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Abstract We report on the coronal hole (CH) influence on the 54 magnetic cloud (MC) and
non-MC associated coronal mass ejections (CMEs) selected for studies during the Coordi-
nated Data Analysis Workshops (CDAWSs) focusing on the question if all CMEs are flux
ropes. All selected CMEs originated from source regions located between longitudes 15E —
15W. Xie, Gopalswamy, and St. Cyr (2013, Solar Phys., doi:10.1007/s11207-012-0209-0)
found that these MC and non-MC associated CMEs are on average deflected towards and
away from the Sun—Earth line, respectively. We used a CH influence parameter (CHIP) that
depends on the CH area, average magnetic field strength, and distance from the CME source
region to describe the influence of all on-disk CHs on the erupting CME. We found that for
CHIP values larger than 2.6 G the MC and non-MC events separate into two distinct groups
where MCs (non-MCs) are deflected towards (away) from the disk center. Division into two
groups was also observed when the distance to the nearest CH was less than 3.2 x 10° km.
At CHIP values less than 2.6 G or at distances of the nearest CH larger than 3.2 x 10° km
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the deflection distributions of the MC and non-MC:s started to overlap, indicating diminish-
ing CH influence. These results give support to the idea that all CMEs are flux ropes, but
those observed to be non-MCs at 1 AU could be deflected away from the Sun—Earth line by
nearby CHs, making their flux rope structure unobservable at 1 AU.

Keywords Sun - Coronal holes - Coronal mass ejections - Magnetic clouds - Ejecta

1. Introduction

Coronal mass ejections (CMEs) are magnetized plasma structures that are expelled from
the solar corona into interplanetary space. If the CME is launched near the center of the
visible solar disk, the CME will hit Earth within few days, possibly causing a severe ge-
omagnetic storm. When the interplanetary counterpart of the CME near the Sun, known
as interplanetary CME (ICME), arrives at Earth, an observer near Earth can measure the
plasma and magnetic field properties of the passing ICME (see e.g., Burlaga et al., 1981;
Gopalswamy, 2006; Zurbuchen and Richardson, 2006; Richardson and Cane, 2010). There-
fore if we assume that all CMEs are flux ropes, ICMEs associated with near-disk-center
CMEs should show at 1 AU magnetic signatures of flux rope structure, i.e. smooth rota-
tion of magnetic field. These structures with smoothly rotating magnetic fields are known as
magnetic clouds (MCs) (see e.g., Burlaga et al., 1981; Klein and Burlaga, 1982). However,
observations show that some ICMEs originating from the disk-center sources do not have
a flux rope structure (see e.g., Gopalswamy, 2006) and a few even appear to have no ejecta
at all (Gopalswamy et al., 2009). A possible solution for this is that the flux rope struc-
ture of the ICME exists but cannot be identified from the in siftu measurements, because
the identification of the flux rope signatures becomes more difficult as the spacecraft dis-
tance from the flux rope center axis increases (see e.g., Gopalswamy, 2006; Jian et al., 2006;
Kilpua et al., 2011). It is known that the propagation of CMEs is not always radial, indi-
cating that the CME propagation direction must be affected by surrounding coronal struc-
tures. The assumption here is that the dominant CME deflection occurs near the Sun, and
not later during the ICME propagation in interplanetary space. Wang et al. (2004) have
suggested that ICMEs traveling faster than the solar wind speed are deflected to the west
and those traveling slower to the east. We do not consider this possible ICME deflection
because the solar wind is not fully formed in the height range we are interested in. Al-
ready the early white-light observations during the Skylab and Solar Maximum Mission
(SMM) missions revealed that CMEs are deflected towards lower latitudes (Hildner, 1977,
MacQueen, Hundhausen, and Conover, 1986). More recently it has been shown that CME—~
CME collision (Gopalswamy et al., 2001) and CME interaction with coronal holes (CHs)
(Gopalswamy et al., 2004, 2005) can significantly change the trajectory of the CME. Fur-
thermore, Gopalswamy et al. (2009) suggested that CME—CH interaction could explain
why no ejecta is observed at 1 AU behind traveling interplanetary shocks that were asso-
ciated with CMEs launched near the solar disk center, and hence expected to hit Earth. They
proposed that combined effects of nearby coronal holes deflect the CME away from the
Sun—Earth line, causing the driver behind the shock to miss Earth and the observing space-
craft, resulting in apparently driverless shocks at 1 AU (see also e.g., Gopalswamy, 2006;
Jian et al., 2006; Riley et al., 2006). The CH influence on CMEs was modeled using an
ad hoc force depending on the area, average magnetic field strength, and distance of CHs
(Cremades, Bothmer, and Tripathi, 2006). Mohamed et al. (2012) performed a statistical
study that included all disk-center CMEs observed by the Large Angle and Spectrometric
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Coronagraph (LASCO) (Brueckner et al., 1995) on the Solar and Heliospheric Observatory
(SOHO) during Solar Cycle 23. They found some evidence supporting the CH influence on
the CME propagation. In both studies the measurement position angle (MPA), i.e. the direc-
tion of fastest CME propagation in the sky plane, was used as a proxy of the propagation
direction of the CMEs and compared with the position angle (FPA) of the calculated direc-
tion of the total CH influence F (see Equation (1) in Section 2.2).

