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Abstract. We present general considerations regarding thel Motivation

derivation of the radial distances of coronal mass ejections

(CMEs) from elongation angle measurements such as those/ith the launches of the tw&olar Terrestrial Relations
provided by SECCHI and SMEI, focusing on measurementsObservatory(STEREQ) spacecraft and tl@oriolis space-

in the Heliospheric Imager 2 (HI-2) field of view (i.e. past craft in 2006 and 2003, respectively, coronal mass ejec-
0.3 AU). This study is based on a three-dimensional (3-D)tions (CMESs) can be, for the first-time, imaged continuously
magneto-hydrodynamics (MHD) simulation of two CMEs from the solar surface to 1 AU with coronagraphic and he-
observed by SECCHI on 24—-27 January 2007. Having a 3-Oiospheric imagers. The CME on 25 January 2007 was the
simulation with synthetic HI images, we are able to com- fastest eruption imaged by the STEREO/Sun-Earth Connec-
pare the two basic methods used to derive CME positiondion Coronal and Heliospheric Investigation (SECCHI) suite
from elongation angles, the so-called “Point-P” and “Fixed- to date Howard et al.2008. Although there was a 20-h data
¢” approximations. We confirm, following similar works, gap in SECCHI coverage at the time of the ejection, these ob-
that both methods, while valid in the most inner heliosphere servations provide one of the best available tests for methods
yield increasingly large errors in HI-2 field of view for fast aimed at deriving CME dynamics from SECCHI observa-
and wide CMEs. Using a simple model of a CME as an ex-tions for two main reasons.

panding self-similar sphere, we derive an analytical relation-  First, in contrast to slow ejections which arrive at Earth
ship between elongation angles and radial distances for widgjith speeds comparable to that of the ambient solar wind, a
CMEs. This relationship is simply the harmonic mean of the CME with initial speed greater than 1300 kmisshould re-
“Point-P” and “Fixede¢” approximations and it is aimed at main faster than the ambient solar wind in the entire HI-2
complementing 3-D fitting of CMEs by cone models or flux field of view (FOV). Because most of the models of CME
rope shapes. It proves better at getting the kinematics of thgleceleration invoke a “drag” term proportional to the differ-
simulated CME right when we compare the results of ourence between the ejection and the ambient solar wind speeds
line-of-sights to the MHD simulation. Based on this approx- (Cargill, 2004 Tappin 2006, the acceleration profile cannot
imation, we re-analyze the J-maps (time-elongation maps) irbe well constrained by the analysis of slow CMEs.

26-27 January 2007 and present the first observational evi- A second reason is the presence of a preceding ejection
dence that the merging of CMEs is associated with a momenfrom the same active region. This ejection was launched
tum exchange from the faster ejection to the slower one du@g 5 h earlier and had a speed of about 600 ki #ccord-

to the propagation of the shock wave associated with the fashg to previous analysed ggaz et al, 2009 Webb et al,
eruption through the slow eruption. 2009 Harrison et al. 2009, the two eruptions interacted

in the heliosphere somewhere betweef @dd 30 elonga-

éign from the Sun. It is expected that fast shock waves can
propagate inside preceding ejectioi®limidt and Cargill
2004 Lugaz et al.2005 and merge with the preceding shock
waves. However, the variation of the shock speed inside the
preceding magnetic cloud(s) is not known precisely. Numer-
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and alfénic speed inside the magnetic cloud. Therefore, aENLIL model of Odstrcil et al (2005 and the HAFv.2 model
constant or near constant speed cannot be assumed for the @6Hakamada and Akasofd982 andFry et al.(2001) have
January 2007 CME; in fact, most methods testedMgbb  also been performed and publishedWebb et al.(2009.

et al. (2009 to explain the measurements, including cone Based on the numerical analyses, the fronts observed by HI-
models and numerical simulations, fared quite poorly past2 and SMEI have been associated with the two CMEs, val-
25-30 (see their Fig. 7) for at least one of the two observedidating the numerical models on one hand and helping the
fronts, although the cone model proved quite accurate in fit-analysis of the complex observations on the other hand. The
ting the faster front. The authors noted that “conversion tech-goal of the current study is to test the existing methods to
nigues from distance to elongation may require more work.”derive CME radial distances from elongation angles with the
It is the goal of this article to continue this process in an at-help of a 3-D simulation.

tempt to analyze HI observations better.

