEs disap-
pear as the interaction progresses towards 1 AU (Burlaga
et al. 2002). On the other hand, Wang et al. (2003) consid-
ered multiple MCs overtaking each other due to successive
CME:s as complex structures. They concluded that each sub-
cloud has characteristics that are consistent with isolated
MCs except for T}, due to the sub cloud compression and a
rising B, in the interaction regions.

The formation of ICME-ICME and ICME-CIR interac-
tions within compound streams takes many forms. Some-
times ICME-driven shocks interact with each other without
ejecta interacting, or the two ejecta interact with each other
and an associated magnetic reconnection exhaust region ap-
pears between them as a result of these different interacting
structures. Sometimes the ICME-driven shock which fol-
lows blows through the preceding ICME and interacts with
its ejecta (Lugaz et al. 2015; Mishra et al. 2015; Liu et al.
2012). The consequence of these interactions lead to an en-
hancement of the southward geomagnetic field which oc-
cur in intense magnetic storms (Farrugia and Berdichevsky
2004; Farrugia et al. 2006; Liu et al. 2015).

Throughout the solar cycle duration, the rate of large
CME:s increases from 2-3 per week at solar minimum to
5-6 per day at solar maximum. Therefore, ICME-ICME in-
teractions occur more frequently (but not exclusively) at so-
lar maximum, making space weather forecasting difficult.
Interacting ICMEs may originate from different source re-
gions near the Sun, or from the same region: remote and in
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situ observations reveal that many ICME-ICME interactions
occur due to recurrent CMEs which are launched from the
same solar active region.

Tracking the propagation of CMEs from their launch at
the Sun and through interplanetary space leads to a better un-
derstanding of the interaction of ICMEs with each other, the
solar wind, and other structures, and also allows improved
predictions of their arrival time at Earth (Mishra et al. 2015).
The launch of the Solar Terrestrial Relations Observatory
(STEREO, (Kaiser 2005)) enabled this tracking by provid-
ing continuous imaging from instruments including the He-
liospheric Imagers (HI) on board The Sun Earth Connection
Coronal and Heliospheric Investigation (SECCHI, Howard
et al. (2002)). Recently, many ICME interaction events have
been studied by combining in sifu measurements with wide
angle point of view observations from the STEREO HIs;
examples include the May 23-24, 2010 event (Lugaz et al.
2012), the August 1, 2010 event (Temmer et al. 2012; Har-
rison et al. 2012), and the February 13-15, 2011 event (Mar-
i¢i¢ et al. 2014; Temmer et al. 2014). Numerical modeling is
an important factor in understanding ICME propagation and
interaction (Prise et al. 2015; Winslow et al. 2016).

This paper is an observational study of an in-situ com-
pound stream encountered by STEREO B (STB) over the
period March 20 — 26, 2011. Sections 1 and 2 present remote
sensing and in situ observations. Sections 3, 4 and 5 presents
an analysis and interpretation of the results. The impact of
the merged ICME/CIR is discussed in the last section.

2 Remote sensing observations

In this section, remote sensing observations from the 2011
March 17 active region are presented, which is the likely
source of the 2011 March 20-25 in situ event. During the
event period, the angular longitude separation (Heliocentric
Earth equatorial, HEEQ) between STB and SOHO was be-
tween about 95.2° to 95.3°. STB was located between about
6.7° to 5.4° south of SOHO. Figure 1 a and b show the Ex-
treme Ultraviolet Imager (EUVI/STB) 195 A images of the
low corona. The images show two flares at 12:15 UT (left)
and 14:15 UT (right) originating from the same active re-
gion.