It this report we study a set of CME-ICME pairs that were especially selected for the two
Living With the Star (LWS) Coordinated Data Analysis Workshops (CDAWSs) addressing the
question if all CMEs are flux ropes or not. The workshops were held in San Diego, USA, in
2010 and in Alcald de Henares, Spain, in 2011. We investigate in detail if the geometrical
explanation for driverless shocks by Gopalswamy et al. (2009) could also explain why all
the selected CDAW ICMEs do not have a flux rope structure at 1 AU even though they
originate near the disk center. The idea is that the flux rope structure is not observed because
the CME is deflected away from the Sun—Earth line so that the spacecraft at 1 AU crosses the
flank of the corresponding ICME (see Gopalswamy, 2006). We compare the CH influence
parameter obtained by Gopalswamy et al. (2009) and Mohamed et al. (2012) with the flux
rope fitting results by Xie, Gopalswamy, and St. Cyr (2013). Xie, Gopalswamy, and St. Cyr
(2013) found that on average the MC associated CMEs are deflected towards and the non-
MC associated CMEs away from the Sun—Earth line.

We expect that the CME direction obtained from the flux rope fitting to give a better
understanding of the CME propagation direction than the MPA used in the previous studies.
The flux rope fitting uses a three-dimensional model for CMEs and, therefore, results should
provide a more realistic estimate of the CME trajectory. Because the MPA is the sky-plane
direction of the CME, it cannot describe the three-dimensional deflection of CMEs accu-
rately, and that can in some cases create problems when the MPA values are compared with
the predictions of the CH influence model. For example if a southern polar CH pushes the
CME from the southern hemisphere source towards north, but the CME propagation direc-
tion still remains in southern hemisphere, the observed MPA value of the CME will be close
to 180°, erroneously indicating a southward deflection of the CME.

2. Data Analysis
2.1. Coronal Mass Ejections

The final data set used in this study consists of 54 CME-ICME pairs of which 23 were
labeled as MCs based on the list by R. Lepping (http://wind.gsfc.nasa.gov/mfi/mag_cloud_
pub1.html). The rest of the events were identified as non-MC events (ejecta). The events
were originally selected from a list of CME-driven shocks by Gopalswamy et al. (2010b).
Selected events were limited to the CMEs that had their solar source location in the longitude
range 15E—15W without any limits in the source latitude. The estimated deflection of the
CME is based on the analysis by Xie, Gopalswamy, and St. Cyr (2013). They obtained the
CME propagation directions by fitting a flux rope model (Krall and St. Cyr, 2006) to the
white-light images taken by the LASCO experiment on the SOHO.

2.2. Coronal Holes

Coronal holes obtained their name because in the EUV and X-ray images of the solar corona
they appear as areas darker than the surrounding corona. However, in images taken at other
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wavelengths, e.g. in images taken using the He 1 10830 A line or microwaves (Zirker, 1977,
Gopalswamy et al., 1999), CHs are brighter than the surrounding solar disk. In the pho-
tospheric magnetograms these dark CHs are observed to correspond regions of unipolar
magnetic field. It is believed that CHs are filled with open magnetic field lines that extend
out into interplanetary space.

In the identification of CH regions and their boundaries we used both EUV images by
the Extreme Ultraviolet Imaging Telescope (EIT) (Delaboudiniere et al., 1995) and pho-
tospheric magnetograms by the Michelson Doppler Imager (MDI) (Scherrer et al., 1995),
both instruments on the SOHO spacecraft. First we searched for dark regions in the full-
disk EUV 284 A images and selected for further analysis areas where the EUV intensity
was below half of the median EUV intensity of the full solar disk. Filament channels and
other interfering dark areas were excluded. Then we looked at the corresponding region in
the photospheric magnetogram and defined the CH boundaries to be the boundaries of the
major polarity region within the selected region. Further details of the CH identification can
be found in Gopalswamy ef al. (2009) and Mohamed et al. (2012).

In the analysis the influence of the CH is described as a force (f) deflecting the CME
away from the CH (see Equation (1)). The direction of this force is assumed to be from
the centroid of the CH towards the source region of the CME. The magnitude of the force
equals the average magnetic field strength ((B)) within the CH multiplied by the area (A)
of the CH and divided by the square of the distance (d) between the CH centroid and the
CME source region. Both the average magnetic field (B) and area A of the CH are the line-
of-sight corrected values (see Gopalswamy et al., 2009; Mohamed et al., 2012). The total
force (F) of all CHs on the visible disk is calculated as a vector sum of all CH forces and
the magnitude of F is called coronal hole influence parameter (CHIP).

B)A
F:Zf:%é, 1)

CHs

where € is a unit vector pointing from the CH centroid to the CME source region. The
corresponding position angle of the F direction is called FPA. The unit of the force is Gauss.
One should note that this model includes only the possible CH influence. If there are any
other mechanisms that deflect CMEs, the model cannot describe their effects or separate the
possible CH contribution to the total CME deflection.