3 Determining CME positions from elongation angles:
2 SECCHI observations of the 24-25 January CMEs testing the existing methods
and numerical simulation
So far, CME positions have been determined from STEREO

The two successive CMEs of 24-25 January 2007 were inigbservations via 3-D forward fitting of a cone-model or a
tially reported byHarrison et al(2008. At the time, the two  flux-rope-shaped density enhancem@uursier et al.2009
STEREO spacecraft were still in close proximity with Earth Thernisien et a).2009, via 3-D reconstruction in COR-
(within 0.5°) and STEREO-A was rolled by about2om 2 FQV (i.e. within 20R)) (Mierla et al, 2008 de Koning
solar north. Beyond COR-2 FOV, only STEREO-A/SECCHI et al, 2009, by mass conservation principledglaninno and
observed these eruptions originating from an active regionvourlidas 2009, or by applying one of two simple approxi-
behind the eastern limb. The two eruptions were firstimagednations giving an analytical relation between elongation an-
by COR-1 at 14:03UT on 24 January 2007 and 06:43 UTgles and CME positiondNood et al, 2009 Rouillard et al,
on 25 January 2007. Based on their appearance in coron®009 Davis et al, 2009. These analytical relations provide
graphic images, we determined liugaz et al.(2009 that  a quick and easy way to estimate CME dynamics in the he-
they were associated with active region 10940 which wasiosphere. 3-D reconstruction and forward modeling are ex-
about 20 behind the eastern limb at the time of the first erup- pected to be more accurate than these simple relations, espe-
tion. Due to positions of th&olar and Heliospheric Obser-  cially in the COR FOV where they have been mostly used so
vatory(SOHO) and STEREO spacecraft in January 2007, ntfar, but they also have some limitations. For example, the 3-D
triangulation of the source region of the eruptions is possibleyeconstruction methods require multiple viewpoints, which
as was done for later CMEs bjoward and Tappi2008 for ~ might become less and less frequent as the STEREO space-
example. craft separate; when there are multiple observations, they as-

Based on the time-height profiles of the CMEs in the sume that both SECCHI instruments observe the same struc-
SOHO/LASCO FOV, and using the same position angleture, which is not true in the HI FOV. Additionally, forward
(PA 90) for both CMEs, the speed in the corona of the firstmodeling attempts to fit geometrical and kinematic informa-
CME was 600kms? and it was 1350 km's for the sec-  tion at the same time. To simplify the fit, a kinematic model
ond one. The data gap in SECCHI coverage started afte(often constant acceleration or constant speed) is usually as-
04:53UT and 09:53 UT on 25 January 2007 for STEREO-Asumed. As noted above, these assumptions cannot be used
and B, respectively and lasted until the start of 26 Januaryfor complex events, such as those involving CME-CME in-
2007. Assuming no deceleration, the two ejections shoulderactions.
have interacted during this time. After the SECCHI data gap,
two or three bright fronts associated with the eruptions were3.1  The “Point-P” and “Fixed- ¢” approximations
tracked in HI-2 Harrison et al. 2008 Lugaz et al. 2008
2009 Webb et al.2009, the first front up to elongation an- The intensity of the Thomson scattering depends on the an-
gles of about 55with HI-2 and up to much larger elongation gle between the scattering electron, the Sun and the observer
angles {90°) with SMEI (Webb et al. 2009. SMEI ob- (Minnaert 1930. The loci of the ensemble of points where
servations could not help during the SECCHI downtime, be-the intensity of Thomson scattered light is maximum is re-
cause the CMEs were inside the SMEI exclusion zone circleferred to as the “Thomson surfaceVdurlidas and Howard
of 20° around the Sun. 2006. In 3-D space, this surface lies on the surface of a

We performed a numerical simulation of these ejectionssphere with the Sun-observer line as the diameter, and so we
with the Space Weather Modeling Framework (SWMF) refer to this as the Thomson sphere from now on. A simple
(Téth et al, 2005 using the solar wind model o€ohen  plane-of-the-sky approximation cannot be used with accu-
et al.(2007). The simulation set-up and detailed results haveracy in the HI FOV (e.g., se¥ourlidas and Howard?2006.
been published ihugaz et al(2009. Simulations with the  Therefore, to know which part of a CME is imaged, one
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Fig. 1. Left: Geometry of the observations and the methods described in the article. The figure corresponds to the 24—-25 January CMEs in
the late phase of their merging. This illustrates the different CME positions obtained from one measurement of the elongatioa. angle at
The black and yellow circles illustrate the model of CMEs used to derive the relation described in the article and the Point-P approximation,
respectively; the white circle is the Thomson sphere; the green dot and black disk are STEREO-A and the Sun, respectively (not to scale).
The angley is set at 90 to determine the CME distances but it is shown here as determined from the position of the active region at the
start of the eruptions. Right: The model (expanding propagating sphere) proposed to derive CME positions from SECCHI measurements
is illustrated for a different simulation (24 August 2002) with different models of the solar wind and CME initiation. The yellow sphere is
centered at the Sun, the white translucent sphere is the model of the CME front and the actual simulated CME is shown as an isosurface of
scaled density 20 ci® AU 2 color-coded with the speed.