Figure 2 shows a sequence of events as observed by the
LASCO C2 (Brueckner et al. 1995) coronagraph. Before the
launch of the large CME, there is a large system of expand-
ing loops above an active region (indicated by the black el-
lipse). These loop systems are similar to those described by
Morgan et al. (2013). This system of expanding loops is a
precursor for a large CME originating from the same active
region. This CME can first be seen in the top right panel of
Fig. 2, as indicated by the green ellipse. Over the next few
panels, the CME is seen to be a wide, complicated CME



The compound stream event of March 20-25, 2011 as measured by the STEREO B spacecraft

Page30of 13 61

Fig.1 STEREO B EUVI 195 A images, with an active region circled
in red. The time of the images is 12:15 UT (left) and 14:15 UT (right),
coinciding with the occurrence of two flares in the active region. These

containing several sub-structures. Some of the more promi-
nent of these sub-structures are indicated by red and purple
ellipses in the second and third row of Fig. 2. In the wake
of the CME, several complicated ejecta can be seen, as in-
dicated by the green, blue, yellow and other ellipses. The
flare at 12:15 UT from the active region is clearly associated
with the large CME (inside the dark blue ellipse). The large
CME is mentioned in the STEREO A/B List of ICMEs (Jian
et al. 2013) as a possible source of the in situ ICME which
is described in the next section, but no reference is made to
multiple ICMEs. Unfortunately, the STEREO B HI images
do not show this large CME due to the viewing direction.

Figure 3 shows more detail of the active region that is the
source of much of the activity seen in the coronagraph data,
as observed by EUVI/STB in the 195 A channel. Following
the 12:15 UT flare, the active region has two large separated
loop systems (1 and 2). After the second flare at 14:15 UT,
the outline of these loops becomes clearer, and then they
gradually seem to merge into one arcade. The second flare
is not associated with a large CME, but it is probably linked
to smaller ejecta seen by LASCO C2 in the wake of the first
large CME.

The presence of only one large CME in the remote sens-
ing results seems to be inconsistent with the in-siru data
that will be presented in the next section, which suggests
the presence of two or more ICMEs. However, the remote
sensing results do clearly show the complexity of the active
source region, the system of expanding loops in front of the
CME, the complexity of the CME itself and the presence of
ejecta following the CME.

Figure 4 shows a large CME observed on March 21,
2011, 15:36 UT by SOHO/ LASCO C2 with a linear speed
of 963 km/s. The estimated transit time implies that it is the
last in situ ICME of the compound event described in the

images have been processed using Multiscale Gaussian Normalization
(Morgan and Druckmiiller 2014)

next sections. A careful study of LASCO images for the 4
days leading up to the 17th did not reveal any other plausible
candidate events that form this compound stream event.

3 Insitu observations

Figure 5 displays the 1 min magnetic field and plasma mea-
surements taken from the magnetometer (MAG) (Acuiia
et al. 2008) and the In Situ Measurements of Particles
and CME Transient (IMPACT) instrument (Luhmann et al.
2008) onboard STEREO B over the period March 20,
00:00 UT to March 26, 00:00 UT. The suprathermal elec-
tron data was obtained by the Solar Wind Electron Anal-
yser (SWEA) (Sauvaud et al. 2008). The event begins with
a forward shock (S1) on March 20 at 17:20, manifesting
an enhancement of the magnetic field magnitude, 7, and
a gradual elevation in proton density and speed. The dura-
tion between the Ist and 3rd vertical dotted lines is highly
variable and complex, which implies the passage of a sheath
region. Within the sheath, there is a large reduction in mag-
netic field strength (shaded yellow) for about three hours
(March 21 00:30 — 04:10 UT) associated with high density
and increasing Bp. The heat flux distribution angle changed
from 0° to 180°, and a magnetic clock angle reversal (2nd
vertical dotted line) indicates the presence of a heliospheric
plasma sheet (HPS). The magnetic field strength then un-
derwent a second reduction (March 21, 07:35 — 10:15 UT),
with a large increase in density and B, (higher than that of
the surrounding), which is associated with a change in the
magnetic field orientation.