2.3. Data Table

We have collected all data used in our analysis into Table 1. The first column of Table 1 lists
the CDAW event number, the seven next columns give the information regarding the CME
(column 2: date in yyyy/mm/dd format; column 3: time as hh:mm in UT; column 4: source
location in heliographic coordinates; column 5: angular distance of the source from the disk
center in degrees; column 6: type of the associated ICME; column 7: sky-plane speed in
kms~'; column 8: MPA in degrees). Next two columns list the FPA (column 9) and CHIP
(column 10) calculated using our CH influence model. Last two columns are results from
the flux rope fitting to the LASCO white-light images of the CME (column 11: propagation
direction in heliographic coordinates; column 12: angular distance of the propagation direc-
tion from the disk center in degrees). We recalculated the CHIP for the 7 July 2000 (N17)
CME because we changed the location of the source region to NO4E0OO. The new CHIP value
is 0.3 G. We corrected the errors in the calculation of the CHIP values given in Mohamed
et al. (2012) for four events: NO§ (CHIP = 1.1 G), N24 (CHIP = 6.0 G), N28 (CHIP =
12.0 G), and N32 (CHIP = 5.7 G).

@ Springer



Coronal Holes and ICME Structure

0L LOMSON p09 pece € SIcI OIN 8'6 LOMYIN 81:60 91/60/000C ¥
L'T1 SOHLIN 01 6S1 Cl L ON 181 CIH0TN 0€91 60/80/000¢ €C
9°0¢ YOdSIS 8 16T 891 8¢S ON 08 80MI0N 0€:€0 §¢/L0/000C 1C
S8l YOdCIS ¥l 89¢ 991 1€9 4 881 SOMETS 0€:50 €¢/L0/000C 0¢
sol PIMSIN ¥°S 10T €LT ¥L91 OIN 061 LOMTIN 701 ¥1/L0/000T 61
! 90M8IN L1 6LT 6¢€ €8Y G| S8 CIMS8IN 05-€C 80/L0/000¢ 81
[ SOMLIS pe0 pol €61 (3974 4 ¥°0 00d¥0N 9z:01 L0/L0/000C L1
9 OMTIS €0 9¢¢ P81 8CL DN 1€ LOH6CS 0¢:1¢ L1/20/000¢ 91
¥'6¢ 6CHOIS ST 6¢ St 6€L 4 8°LI 11d61S PSiLY 81/10/000¢ Sl
€8¢ STH0ES 86 8¢ 781 24! 4 €8¢ STH0ES 90:00 81/01/6661 14!
S'LT S0MOTS 0°LE 81 4! 709 4 S'LT SOMOTS 90:90 02/60/6661 €l
LT STMSIN 80 (433 gee SL6 4 L6t EIM6IN Ie€l ¥2/90/6661 01
'L 90MT0S 6'1 10¢ Y61 16T O 8'1C 0049IN 0€:€0 €1/70/6661 60
9°Cl SOMSIN pl'l p0cTE 8¢¢ Y43 4 9Cl1 SOMSIN 81:81 60/11/8661 80
0°1¢ TOMSIN 10 (43 6v¢ €Cs 4 0°¢l TOMLIN ¥S:L0 ¥0/11/8661 LO
0°¢l SOM8BON 0 86¢ [£%3 8¢€6 it ¢81 SIMSIS 90-¥1 0/S0/8661 S0
€81 YIHIIS 0 681 9Cl1 G8¢ i 81 SOMSBIS 0¥+€¢ 10/50/8661 Y0
Tee 0EMSIN ¢0 SIe 96¢ L6t G| 097 S0TMSYN LT01 90/C1/L661 €0
vy COMION 0 (433 9¢ Y9t OIN [4Y4 SOMITN 0€:60 CT1/S0/L661 0
(41 TOMBIS 80 Y4 081 9¢1 OIN (S 90d81S 01:S1 90/10/L661 10
[Sp] [D] [Sp] [Sop] -su [Sap] (1Nl
Mg uondAl(q a1 vdd VdIN paadsg adA, 90Inosy 0I1n0§ iy, Aeq
qSumL] 2doy xnjq edIHO HND N

‘s1ajowrered adox xnyy 1y-1s9q pue eduINPuUI {)) IIAY) PUB SJUIA MVAD Y} JO ISIT | I[qEL

pringer

Ns



P. Mikeld et al.

64

914 0CHIIS 'l 091 Sl Sotc O [x«4e 80d91S 0¢-T1 8¢/01/€00¢ St
€11 OTdZIN €1 €6 Y4 8LE OIN L91 0d01S 90-0¢ ¥1/80/€00C 144
[yl 0TMTOS vy €0C 191 e OIN ¥'81 0IMOIS LO-TI 62/L0/200T 34
98¢ STHOCIN vy 943 Sy 00€T | 9¥1 TOM6IN 0¢:1¢ S1/L0/200C w
T8¢ 0CHZEN 9Y S91 93 9011 4 Y'LT STHTIN LTEl LT/S0/200C 5%
0ce 0TH8TS 290 0s 94! 19% 4 €T y1d0CS LT10 L1/50/200¢ 0oy
01¢ S0dETS [ 09¢ 8S1 009 OIN TSt STHETS 0S-00 91/50/200C 6¢
9°01 60M60S €T €Ce 6CC 719 4 I'1r LOMTIS 0S¢l 80/50/200¢ 8¢
89 SOMI0S 'l gee 861 0CL OIN S6 T0MSITS 0S:€0 S1/470/200¢ LE
(e TOMSIN 60 0¥c 60¢ LS6 OIN I'e £0M80S 90-€¢ S1/€0/200¢ 9¢
£re 1048¢CS S 9l¢ 781 €L6 4 1'se 80d8¢S 0¢- 11 60/01/100C Se
¢'81 8TMTON [ 0LT [SY4 6LY 4 L'yl VIMIIN 0¢-01 60/80/100C 143
8'%C £0MOTN 0] 9 LE 9001 ON 1'sc SOMOTN 0¢-¢lI 9¢/¥0/100C €e
L'L1 SOMETS pL'S p9ce 991 11¢¢ OIN col 60METS 0€-60 01/70/100C [43
19 10d<IS 9C 9¢¢e 11c 611 H S'Sl YOMITS 128! 60/¥0/100C 1€
9GSl 0TMSON L0 00¢ ¥81 68¢ A 6'Cl 00MO0TS 9250 61/€0/100C 0¢
49! STMSOS 6'1 e £€9¢ (253 4 011 SOMLIS 0S¥1 8¢/20/100¢ 6¢
I'ee 8TMOEN p0CI pOTT (353 68¢1 4 061 SOMOCIN 0€:60 ¥2/11/000C 8¢
¥'S SOHTON 80 8LI1 LS 16¢ OIN 6C TOMTON 9781 £0/11/000¢ LT
961 PIMOCTN 'l sol 81¢ 86L OIN 6vl VIMION 0S:€¢ 60/01/000C 9¢
8'9C 80d61S 001 19 LOT 549 4 I'LT L0d60S 0S-€0 20/01/000C 54