needs to consider the complex interaction of the CME 3-Dwheredstereo (~0.97 AU) is the heliocentric distance of
density structure with the Thomson sphere (e.g.,lsemz  STEREO-A for this event. The CME front obtained from
et al, 2008. An additional problem is that the speed and ac- this approximation is shown with the yellow circle in the
celeration should be calculated for the same plasma elememeéft panel of Fig. 1. Obviously, this approximation is poor
(i.e. usually for a single radial trajectory). Even if the CME for narrow CMEs such as the one studied Wpod et al.
positions can be determined accurately from HI observations(2009 and for dense streams and corotating interacting re-
further assumptions regarding the CME geometry must begions (CIRs) which are structures of narrow azimuthal ex-
made to derive kinematic information, since what is observedent at 1 AU (the typical width is less than 2@s inferred
over time is not necessarily the same part of the CME, adrom Jian et al.(2006 for example). Even for wide CMEs,
shown inLugaz et al (2009 andWebb et al(2009. There  the CME fronts are not spherically symmetric, in part due
are two main simple approximations which have been usedo their interaction with the structured coronal magnetic field
to replace the plane-of-sky approximation for heliosphericand solar wind. This has been shown by multiple-spacecraft
measurements: they are referred as “Point-P” and “FiXed- observations (e.gMostl et al, 2009 and from simulations
(Kahler and Webp2007 Howard et al. 2007 Wood et al, (Riley et al, 2003 Manchester et 312004 Odstrcil et al,
2009; the geometry of the observations and the reconstruc2005. Last but not least, the reconstructed CME position is
tion is illustrated in the left panel of Fig. 1 for a plot of the independent of the propagation angi#&bb et al(2009 re-
simulations of the 24-25 January 2007 CMEs. marked that the PP approximation is not adequate far from
The “Point-P” (PP) approximation is the simplest possi- the Sun, e.g., in HI-2 and SMEl/camera 2 FOVs.
ble way to relate elongation angles to CME radial distances The “Fixed¢” (F¢) approximation, in turn, takes the op-
while taking into account the Thomson sphere geometry. As{osite philosophy and considers that a single particle, prop-
suming a spherical front centered at the Sun, the elongatiogating on a fixed-radial trajectory, is responsible for the

anglee and the position of the CMIRpp are related by: Thomson scattered light. The elongation angle measurement
must simply be “de-projected” from the Thomson sphere

Rpp=dsTEREGSINE onto this radial trajectory, resulting in the relation
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T T T T 2009 Rouillard et al, 2009. However, since it assumes that
what is tracked is a single point, the method is expected to

== Point-P

— Fixed-¢ o work poorly for wide CMEs. The equation can be fitted for

Harmonic Mean

¢ (assuming no or constant acceleration), giving the origin

;V?'”' ] of the transientRouillard et al, 2009 and/or the speed. The
~ main limitation of this method is that it completely ignores
fc’: the CME geometry. It also does not take into account the
S'°r ] angle dependency of the Thomson scattering.
L
(=
3.2 Comparison with 3-D simulated data
50~ -

We test the two methods with our synthetic line-of-sight pro-
cedure and compare the resulting positions to the 3-D simu-

Al
° Tir’:\e (hr)n ° lation for the second CME (25 January CME) at PA 90. This
wf = I T ™3 Work_ is the co_ntmuayon of Sect. 4_1.3 frobugaz et_al(2009
—  Fixed-0— 90° ] and its associated Fig. 6. We derive the elongation angles and
Harmonic Mean - 90° ] radial distances of the CME front as follows: for the line-of-
Point P - Thomson Sphere E sight images, we use elongation angles measured at the point

of maximum brightness at PA 90. For the numerical simula-
tion, we use the position of maximum density along different
radial trajectories (at longitudes 9®B0° and 70 east of the
Sun-Earth line) and on the Thomson sphere, all of these in
] the ecliptic plane (PA 90). Results are shown in the top panel
E of Fig. 2.