The 18 hr duration between the 3rd and 4th vertical lines
can be identified as a MC flux rope based on several crite-
ria Zurbuchen and Richardson (2006): a drop in the T, and
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Fig. 2 SOHO/LASCO C2 images for 17-03-2011 (11:48 UT-
21:36 UT) displaying multiple dynamic features. Different coloured
ellipses outline different events as described in the main text. These

Bp accompanied by a smooth coherent rotation of the mag-
netic field. Between the 4th and 5th vertical dotted lines, the
coherent magnetic rotation becomes less smooth for about
12 hours, but it appears to be a continuation of the MC flux
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2011/03/17 12:48

2011/03/17 14D

2011/03/17 1638

2011/03/17 2138

images have been processed to remove large-scale quiescent structures
(i.e. streamers) using the Dynamic Separation Technique (Morgan et al.
(2012), Morgan (2015))

rope (panel 5). The magnetic strength maintains its value
in the range of 7.2-10.8 nT and the suprathermal electrons
maintain their bidirectional distribution, implying a closed
magnetic field region. The broad flat profile of the mag-
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Fig.3 Further detail of the
active region circled in red in
Fig. 1 as observed by
EUVI/STB in the 195 A
channel. Two separated systems
of coronal loops are labelled 1
and 2 and detailed in the main
text

14:13 UT

15:28 UT

16:13 UT

netic clock angle between the 3rd and 5th vertical lines sug-
gests that the MC has somehow broken out of a larger ICME
structure. This may be due to the long duration of the com-
plex series of ejecta emerging from the active region in the
wake of the initial large CME following the March 17 CME.
This ICME will be referred to as ICME].

Within the ICME] flux rope, there is a noticeable shock
structure (S2) which first appears on March 21, 18:40 UT,
accompanied by a small but sharp increase in magnetic
field magnitude (from 9.3 to 12.7 nT), an increase in pro-
ton speed V), from 445 to 487 km/s, a rise in P; (the sum
of the magnetic pressure and thermal proton pressure (Rus-
sell et al. 2005)), and a short, transient elevation of the 7).
Unfortunately, there is a short data gap between 19:30 UT
to 22:05 UT. Between March 22, 14:05-15:10 UT follow-
ing ICME 1 the magnetic field magnitude decreases, as-
sociated with a heat flux discontinuity and a high increase
in Bp, Tp, V, and Py in comparison to the ambient solar

15:10UT

15:40UT

17:15UT

wind. The duration between the 5th and 6th vertical lines
is a magnetic reconnection exhaust region. During the in-
terval between the 6th and 7th vertical lines, the magnetic
field strength varies between 6.1 and 9.3 nT, associated with
low B (average value 0.15) and very low density. The 194—
314 eV suprathermal electron pitch angle distributions also
display counter-streaming, associated with closed magnetic
field lines. This leads us to consider this interval as an-
other ICME, labelled ICME?2. The dominant heat flux di-
rection for both magnetic clouds (panel 1) rotates with the
magnetic field (panel 5), causing an enhancement at 0°,
consistent with the passage of the spacecraft close to the
flank of both MCs (with both MC sides connected to the
Sun).

After ICME2, there is a heat flux dropout, followed by
a merged ICME-CIR (labelled ICME3). The CIR appears
on March 23, 13:35 UT (7th vertical line), accompanied
by an increase in solar wind speed from 394 to 466 km/s,
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2011/03/21 18:38

2011/03/21 18:38

Fig.4 SOHO/LASCO C2 image of the March 21, 2011, 15:36 UT large CME. The left image has been processed using a Dynamic Separation
Technique (Morgan and Habbal 2010), and the right image has been processed using the Normalizing Radial Graded Filter of Morgan et al. (2006)

and a small rise in density and B,. A sudden drop in mag-
netic field magnitude (shaded green) represents the impact
of the interaction region between ICME2 and CIR/ICMES3.
The magnetic field reduction reaches its lowest value at 3.7
nT, which is associated with a sharp rise in proton den-
sity Np and By, and a reversal of the magnetic clock angle
(from 40 to 210 degrees), suggesting a magnetic reconnec-
tion exhaust region (Gosling et al. 2007; Xu et al. 2015).
After this, the solar wind speed experiences a substantial
yet gradual increase (March 23, 19:50 UT) with a signifi-
cant jump in magnetic field strength, P;, and enhanced heat
flux at 0°, all suggesting the presence of a CIR. A stream
interface (SI) feature appears at the 8th vertical line—Py
peaks with a gradual decline to both sides, and there is
a drop-in density accompanied by an increase in tempera-
ture.