[3op] [D] [Sap] [Sp] —suy [3op] [1n]

g uonoAUIq A vdd VdIN paadsg adA, 20In0Sy 90In0g i, Areq

qSumiq adoy xnjq edIHD HND N
(‘ponunuo)) 1 d1qeL,

pringer

As



65

Coronal Holes and ICME Structure

"Pa12AII0d (Z1(T) ‘v 12 pouwreyolA ul odA],,

"POTR[NO[EIDI ANTEA BIR(
"0 AASTN 99 0) UONEBIO] 92INOS ) pawnsse (¢[0g) 1L 1S pue ‘Awems[edon ‘ary
((€102) 1£D 1S pue ‘Kwremsredon) ‘ory woij wedq

“(T107) ‘Iv 12 paweyo pue (6007) 7 12 Awemsiedon woly e1ed,

L've 10M8TS 70 (4] 191 888 4 0'¥¢ 80MOIIS 0€:91 91/80/900C 6S
'y 1Td6TS ! 001 6v1 9981 4 06l 014d60S 00-0¢ €1/60/500¢ 8¢
0T STMBON 43 161 L8T 68 4 oyl CIMEIN 0¢- 11 1€/80/S00C LS
LT 9THTZIN L1 ¥S1 6¢ €89 4 79 €0H60N 90:L1 L0/L0/S00T 9¢
S11 SOHSON 0c yee ¥S (124 OIN 9Tl 00MSIS 9T:€0 L1/50/500¢ ¥S
Sel 1TdSON L0 w C 6891 OIN ¥'81 TTHZIN CILT €1/50/500C €S
9°¢T 61d1TS 8¢ 81¢C 6¢C1 78S = 6'6 60d11S 9011 €1/20/500C 143
9°6C TOMSTN 90 €l 6S¢ 6¥0C | 0'1¢c YOH9IN 0€:90 S1/10/500C IS
L'L 90MS0S [ (24 10¢ 119 4 09 €0MSON 920t 80/21/¥%00¢ 0S
e 00MLON (¢ ¥6 1T IT11 OIN L SO0460N 90-20 90/11/¥00C 6%
I's SOH90N 91 €61 01¢ 668 OIN 1°01 0Td¥ON 0¢€:80 TT/LOF00T 8%
€T 0IMSTS 8’1 L8 yCc §96 4 0cl 60METS 90-:00 0¢/10/700C Ly
0c SOdSIS 9Y (994 061 620¢ OIN Lel TOMSIS ¥6:0¢ 62/01/€00C 9y
[3op] [D] [Sp] (Sp] —sury [3op] [1n]
g uonoAUIq d vdd VdIN paadg adA, 90In0Sy 90In0g i, Areq
qSumiq doy xnjq edIHD AND N

(ponutuo)) 1 d1qeL,

pringer

Ns



66 P. Mikeli et al.

3. Results
3.1. CME Deflection by Coronal Holes

In order to characterize the CME deflection from the radial propagation we calculated the an-
gular distances from the Sun—Earth line, i.e. from the disk center, for the CME source region
(Bsource) and the flux rope propagation direction (0;). The CME source regions and flux rope
propagation directions were taken from Table 1 by Xie, Gopalswamy, and St. Cyr (2013).
Xie, Gopalswamy, and St. Cyr (2013) used white-light images by the SOHO/LASCO coron-
agraph to forward model the flux rope orientation and propagation near the Sun. In Figure 1
we have plotted the estimated CME deflection Ogx — Osouree vs. the CHIP (Figure 1a) and
the nearest CH distance (Figure 1b). The negative values of O — Osource indicate deflection
towards the Sun—Earth line, i.e. it is more likely that an observer at 1 AU should detect an
MC structure, assuming that all CMEs are flux ropes. The red circles (blues crosses) mark
MC (non-MC) events, respectively.