] Below approximately 100 R, the two methods give sim-
ilar results differing by less than 10%. ThepFmethod

mo o po - - - gives slightly better results when compared to the nose of
Time (hr) the CME; the PP approximation works best if one assumes
1200 T T T T it tracks the intersection of the CME front with the Thom-
[ ] son sphere (see middle panel of Fig. 2). Above 180R
ook ] the two methods give increasingly different results. Com-
— | l pared to the simulation results along all three radial trajec-
‘o | tories presented here, the PP approximation results in a too
€ sool- ] large deceleration of the CME, whereas thgeresults in an
E ' apparent acceleration. This acceleration appears unphysical,
3 [ l since CMEs faster than the ambient solar wind are expected
Q soof- : ] to monotonously decelerate due to a “drag” force. Simi-
(22 N E&g‘éz l lar results have been reported, most recentlyAlmod et al.
I Harmonic Mean y (2009. The middle panel of Fig. 2 shows the errors between
ol oo ] the position of the CME front at the limb and the position

y = P ’ from each of the two methods, as well as the error between
Time (hr) the PP position and the intersection of the CME front and
the Thomson sphere. Although the errors are fairly low, they

Fig. 2. Position (top), error (center) and speed (bottom) of the sec-C@n result in large errors in the velocity and acceleration of

ond CME front at PA 90 from the simulation and as derived from the CME (see bottom panel of Fig. 2). These methods can

the synthetic SECCHI images with the different methods. provide an average speed of the CME front within the first

100 R,, but they cannot be relied upon to study complex

sine physical mechanisms such as CME-CME interaction.

Rrp = dSTEREOSin(E—_'_d)),

whereg¢ is the angle between the Sun-observer line and thet Improved method to determine CME position

trajectory of the particle. The position obtained from this ap-

proximation is noted aRr, in the left panel of Fig. 1. Obvi- Based on the relatively poor results for the PP apdiieth-

ously, this approximation is well adapted for CIRRoil- ods, we propose another analytical method based on simple

lard et al, 2008 and small “blobs” Eheeley et al.2008 geometric considerations and a simple model of CMEs. We

Ann. Geophys., 27, 3473488 2009 www.ann-geophys.net/27/3479/2009/
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construct this model on a few principles: first, it should take This correction is required because all parts of a CME cannot
into account the geometry associated with the Thomson scate assumed to move radially outward with the same speed.
tering as well as the CME propagation and second, it shouldrhus, this hypothesis is most likely true for the nose of the
have the lowest number of free parameters possible. To conEME, which is where the speed must be calculated. We plot
struct such a model, we start from the knowledge that CMEghe position, error and speed derived from this approxima-
are known to evolve self-similarly in the heliosphere (e.g., tion (referred as the harmonic mean (HM) approximation) in
seeKrall et al,, 2006. The simplest approximation is to as- the three panels of Fig. 2. As can be seen, this simple model
sume that the CME peak density maps out as a sphere comives better results than the PP angl &proximations, es-
nected to the center of the Sun; the center of the sphere propaecially for the speed of the CME at large elongation angles.
gates in a fixed, radial trajectory (see right panel of Fig. 1). In
contrast to the PP approximation, the sphere is not centered
on the Sun. Consequently, this method takes into accound Revisiting the 26-27 January 2007 observations:
the direction of propagation of the CME. This approxima- CME-CME merging
tion is also the one used W/ebb et al.(2009 to produce
their Fig. 1b. 5.1 Data analysis