The signature of ICME3 begins around March 24, 05:10
UT (9th vertical line), identified by an initial non-smooth
rotation in the B, component for about 4.5 hours, fol-
lowed by a smooth and coherent magnetic field rotation un-
til March 24, 17:30 UT—a duration of about 14 hours. This
period has variable temperature, beginning with a consid-
erable decrease then increase (for about three hours) and
then a decrease that is less than the expected temperature
T,y throughout the remainder of ICME3. T, is the ex-
pected proton temperature obtained from Lopez (1987) and
Richardson and Cane (1995). The period also exhibits low
proton beta and bidirectional suprathermal electron pitch an-
gle distribution. After March 24, 17:30 UT, following an ini-
tial variation, B, maintains its rotation until the 10th vertical
dotted line (March 25, 00:50 UT).
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4 Pressure wave analysis

The STB March 20 event is composed of several interplan-
etary structures (three ICMEs and a CIR). Their magnetic
and plasma profiles can be distinguished, and they satisfy the
definition of a compound stream (Burlaga et al. 1987), from
which it can be deduced that they are not complex ejecta
(Burlaga et al. 2002). The ICME boundaries are identified
based on discontinuities in the magnetic field, heat flux, 7,
Bp. and density (Fig. 5). The structural interactions may have
a considerable effect on the T}, profile. B, will therefore be
used here as the main parameter for identifying the ICME
boundaries (Liu et al. 2012). The appearance of the helio-
spheric current sheet (HCS) (2nd vertical dotted line) within
the sheath is a temporary change of the interplanetary mag-
netic field sector boundary during the passage of ICMEI,
the ICME therefore disrupts the coronal streamer belt lo-
cally(Zhao and Hoeksema 1996).

Figure 6 displays the magnetic and solar wind profiles for
the duration of March 20, 12:00 UT-March 24, 00:00 UT.
The figure illustrates two different interplanetary structures,
ICMEI1 and ICME?2, which are separated by a magnetic re-
connection exhaust region, which suggests that ICME1 and
ICME2 do not merge. Their similarity in size and energy
may be the main reason why this event is so clearly a mul-
tiple ICME event (Lugaz et al. 2017). Within ICMEL1, S2
(Fig. 6, 3rd vertical dotted line) is similar to a pressure wave
because the Alfven speed is about 185 km/s and the proton
speed increase is less than 50 kms~! with Mach number
My =23.

The solar wind profiles suggest many possible sources
for the S2 feature. The first possibility is the trailing ICME
(ICME2). Both the density and proton beta morphology sup-
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Fig. 5 The magnetic field and plasma parameters of the event. From
top to bottom, the panels display the suprathermal electron pitch angle
distribution (194-314 eV), the magnetic field strength B, Br, Bt, Bn,
cone angle (deg), clock angle (deg), proton density N, (cm™3), proton

port this scenario because of the noticeable gradual increase
in both values from the rear boundary of ICMEI to the S2
location.

From tracking the solar wind profiles along the three
ICMEs, a second possibility is that S2 is a pressure wave
caused by the trailing CIR and ICME3, an influence that
passes through ICME2 and then ICMEI] causing heating,
compression and acceleration in many locations. The high

speed V), (km s™1), proton temperature T » (K) and expected tempera-
ture Tey (K) (red line), solar wind B, dynamic pressure (nPa), and total
perpendicular pressure (pPa)

temperature of ICME2 may support the penetration of S2
through ICME2. In addition, the location of the maximum
Alfven speed which is close to the middle of ICME2, is
likely to dissipate the coming shock from the fastest region
(CIR/ICMES3).