The CHIP values plotted in Figure 1 are from Tables 2 and 3 in the paper by Mohamed
et al. (2012) that includes data from Gopalswamy et al. (2009). Some data values were re-
calculated as mentioned in Section 2.3. The nearest CH distances are extracted from the data
used in the calculations of CHIP values. In the plots and our discussions we have excluded
the event N13 on 20 September 1999 because it is a very faint halo CME with an excep-
tionally large CHIP value due to a large CH at SW from the source region at S20W05. As
discussed by Mohamed et al. (2012) this large CH should push the CME towards the NE
direction. The measurement position angle (MPA) for this event is 14°, indicating that the
fastest part of the CME travels approximately to the NE direction as expected. However, the
result from the flux rope fitting for this event shows no deflection at all, i.e. the CME should
appear to propagate radially towards south. We think that the faintness of the CME makes
this event very difficult to accurately fit with a flux rope model, therefore we have excluded
it from our analysis.

The general conclusion from Figure 1 is that the majority of MCs (red circles) lie below
the dotted horizontal line marking the zero deflection. This indicates that MCs are favorably
deflected towards the Sun—Earth line as discussed in the paper by Xie, Gopalswamy, and
St. Cyr (2013). Only seven out of 23 (30 %) MC events appear to have been deflected
further away from the Sun—Earth line, and only two out of the seven events (events N21
and N36) are deflected more than 10° away from the Sun—Earth direction. Similarly most
of the non-MC events (blue crosses) lie above the zero level, i.e. they are deflected away
from the disk center. Only eight non-MC events out of 30 (27 %) are deflected towards
the disk center. The non-MC events NO3 and N31 are the two extreme events out of the
eight events with a towards-disk-center deflection. There are two non-MC events with no
deflection.

When considering the CH influence and how well our model of that can explain the
estimated CME deflection we notice in Figure la that the range of CHIP values can be
divided roughly into two regions. Events with CHIP larger than 2.6 G show clear separation
of MC and non-MC deflection. The MC events are deflected towards the Sun—Earth line
and non-MC event away, with two exceptions: the non-MC event N14 with CHIP = 9.8 G
and no observed CME deflection and the MC event N21 with CHIP = 8.2 and deflection
away from the Sun—Earth line. We will discuss these two events below in detail. In the CHIP
value region less than 2.6 G the deflection distributions of the MC and non-MC events are
overlapping. Most of the events are concentrated between — 10° < Ogiy — Osource < 10°. But
still in the region of lower CHIP values the majority of MC events (13 out of 17 or 76 %) are
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Figure 1 Deflection of the CME direction relative to the Sun—Earth line based on the flux rope fitting by
Xie, Gopalswamy, and St. Cyr (2013) as a function of (a) the CHIP (b) the distance of the nearest CH. 6soyrce
and O;; are angular distance of the source location and the CME propagation direction from flux rope fitting
relative to the disk center, respectively. Blue crosses (red circles) mark MC (non-MC) events. Dashed lines in
Figures (a) and (b) mark the CHIP value of 2.6 G and the distance of 3.2 x 10° km, respectively. The event
number is plotted next to few selected data points. These events are discussed in more detail in the text.

deflected towards disk center and that of non-MC events (14 out of 23 or 61 %) are deflected
away from the disk center. The three more extreme cases are MC events NO2 and N16 that
show larger deflection even though both events have the low CHIP value, and the event NO9
with a moderate CHIP value of 1.9 G. We discuss also these events later in this section.

In Figure 1b we have plotted the nearest CH distance vs. the CME deflection. Also the
range of the nearest CH distances can be divided into two regions with differing CME de-
flection distributions. Again the events N21 and N36 form an exception discussed later. If
the distance to the nearest CH is less than 3.2 x 10° km the groups of the MC and non-MC
events are clearly separated. This distance corresponds to approximately a quarter of the so-
lar radius. When the CH distance increases the deflection distributions start to overlap. We
did not find a similar clear division for the area times the average magnetic field strength of
CHs. Clearly the distance of the nearest CH is a significant factor for the CH influence.

Figure 1 also shows that the magnitude of CME deflection for MC events is confined
between —7° < 6 < 7°, only five MC events (event number plotted next to the data point
in Figure 1) show larger values of CME deflection. On the other hand, non-MC events have
CME deflection values that are scattered into a wider range between —6° <6 < 23°. In
the region where CHIP value are larger than 2.6 G the non-MC events have CME deflection
values near and above 10°, which supports the idea that CHs influence the CME propagation.
The CME deflection values for the MC events do not show similar shift at large CHIP values.
On the other hand the number of MC events in this region is low, so this could be by chance.
It is also possible that it is an intrinsic characteristic of the CME population associated with
MC:s to be less deflected than those associated with the non-MCs.

3.2. 18 October 1999 Non-MC Event

The CME (N14) in question is a faint and slow partial halo on 18 October 1999 at 00:06
UT with MPA = 184° at S30E15. Another narrow and slow CME with MPA = 40° occurs
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Figure 2 EUYV images showing the coronal holes for the 6 December 1997 (left), 18 October 1999 (middle),
and 9 April 2001 (right) non-MC events discussed in the text. Blue arrow marks the MPA of the CME, red
arrow the direction of the CH influence and AW is the angle between them. Figures from Mohamed (2011).

at the same time as the partial-halo CME. The conclusion that these events are two separate
CME:s is based on a slight difference in speeds of the emerging loop structures towards the
NE and S directions, but the sequence of events is complex and open to interpretations. This
event is difficult to fit with a flux rope model accurately. The locations of the selected CHs
are shown in Figure 2, middle. Therefore we consider the CME deflection in this event to be
uncertain.