If we assume no deflection of the CME in the corona or in
the heliosphere, the angles defining the trajectory of the cenWith this method, we re-analyze the data from the two fronts
ter of the sphere can be derived from the flare informationobserved by HI-2 on 26-27 January 2007. We analyze the
(with an understanding of the limitations in the connection data at PA 69, where the SECCHI's coverage is best for this
between flares and CMES) or from forward modeling of the event. There were only limited observations of the two ejec-
COR observations or mass analysis. For the 25 January 200fons prior to the data gap. For the first ejection, all three
CMEs, we will consider that the center propagates from themethods agree and give an average speed between 550 and
eastern limb at PA 90. There are many ways this sphere “in600kms* at 40 R, which is consistent with LASCO ob-
teracts” with the Thomson sphere to produce the Thomsonservations and also with the speed of 604 krhiported by
scattered signal. We consider two hypotheses: the geometrijarrison et al(200§ for the front at PA 90 (i.e. the nose of
associated with the Thomson scattering is dominant and théhe ejection). For the second eruption, we use LASCO data,
emission originates from the intersection of the sphere withwhich give a speed of approximatively 1200-1300 krhat
the Thomson sphere or it is negligible and the emission orig20 Ry. Next, we analyze the two fronts after the data gap in
inates from the line-of-sight tangent to the sphere (see leftHl-2 FOV. The top panel of Fig. 3 shows the derived position
panel of Fig. 1 for the geometry and the notation used). Theor the two fronts according to the three methods. First, it is
first hypothesis givedi=Rr for the diameter of the circle worth noting that the & and the HM approximations differ
representing the CME front at the PA where the measuremerfy less than 10% up to approximatively 189 R40°), but
is made. This PA can differ from the latitudealong which ~ the HM approximation does not result in a large apparent ac-
the center of the CME propagates. Correcting for this, theceleration at very large elongation angles. Next, we derive
nose of the CME is at a distance B,/ coSPA—1). This  the speed of the two fronts according to these methods. We
gives a new interpretation for the “Fixe;gzi’-approximati(_m7 p|0t a running average over approximatively 5h to reduce
namely that it gives the diameter of the circle representingthe magnitude of the error in the speed. HI-2 resolution is
the CME at each PA, assuming the emission originates fronft arcmin; assuming the elongation angles are measured with

the intersection of this circle with the Thomson sphere. a precision of 5 pixels, the error in position is of the order of

The distance of the point tangent to the CME along the1.5% and the resulting speed has an error of about 15%.
given PA (see the left panel of Fig. 1 for the notation) is: We believe the analysis of the numerical results from

d sine dsine Sect. 3.2 shows that the PP method cannot be used to study

d> = cosa 1 N the speed of limb CMEs past 10QRwhich is the approx-
COS(§(¢ te— i)) imate position of the two fronts after the data gap. Accord-
The diameter of the circle representing the CME at this PA isind to the i and HM methods, the second front, which
simply given by: fades out at about 333Iongat|on, has an average speeq of
&y dsine 680 and 605 km!, respectively, with a general decelerating

dum = =2 trend with an initial speed around 750-850 km saround

©cose  1+sin(e+¢) _ 100R,. The two methods are overall consistent with each
which is the harmonic mean of the PP angl &proxima-  other, and we believe this shows that the transient associated
tions. To obtain the diameter of the sphere, this must alsqyjth the second front had a speed of 750—-850 kiaround
be corrected for the difference between the measured PA anglog R, and decelerated to 500—-600 kit $efore disappear-

the direction of propagation of the CME: ing around 140 R.
1 cogPA—)) 1 1 For the first front, which is tracked until 83the R re-
Rum 2 R_F¢ + Rep) sults in a strong acceleration after4é€longation and the PP

www.ann-geophys.net/27/3479/2009/ Ann. Geophys., 27, 3488-2009
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m’: ' - - ' ' ' ' Table 1. Summary of the speeds measured by SECCHI for the two
—— Point-P f
F . ronts.
2501~ | ——  Fixed-¢
ool Harmonic Mean Front Speed before collision ~ Speed after collision
wn -
S 1 600kms?t 850-900 kms?
S 2 1200-1300kms!  800kms @ 80R,
B I 550kms ! @ 140R,
O 100+
o ]
sof P ]
r respectively; the average speed of thg &d HM meth-
00' L - - . - - ods for observations between°28nd 40 is 880 km s and
A . . .
Time (hr) since first eruption 705kmst. The analysis is more complicated than for the
1800 : w w x T second front, but, we believe that the observations are con-
o0l | T PPint-P a sistent with a transient whose average speed is about 850—
| —— Fixed¢ | 900kms! (the average value of the HM method, and the
~ Harmonic Mean ] average value of thegFwithin 40°).
‘m 1200} 5
\E/ 5 1 5.2 Consequence for the process of CME-CME
5 10 7 interaction
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Fig. 3. Position (top) and speed (middle and bottom) of the two
fronts at PA 69 according to the three methods. The errors are typi
cally 1.5% for the position and 15% for the speed. The averages are
shown with dotted lines and the second front with dashed lines.