The shock weakens due to the large upstream Alfvenic
speed (250 km/s), an increase from about 150 km/s from the
trailing boundary to the center of ICME?2. The proton speed

@ Springer



61 Page8of 13

D.A. Al-Shakarchi, H. Morgan

Fig.6 The Magnetic field and

plasma parameters for the
duration of March 20, 12:00
UT-March 24, 00:00 UT. From

L

> ICME2

the upper panel: Magnetic field

strength B, proton density N,
(cm™3), proton speed Vp
(kms™~!), proton temperature T,
(K) and expected temperature

T, (K) (red line), solar wind

Bp, entropy, Alfven speed Ay,
Mach number M4, dynamic
pressure Pyy (nPa), and Pt (pPa)
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also increases by about 80 km/s, which is sufficient to en-
sure that the shock does not continue as a fast mode shock
while it propagates. We interpret the speed profile of S2 as a
magnetosonic pressure wave decaying from a magnetosonic
shock due to the reduction of the local proton beta, and dis-
sipating while advancing into ICME2.

Howeyver, the second scenario is inconsistent with the fact
that S2 is ~48 hours ahead of ICME3, which may be too
much of a delay for that shock to be driven by CME3. With
the speed of the compound stream (~450 km/s), a time dif-
ference of 48 hours corresponds to approximately a 0.5 AU

@ Springer

spatial separation. A typical sheath width at 1 AU is 0.08
AU (Richardson and Cane 2010). A third possibility is that
S2 may be a shock remnant.

5 ICMEs analysis

The suprathermal electron pitch angle distribution displays a
similar heat flux distribution along the three ICMEs (Fig. 5):
a bidirectional behavior with a significant enhancement at
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0°. The dominant suprathermal electron pitch angle direc-
tion for both MCs rotates with the magnetic field clock
angle, consistent with the STB path close to the flank of
both MCs (with both MC sides rooted at the Sun). The P
morphology supports the possibility of a spacecraft passage
through the flanks (Russell et al. 2005). The non-smooth
profile of the longitudinal magnetic field may be due to
the legs of the ICME. As suggested by Owens (2016), the
flux rope may be confined to the MC and not to its legs,
even though the legs are magnetically connected with the
Sun. Throughout the event, the only disappearance of the
0° heat flux enhancement is during the short period be-
fore the ICMEI pressure wave, which implies that the pres-
sure wave (which may of started as a forward shock driven
by CIR/ICME3 and travelled through ICME2 and ICME1)
plays a role in energizing the 0° heat flux in every region that
it penetrates, and that it rotates with the magnetic field. Due
to this, S2 does not complete its passage through ICMEL,
and the upstream region’s suprathermal electron distribution
at both sides does not show any enhancement. The temper-
ature of ICME2 is greater than ICMEL. It may be due to
the spacecraft trajectory (with respect to the MC axes) away
from the MCs nose, or because ICMEI is an MC while
ICME2 is an ejecta (non-MC ICME) (e.g. (Lepping et al.
2006; Riley and Richardson 2013)).

According to the 2nd possible scenario, the pressure
wave S2 has an effect on the T), profile. It is also possible
that the passage of the forward shock driven by ICME3 in-
creases compression. The shock reaches the pressure wave
level with access to the rear ICME1 boundary, and this re-
duces the compression and is followed by plasma heating.
Within ICMEI and after the pressure wave passes, B is be-
tween 0.15 and 0.5, with an average value of 0.31, whereas
its average value is 0.15 throughout ICME2. The B, profile
supports the scenario of the shock path propagating through
both ICMEs, causing a rapid and immediate effect on the B,
profile. This is apparent from the high value in the middle
of ICME1 where S2 is located; with the move towards the
rear of ICMEL, B, declined gradually. The B, values during
both ICME1 and ICME?2 are higher than the typical isolated
ICME B, values.

Whilst this interpretation of the behaviour of S2 through
ICMEI1 and ICME?2 is valid, a strong counterargument is
that S2 is ~48 hours ahead of ICME3.