3.3. 6 December 1997 Non-MC Event

The CME (NO03) on 6 December 1997 at 10:27 UT has the largest deflection towards the disk
center of all non-MC events, but the estimated CHIP value is only 0.5 G. On the other hand
the CME source region is farthest away from the Sun—Earth line of all events. The estimation
of the source location for this event is somewhat complicated. The first indication of the
possible CME eruption was an eruptive prominence at high northern latitude (N45W10),
followed by a formation of large arcades about four hours later near active regions 8115
and 8113. We selected the source to be at N45W10, but Xie, Gopalswamy, and St. Cyr
(2013) used in their calculations the later source location at N25W40. In either case the
angular distance of the source for this event is over 40° from the disk center, making it the
most distant event of all the CDAW events. The fitted propagation direction of the CME is
N15W30, which is still about 33° from the disk center. Therefore, even though the CME
was deflected towards the Sun—Earth line, the distance from the Sun—Earth line remained
large. The MPA of the CME is 315°, indicating propagation in the NW quadrant. If the
location used in flux rope fitting is accurate then the event is beyond the longitudinal range
of our study. Because this latter location is so close to the western limb the calculations
are unreliable because they do not include the influence from the possible CHs near the
western limb (see Figure 2, left). The Kitt Peak CH map shows near the west limb a long,
narrow elongation of the northern polar CH reaching almost to the N20 latitude. In the
EUYV images this CH appears to be masked by the bright loops in the forefront. Because of
these ambiguities in the location of the source region and CHs we must consider this event
uncertain.

3.4. 9 April 2001 Non-MC Event

The halo CME (N31) on 9 April 2001 at 15:54 UT is another non-MC event with ~ 10° de-
flection towards the Sun—Earth line. This event is the one which we used as a limit between
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Figure 3 EUYV images showing the coronal holes for the 12 May 1997 (top left), 13 April 1999 (top mid-
dle), 17 February 2000 (top right), 25 July 2000 (bottom left), and 15 March 2002 (bottom left) MC events
discussed in the text. Blue arrow marks the MPA of the CME, red arrow the direction of the CH influence
and AW is the angle between them. Figures from Mohamed (2011).

the two CHIP ranges, so the corresponding CHIP value is 2.6 G. The CME occurred at
S21WO04 and the fitted propagation direction is S12E0Q1. The MPA angle of the CME is
221°, again indicating that the CME propagated towards south. The nearest CH was the
southern polar CH, which should push the CME towards north exactly as the flux rope
fitting indicated (Figure 2, right). The question then is why this event was classified as
a non-MC event even though its propagation direction was less than 10° from the Sun—
Earth line? It is quite possible that the associated ICME was misidentified because the
CME was followed by another faster halo CME (N32) from the same region on 10 April
2001 at 05:30 UT. The speed of the 9 April CME was 1192 kms~! and the 10 April CME
had a speed twice of that of the preceding CME, 2411 kms~!. The corresponding shocks
were detected only two hours apart at 14:12 UT and 16:19 UT, respectively. Therefore, we
think that the corresponding ICMEs were merging and the flux rope structure of the 9 April
CME was destroyed in the process. This means also that our CHIP limit could be lowered
to~2G.

3.5. 12 May 1997 MC Event

The slow halo CME (N02) on 12 May 1997 at 05:30 UT occurred at N21WO08 during the
period of minimum solar activity. We identified only one polar CH far away in the southern
pole as is typical during a solar minimum (Figure 3, top left). Therefore the CHIP value
we obtained is only 0.2 G. We do not expect the southern polar CH have any significant
influence on the CME propagation. The CME propagation direction was NO1WO02, only 4°
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from the disk center. So what explains the relatively large deflection of the CME towards
the disk center? The possible cause is the global solar magnetic field, which during the so-
lar minimum is a well-organized dipole field associated with strong magnetic fields in the
polar CHs that are known to exist in the polar regions during solar minimum. CME deflec-
tion towards lower latitudes during solar minima was first observed by Hildner (1977) and
MacQueen, Hundhausen, and Conover (1986). Probably our CH selection method cannot
identify the near-limb northern polar CH if it has only a small area on the visible side of the
Sun. Therefore the large CME deflection in this case can be attributed to the effects of the
large-scale solar magnetic field configuration due to polar CHs (see also e.g., Gopalswamy
and Thompson, 2000; Filippov, Gopalswamy, and Lozhechkin, 2001; Plunkett ez al., 2001;
Cremades, Bothmer, and Tripathi, 2006; Kilpua ef al., 2009).