20 30 40
Elongation (°)

50

The derived speeds of the fronts are summarized in Table 1.
We believe there are 4 scenarios consistent with the result
that the first front is faster than the second front after the data
gap; we analyze these scenarios with respect to the measured
speeds of the two fronts. A schematic view of the 4 possibil-
ities is shown in Fig. 4. In the first scenario, the 25 January
CME could have “passed” the 24 January CME without ma-
jor interaction. This scenario is possible if the two eruptions
have a large angular separation, and if they do not propagate
along the same direction. Then, part of the fast front could,
in the projected images, “pass” the slow front when in fact
there is no interaction. This scenario is described in greater
details inWebb et al(2009. While it is plausible that only a
small part of the two CMEs interacted and that the major part
of the 25 January CME simply passed next to the 24 January
CME without interaction, we believe this is very unlikely.
First, itis hard to understand how the speed of the 24 January
eruption could be faster after the data gap than before; also,
the 25 January eruption shows a strong deceleration during
the data gap, which tends to suggest some form of interac-
tion. Second, the measured width of the eruptions — greater
than 100 in LASCO FOV as reported ikVebb et al(2009

also makes a missed encounter implausible. Last, this is
not supported by any MHD models, which tend to show that
CMEs act as magnetic barriers. This scenario could how-
ever explain what happened if the two CMEs were associ-

method in an almost constant low speed. Fast CMEs are nadted with different active regions and, consequently, had a
expected to experience large acceleration in the heliospherarge angular separation. This separation could be as large
(e.g. Gopalswamy et gl.2001;, Tappin 200§. The HM as 35 if the first CME was associated with the eastern most
method results in a speed more consistent with this fact thamctive region and the second CME with the western most ac-
the Rp method, although it shows a limited, unphysical ac- tive region present in 24-25 January 2007. Our arguments to
celeration at large elongation angles. The average speed olssociate both ejections with the same active region can be
tained from the three methods is 490, 1340 and 845kKms found inLugaz et al(2009.

Ann. Geophys., 27, 3473488 2009 www.ann-geophys.net/27/3479/2009/
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Before Collision Intermediate Step(s) After Collision
No interaction sheath sho;k
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Mysterious collision Momentum transfer between red and blue lasts ~ 12 hours to 1 day.
S S S S
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Fig. 4. The four scenarios for CME-CME collisions that might explain the fact that the first front after the collision is faster than the second
front. In the sketches, the ellipses, the solid arcs, and the dashed arcs correspond to the ejecta, dense sheaths and to the shock wave
respectively.

In the second and third scenario, the two CMEs collide, In the third scenario, the collision is elastic and there is
the collision is associated with momentum transfer betweera momentum transfer from the second to the first ejection
the ejections (afarrugia and Berdichevsik{2004) consid-  on a time-scale of 12-20h. The momentum transfer has an
ered). The observations appear to be consistent with botlinknown cause and continues until the second eruption be-
eruptions having the same speed after the collision, i.e. @omes slower than the first one. This scenario is not funda-
perfectly inelastic collision. However, it is hard to under- mentally different from the last one, which does not require
stand the evolution of the speed of the two CMEs after theunknown processes and can explain the disappearance of the
collision according to this scenario. If the 25 January CME second front.
pushes the 24 January CME, both fronts should have a sim- _ o
ilar speed at all times after the collision. This scenario ap- N the fourth scenario, the unknown process is, in fact,
pears more plausible if one believes the speeds derived usirfq;e compression and momentum transer associated with the
the PP method. However, using the PP speeds and positiongh0ck wave from the 25 January CME. Before the CMEs col-
the average transit speed of the two fronts during the datdde, the shock wave driven by the 25 January CME propa-
gap should be 500 and 650 kmisrespectively. This sce- 9ates through the 24 January CME (ejecta and sheath), com-
nario would therefore be consistent with a large deceleratiorPT€SSing and accelerating it, before merging with its associ-
of the 25 January (fast) CME and almost no acceleration ofited shock wave. After the data gap, the first front corre-
the 24 January (slow) CME, which, in turn, can only happensponds to the sheath associated with the merged shocks. Due
if the 24 January CME is much more massive than the 250 its interaction with the 24 January CME and sheath, the
January CMEWebb et al.(2009 reported the mass of the shock wave initially associated with the 25 January CME has