6 The embedded CIR and ICME3

Figure 7 focuses on the merged CIR/ICME3 region. The first
signature of this region is seen on March 23, 13:10 UT (see
the 1st vertical dotted line) accompanied by an increase in
the solar wind speed, density, and B,, followed on March
23, 17:50 UT by a sudden magnetic field magnitude drop

(shaded green) associated with a sharp rise in N, (1.6 to
19.6 cm~3) and Bp (0.1 to 8.2), suggesting a magnetic recon-
nection exhaust region caused by a transference of magnetic
energy into particle energy (Gosling et al. 2007). Following
this region, the solar wind speed increases gradually, with a
significant jump in the magnetic field strength and P; occur-
ring on March 23, 17:45 UT (from 7.2 to 15.7 nT). There is
also an enhancement in heat flux at 0° associated with the
CIR and indicating an SI at 20:55 UT. P; peaks and N, de-
creases, but there is no change in T, (see the 2nd vertical
dotted line).

The heat flux direction rotates with the magnetic field. A
second magnetic field decrease occurs on March 23, 22:30
UT, and is associated with decreasing density, increasing By,
and magnetic field cone and clock angle reversals. This sug-
gests the existence of a HCS (see the 3rd vertical line) which
matches a sector boundary crossing.

A third decrease in magnetic field can be seen on March
24, between 1:00 and 03:55 UT. Here the heat flux remains
enhanced, with no significant rise in either density or B,
meaning that any magnetic reconnection exhaust is either
weak or absent. This may be due to the symmetrical nature
of the plasma at the boundaries of this region because of the
embedded state. The ICMES3 start time is close to 03:00 UT
on May 24 (see the 4th vertical line), with a high elevation in
the magnetic strength and P;. The plasma profile properties
before and during this time are complicated, especially dur-
ing the preceding drop in the magnetic field. As mentioned
before, this supports the probable symmetric nature of the
boundary plasma as a result of the merger of the CIR and
ICMES3.

A second P; peak (see Fig. 7) is accompanied by a grad-
ual proton speed reduction (see the Sth vertical dotted line).
The solar wind parameters at this peak show a second poten-
tial stream interface SI2 location (maximum #;, T, about to
increase, shear velocity location). However, a sudden drop
in T to its lowest value (see the 6th vertical dotted line)
occurs for a short three hour period, followed by a high in-
crease for about five hours, associated with a large jump in
V). The large temperature decrease at the 6th vertical dotted
line is an indicator of the MC start time. This is associated
with a decrease in B, a strong counter-streaming heat flux,
and a decline in proton speed. These effects are all due to the
high expansion and deceleration of the MC in the fast wind
side of the CIR as the structures interact. The MC clock an-
gle (5th panel) starts with a small crank rotation for about
4.5 hours and becomes smooth until March 25, 00:45 UT,
reaching an angle > 30° for a duration of about 20 hours
and confirming the existence of a MC flux rope within the
CIR. The B, profile displays a smooth magnetic field with
coherent rotation lasting from March 24, 06:05 (7th verti-
cal dotted line) to March 24, 17:30 UT (8th vertical dot-
ted line), lasting about 11.5 hours in total. The B, appears
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Fig. 7 The magnetic field and plasma parameters for the duration
March 23, 00:00 UT-March 25, 12:00 UT. From top to bottom: the
suprathermal electron pitch angle distribution (194-314 eV), magnetic
field strength B, Br, Bt, Bn, cone angle (deg), Clock angle (deg), pro-

varied, but maintains its rotation until the 9th vertical dot-
ted line on March 25, 00:50 UT. The clock angle rotation
continues with a very short reversal at the 8th vertical dot-
ted line. However, this is a local reversal, because the domi-
nant heat flux is sunward within the counter-streaming; this
may be attributed to the large-scale helicity (Crooker et al.
1996).

@ Springer

ton density N, (cm™3), proton speed Vy (km s™1), proton temperature
T, (K) and expected temperature Ty (K) (red line), solar wind Bp, en-
tropy, dynamic pressure (nPa), and total perpendicular pressure (pPa)