3.6. 13 April 1999 MC Event

The partial-halo CME (N09) on 13 April 1999 occurred at 03:30 UT when the solar X-ray
emission was low. The CME was relatively faint with an uncertain width (>261°), and it
was expanding fastest towards south (MPA = 194°). The selected source for this event is
a disappearing filament at N16EOO with the post-flare arcade loops reaching a B3.4 class
in the X-ray intensity. However, another possible source candidate for this event is an EUV
dimming at S13E21. The fitted flux rope direction was SO2W06 matching with the observed
MPA towards south. The three nearest CHs were located in the SE, S, and SW direction from
the selected source (see Figure 3, top middle), and they were of average size. The calculated
CHIP value for this event is 1.9 G with the direction towards NW. The large deflection
obtained by the flux rope fitting suggests that there was a CH near the source as observed,
but the calculated direction of the CHIP deviates significantly from the expected deflection
towards south. A better agreement with observations would be achieved if the source was
located south of the CHs as suggested by the EUV dimming. But if the source was located
at S13E12 then the CME propagation direction from the flux rope fitting (S02W06) would
indicate deflection towards north. Because we identified a total of four low-latitude CHs,
which is an unusually large number, it is possible that our CH selections in this case are not
correct. The inspection of the EUV image shows bands of bright regions at mid-latitudes in
the southern and northern hemisphere and a dark equatorial region in between. A few long
and faint transequatorial loops appear to connect these bright regions in south and north, so
it could be that the magnetic field lines are closed in the equatorial region. Otherwise unless
we have misidentified the associated CME, which seems unlikely, this event is difficult to
explain based on the CH influence model.

3.7. 17 February 2000 MC Event

The halo CME (N16) on 17 February 2000 at 21:30 UT was launched from a location at
S29EQ07. The fitted propagation direction was S12WO02 and the MPA was 184°. The esti-
mated CHIP values was 0.3 G. We identified three relatively small CHs at almost equal
distance (3.1-3.8 x 10° km) at SE, S, and SW directions from the source (Figure 3, top
right). In addition there was a southern polar CH (5.5 x 10° km) and another three CHs
were in NE, N, and NW directions but at large distances (6.3 —-8.8 x 10° km). The calcu-
lated force F was towards N-NE direction, which coincides well with the result from flux
rope fitting. Why then our CHIP value is so low if the CME was deflected by the nearby
CHs? Because CHs are surrounding the CME source region in all directions, the low CHIP
value might be an indication that our simple model overestimates the influence of CHs far
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away from the source region. Considering that the Sun is a sphere it is possible that the
influence of CHs more than a solar radius away is less than predicted by our model.

3.8. 25 July 2000 MC Event

The 25 July 2000 CME (N21) at 03:30 UT occurred at NO6WO08, but the flux rope was ob-
served first above the southern solar limb (MPA = 168°). Also the flux rope fitting shows
deflection towards the S—SE direction, as the fitted propagation direction was S15E04. How-
ever, from Figure 3 (bottom left) we see that the nearest CH on disk was in the SE direction
from the source region. This CH had also a strong average magnetic field ((B) = 11.9 G).
Our calculations show that this CH dominates the total influence of all the on-disk CHs and
therefore the CME should be pushed towards the NW direction. There were large northern
polar CHs relatively nearby ((B) = 2.6—4.8 G) but according to our estimation their effect
did suffice only to turn the total CH influence direction slightly towards west. However, this
CME has an uncertain source region. There was a M8.0 flare eruption at 02:43 UT in the
active region 9097 at NO6WO0S8 and approximately at the same time an eruptive prominence
occurred further south at S14WO04. Interestingly the flux rope fitted propagation direction
of the CME is close to this eruptive prominence location. Therefore, we conclude that the
complex events at the Sun make the identification of the CME source location uncertain,
and according to our CH influence model the eruptive prominence would be a more favored
source of the CME.

3.9. 15 March 2002 MC Event

The 15 March 2002 event (N36) was a halo CME first observed at 23:06 UT expanding
towards the NW direction (MPA = 309°). Its solar source was the M2.2 flare at SO8WO03 at
22:09 UT. Our CH identification found multiple small CHs scattered around the solar disk
(see Figure 3, bottom right). The influence of each CH was calculated to be relatively weak
ranging from 0.2 G to 1.6 G, resulting in a weak total influence (CHIP = 0.9 G) pushing
the CME towards the SW direction. The fitted propagation direction was N15WO01, so the
CME appears to be deflected towards north. In this case there is no ambiguity in the source
location. In addition, the solar south pole is inclined towards Earth in mid March, so the
CME source is very close to the disk center. Therefore, we cannot expect the deflection away
from the Sun—Earth line will necessarily mean that an observer at 1 AU cannot detect the flux
rope structure of the CME. The question remains what caused this deflection. There could be
some uncertainty in the identification of the CHs, because there is a nearby filament channel
north of the source region extending from the central meridian towards the E-NE direction.
This filament channel might interfere with the identification of the two CHs near the CME
source region. In any case, it appears that there is no clear CH close enough in the S—SE
direction from the source region, which could push the CME towards the N-NW direction.
However, this event occurred during the solar maximum, when the solar magnetic field is
very complex, so distorted local magnetic structures could result in the CME deflection.