24 and 25 January CMEs being34 10*5g and 16x10t6g, ~ decelerated rapidly to a speed50 km s1. There are two
respectively, making this scenario very unlikely. possibilities to explain the second front: it could be the rem-

nant of the sheath associated with the 25 January shock wave
which is “trapped” between the two CMEs and “forced” to
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propagate with a speed comparable to that of the 24 Januatyarmonic mean of these two methods. We have also found a
CME. However, the distance between the two fronts is of thenew interpretation of the position derived from the Fixgd-
order of 20Ry at PA 69. If the 24 January CME is between approximation, namely that it is the diameter of the sphere
the two fronts, this would mean that the magnetic cloud hasepresenting the CME if the emission is assumed to originate
been compressed to less thanrR) which does not seem directly from the Thomson sphere. This might explain why
reasonable. Moreover, the two fronts appear to merge alonghis approximation works fairly well even for wide CMEs.
PA 90, which is inconsistent with this explanation. The We must be aware of the limitations of this method. First,
other possibility is that it is associated with a transient phe-this is most appropriate for wide CMEs such as the ones ob-
nomenon during the shock-CME or shock-sheath interactiorserved in 24-25 January 2007, because the assumed geome-
or three-dimensional effects. For example, the core (or anytry is consistent with a CME whose angular extent i§.90
part of the cloud) of the 24 January CME could be have beerThis approximation, while arbitrary, is required to reduce
compressed and accelerated by the shock wave and it relaxéise number of free parameters of the model to one. It also
to slower speeds. Most likely, part of the sheath associateéppears to be a better approximation for wide CMEs than
with the 24 January CME gets compressed to very high denthe Point-P approximation which is consistent with a CME
sity and relaxes to the average value of the new sheath (simwhose angular extent is 360Secondly, this model assumes
ilar to what has been discussed.ingaz et al.2005. How- that the CME propagates on a fixed radial trajectory, ignoring
ever, each of these sub-scenarios involve the propagation dfeliospheric deflection. This is the same assumption made to
the 25 January shock through the 24 January CME. We notélerive the Fixedp approximation and is also required to re-
that this scenario does not require the presence of a shoattuce the number of free parameters. In future works, we shall
wave driven by the 24 January CME, but simply a sheath ofinvestigate how stereoscopic observations of CMEs by the
dense material (piled-up mass and/or compressed materiativo STEREO spacecraft can help relax these two conditions.
ahead of the CME. The only difference due to the possibleLast, the model of CMEs use to derive this approximation as-
absence of the first shock wave is that there is no instance adumes that the CME front (part piled-up mass, part shocked
shock-shock merging. Therefore, the shock wave ahead afaterial) maps out as a sphere. As noted in the introduc-
the merged CMEs after the interaction is simply the shocktion, CME fronts are known to be distorted and usually flat-
wave originally driven by the 25 January CME now propa- tened from their interaction with the structured solar wind.
gating into an unperturbed solar wind. In Fig. 1, we have shown two simulated instances where this
approximation is more or less appropriate; it is worth noting
that the two simulations use different models of CME initi-
6 Discussions and conclusions ation and solar wind. Assuming a more complex shape (for
example a “pancake”) would require a fitting of the model
In the first part of this study, we have tested the two mostand could not yield a direct analytical relationship such as
common methods used to derive CME radial distances frorthe one derived here.
elongation angle measurements, the Point-P and Fdxed- We have re-analyzed the HI-2 measurements in 26—27 Jan-
methods. Confirming previous work gahler and Webb  uary 2007 associated with two interacting CMEs with the
(2007, Wood et al.(2009 andWebb et al.(2009 we find  three methods. We found that the first bright front after
that, above 35 both methods yield poor results, especially the interaction corresponds to a transient propagating with
for CME speed and acceleration. We propose an alternaa speed of about 850 km¥, while the second front corre-
tive analytical method to derive CME radial distances. We sponds to a transient whose speed decreases from 850tkm s
consider a very simple model, namely that the density peako 550 km s in about 12—18 h before ultimately disappear-
maps out as a sphere whose center propagates radially ouitg. Among the 4 scenarios which could explain that the
ward from the flare location, and that the elongation angleacceleration of the first front relative to the second one, we
corresponds to the angle of the line-of-sight tangent to thisfound that the only scenario consistent with the observations
sphere. We find that the diameter of this sphere is given byrequire that the part of the shock wave driven by the (faster)
the harmonic average of the Point-P and Figegpproxima- 25 January CME propagates first through the (slower) 24 Jan-
tions further corrected by 1/ctRAqpp Where PAppis the  uary CME. The propagation of this fast shock wave inside
position angle with respect to the nose of the CME. For athe CME and dense material of the sheath results in its large
limb ejection, this method gives results similar to the Fixed- deceleration. The most likely explanation for the origin of
¢ approximation up to about 4@nd more realistic results at the second front is that it is part of the dense sheath associ-
larger elongation angles. The Point-P and Figedpprox-  ated with the 24 January ejection, which is compressed and
imations are expected to yield a lower and upper-bound taaccelerated by the shock and decelerates to the speed of the
the actual distance of a CME (e.g., S&ebb et al. 2009. 24 January magnetic cloud.
Any alternative methods to determine radial distances from Our analysis has been limited to one case of a fast, wide
elongation angles shall fall in-between, as is the case herdimb CME. It is for this particular geometry that the Fixed-
However, we find a particular physical interpretation for the approximation is expected to give the largest error at large