7 The impact of the ICME3/CIR merger

ICMES3 has an impact on both the CIR speed and T), profile.
The sudden appearance of ICME3 within the fast wind side
of the CIR causes the temperature (which would usually be
expected to increase after SI2 in the absence of interaction
with the MC) to drop suddenly to its lowest level in about 1.2
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hours, from 3.89 x 10° K to 1.07 x 10* K (by a factor of 36).
Furthermore, the fast solar wind speed is reduced during its
expansion and deceleration within this area (see the 1st blue
heavy straight line in Fig. 7). The impact of the CIR/ICME3
interaction include the high T), elevation following the initial
large reduction (Fig. 7, the 2nd blue heavy straight line) and
the large increase in solar wind speed. The ICME3 temper-
ature is higher than expected due to the high-speed accel-
eration and its position within this hot, high-speed stream.
Another relevant factor is the location of a second SI (SI2)
within the MC. The presence of an SI is supported by a clear
increase in entropy, accompanied by a decrease in proton
density and an increase in T, which are typical SI crite-
ria. After about five hours the MC temperature decreases
as a result of its deceleration and expansion towards the fi-
nal boundary, but remains higher than typical MC temper-
atures in most regions (7, < 0.57,,). The fast wind which
follows the CIR influences not only the ICME3 temperature
but also its B,. The average Bp value of ICME3 is 0.16 with
a peak of 0.4, which is a little higher than typical values for
the MC (0.06 £ 0.04) (Farrugia et al. 1993; Burlaga et al.
2001). The entropy is also unstable compared to that of the
two previous ICMEs. The weakness of the magnetic recon-
nection exhaust region within the CIR/ICME shows that the
two structures are embedded. It also suggests that the inter-
action between the two wide, coherent P; peaks (P1 and P2)
is greater and more complicated than the ICME1-ICME2 in-
teraction within the same compound stream.

8 Discussion and conclusions

The in-situ measurements taken by STEREO B reveal three
ICME:s or interplanetary ejecta. These findings are difficult
to reconcile with remote sensing observations. The results
suggest either that ICME2 is a compressed interplanetary
ejecta region between ICME1 and CIR/ICMES3, or that there
were originally three CMEs, but due to the complexity and
the position of the active region, the remote sensing images
were unable to display the sequences of events clearly. The
in-situ data at 1 AU shows a penetration of a forward pres-
sure wave driven by ICME3/CIR, associated with a rise in
T, throughout the second ICME and in part of the first one.
The third ICME is merged with and embedded in a CIR. The
lack of magnetic energy conversion into particle energy at
the magnetic reconnection exhaust region between the CIR
and ICMES3 supports the interpretation that these are an em-
bedded structure.

Throughout the event, the proton speed profile does not
exceed 450 km/s within ICME1 and ICME2, except for
a few regions, whereas it matches the compound stream
speed criteria within ICME3. This means that the compound

stream may experience low speed. The understanding of
general criteria of observational characteristics, including
the stream speed in compound streams, will depend on the
future study of similar events.

The magnetic reconnection exhaust region between
ICMEI and ICME2 shows that they are separate structures
with distinct region boundaries, and that they are two dif-
ferent interplanetary ejecta. This exhaust region is weaker
than its counterpart between the ICME?2 rear boundary and
ICMES3/CIR, possibly due to the asymmetric distribution of
plasma between the ICME2 rear boundary and the CIR front
boundary.

The appearance of the first HPS within the sheath is a
temporary change of the interplanetary magnetic field sector
boundary during the passage of ICMEL. The ICME there-
fore disrupts the coronal streamer belt locally. Whilst a re-
verse shock is expected to follow ICME?2 as its speed is de-
creased due to ICME], none is present in this case. This may
be due to the dissipation and decay of the second shock (S2).
A significant appearance of a SI within the ICME3 magnetic
flux rope suggests that the SI has penetrated the flux rope
and has changed its characteristics. The sudden appearance
of ICME3 within the fast wind side of the CIR causes T}, to
drop suddenly to its lowest level in about 1.2 hours. ICME3
impacts the CIR through expansion and deceleration.

The suprathermal electron pitch angle distribution through-
out the event displays an absence of interchange recon-
nection, although there is an interaction between open and
closed magnetic field structures (CIR and ICMEs). This re-
sult implies that the CIR magnetic field direction is inwards
during the interaction with the ICME inward flank which is
not conducive to reconnection.
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