3.10. FPA versus the CME Propagation Direction
In Figure 4 we have plotted the FPA angles together with arrows that start from the source
region and end at the estimated CME propagation direction from the flux rope fitting by Xie,

Gopalswamy, and St. Cyr (2013). As can be seen the alignment of the green arrows (FPA)
with the red (MCs) and blue (non-MCs) is not particularly good. The CH influence model
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Figure 4 FPA from the CH deflection model (Table 1, column 9) compared with the shift of the CME
propagation direction by Xie, Gopalswamy, and St. Cyr (2013) relative to the source location. The red (a)
and blue (b) arrows correspond to MC and non-MC events. The red and blue arrows start at the CME source
location (Table 1, column 4) and end at the CME propagation direction (Table 1, column 11). The green
arrows show the direction of the CHIP.

clearly provides less accurate estimates for the FPA than for the CHIP. We believe that the
moderate correspondence of the FPA with the shift of the CME propagation direction rela-
tive to the source location is partly due to simplified description of the CH as a single point
(the centroid of the CH area) in the model. Especially when the CH has very elongated
shape, the CH section nearest to the source most likely contributes more in the CME deflec-
tion than the rest of the CHs. Figure 1b showed that the distance of the CH is significant
parameter for the CME deflection. In addition the identification of CH areas has uncertain-
ties. As discussed by Gopalswamy et al. (2009) the selection method of the CH area may
not fully select open field regions due to the foreground coronal emission. Other features on
the Sun can interfere with the CH identification as might be the case in the 13 April 1999
event we discussed in Section 3.6, where long faint transequatorial loops possibly interfered
with the CH identification resulting in unusually large number of CHs.

In our study we have not considered the possible uncertainties in the fitting of the flux
rope model. When the CME appears very faint in the coronagraphic images or when parts
of the successively launched CMEs overlap each other, the identification of features of the
CME becomes difficult. This results in not easily quantifiable uncertainties in the fitting of
the flux rope model and in the estimation of the CME propagation direction.

4. Summary and Conclusions

Our report is one of the contributions originating from collaborations during the LWS
CDAW meetings focusing on the question if all CMEs are flux ropes. In a recent study
Gopalswamy et al. (2009) analyzed ICMEs that originated from disk-center sources and
therefore were expected to be directed towards Earth, but which did not have an observed
ejecta at 1 AU. As an explanation they suggested that nearby CHs pushed the CMEs near the
Sun away from the Sun—Earth line far enough that the driving ejecta of the corresponding
ICME became unobservable at 1 AU. Gopalswamy et al. (2009) described the CH influence
on CME:s by using a simple parameter called CHIP (see Equation (1)) depending on the area,
average magnetic field and distance from the source of the CH (see also Cremades, Bothmer,
and Tripathi, 2006). Mohamed et al. (2012) performed an expanded statistical study of the
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CH influence on CMEs during the whole Cycle 23. They found some evidence supporting
the CH influence. In our study we have utilized results from the flux rope fitting reported
by Xie, Gopalswamy, and St. Cyr (2013), who found that on average CMEs associated with
MC:s are deflected closer to the disk center and those associated with non-MCs away from
the disk center.

When we compared the CME deflection (Xie, Gopalswamy, and St. Cyr, 2013) to the
CH influence parameter CHIP (Gopalswamy et al., 2009; Mohamed et al., 2012) we found
support to the CH influence as described by CHIP on the CME propagation. We found that
for the CHIP values larger than 2.6 G the CME deflection distributions are divided into
two separate groups where the MCs are deflected towards and non-MCs away from the
Sun—Earth line. At CHIP values lower than 2.6 G the deflection distributions of MC and
non-MC events overlap but still the average deflection direction for MC is towards and non-
MCs away from the Sun—Earth line. We also found that the deflection as a function of the
distance of the nearest CH is divided into two distance regions. If the nearest CH is closer
than 3.2 x 10° km from the CME source region, the deflection distributions of the MCs and
non-MCs again are separated into two groups: MCs are deflected towards the Sun—Earth line
and non-MCs correspondingly away. When the distance to the nearest CHs increases the CH
influence on CMEs decreases and the deflection distributions start to overlap. This indicates
that the distance to the nearest CH is an important parameter for the CME deflection. We
also found the scatter of the CME deflection values to be larger for a non-MC event than for
the MC events.

There were few events that had exceptionally large values of the CME deflection, which
we discussed in more detail. Most of the events revealed unavoidable uncertainties in iden-
tifying CME solar sources and CHs using the methods applied here, and which resulted in
uncertain predictions of the CH influence. In addition to the problems in the identification
of the features on the Sun, the model used to calculate the CHIP reduces the CH to a sin-
gle point (the centroid of the CH). This assumption is incorrect especially if the CH has a
very elongated shape, because then the nearest section of the CH to the CME source is the
most likely area pushing the CME. During the solar minimum the global dipole magnetic
field due to strong magnetic fields in the polar CHs deflects CMEs towards the lower lati-
tudes (see e.g., Hildner, 1977; MacQueen, Hundhausen, and Conover, 1986; Gopalswamy
and Thompson, 2000; Filippov, Gopalswamy, and Lozhechkin, 2001; Plunkett ez al., 2001;
Cremades, Bothmer, and Tripathi, 2006; Kilpua et al., 2009). During solar maximum the
solar magnetic field configuration can be very complex, so that local magnetic structures
near the CME source may direct the CME to propagate non-radially. We cannot separate or
exclude these other effects in our calculations.

As a final point we like to mention that the CHIP estimates might improve if one modifies
Equation (1) so that the CH force is proportional to the square of the average magnetic
field strength of the CH as suggested by Gopalswamy et al. (2010a). They proposed this
modification because B? represents magnetic pressure and therefore could be a better CH
parameter in the calculations of the CH influence.

In summary, we found evidence by using a simple CH influence model that CHs probably
deflect CMEs and that the deflection pattern of the MC and non-MC associated CMEs near
the Sun as reported by Xie, Gopalswamy, and St. Cyr (2013) is at least partly explained by
the CH influence.
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