Ann. Geophys., 27, 3473488 2009 www.ann-geophys.net/27/3479/2009/



N. Lugaz et al.: Deriving CME radial distances from elongation angles 3487

elongation angles. However, we believe our new averagd-arrugia, C. J. and Berdichevsky, D. B.: Evolutionary signatures
method should provide an improvement over the existing in complex ejecta and their driven shocks, Ann. Geophys., 22,
methods, notably over the Point-P approximation for wide 3679-3698, 2004,

eruptions, and that it should be used complimentary to three- http://www.ann-geophys.net/22/3679/2004/

dimensional fitting methods and numerical simulations. WeF": C-D., Sun, W., Deefr, C. S., Dryer, M., Smith, Z., Akasofu, S.-
plan to test and validate this relation for other heliospheric !+ Tokumaru, M., and Kojima, M. Improvements to the HAF so-

. . L lar wind model for space weather predictions, J. Geophys. Res.,
observations of wide and fast CMEs, starting in the near fu- 106, 2098521002, doi:10.1029/2000JA000220, 2001.

ture with the 26 April 2008 eFUptic_)n' Olj'r anal_ySis of .the Gopalswamy, N., Lara, A., Yashiro, S., Kaiser, M. L., and Howard,
24-27 January 2007 observations is the first heliospheric ob- g A - predicting the 1-AU arrival times of coronal mass ejec-

servational evidence of a shock wave propagating inside a tions, J. Geophys. Res., 106, 29207, doi:10.1029/2001JA000177,

CME. More observations without data gaps are required be- 2001.

fore we have a more definite understanding of CME-CME Hakamada, K. and Akasofu, S.-I.: Simulation of three-dimensional

interaction. solar wind disturbances and resulting geomagnetic storms, Space
Sci. Rev., 31, 3-70, doi:10.1007/BF00349000, 1982.

Harrison, R. A., Davis, C. J., Eyles, C. J., et al.: First Imag-
ing of Coronal Mass Ejections in the Heliosphere Viewed from
Outside the Sun Earth Line, Solar Phys., 247, 171-193, doi:
10.1007/s11207-007-9083-6, 2008.

Harrison, R. A., Davies, J. A. , Rouillard, A. P., et al.: Two Years of

the STEREO Heliospheric Imagers. Invited Review, Solar Phys.,

256, 219-237, doi:10.1007/s11207-009-9352-7, 2009.

Howard, R. A., Moses, J. D., Vourlidas, A., et al.: Sun Earth

Connection Coronal and Heliospheric Investigation (SECCHI),

Space Sci. Rev., 136, 67-115, doi:10.1007/s11214-008-9341-4,

2008.

Howard, T. A. and Tappin, S. J.: Three-Dimensional Recon-
struction of Two Solar Coronal Mass Ejections Using the
STEREO Spacecraft, Solar Phys., 252, 373-383, doi:10.1007/
s11207-008-9262-0, 2008.

Howard, T. A., Fry, C. D., Johnston, J. C., and Webb, D. F.:
On the Evolution of Coronal Mass Ejections in the Interplane-
tary Medium, Astrophys. J., 667, 610-625, doi:10.1086/519758,

AcknowledgementsThe research for this manuscript was sup-
ported by NSF grants ATM-0639335 and ATM-0819653 as well
as NASA grant NNX-08AQ16G. We would like to thank the re-
viewers, Tim Howard and an anonymous referee for helping us
to improve and to clarify this manuscript. The SECCHI data are
produced by an international consortium of Naval Research Labo-
ratory, Lockheed Martin Solar and Astrophysics Lab, and NASA
Goddard Space Flight Center (USA), Rutherford Appleton Labo-
ratory, and University of Birmingham (UK), Max-Planck-Institut
fur Sonnensystemforschung (Germany), Centre Spatiale de Liege
(Belgium), Institut d’'Optique Tlorique et Appligée, and Insti-
tut d’Astrophysique Spatiale (France). SOHO is a project of in-
ternational cooperation between ESA and NASA, and the SOHO
LASCO/EIT catalogs are maintained by NASA, the Catholic Uni-
versity of America, and the US Naval Research Laboratory (NRL).
Topical Editor R. Forsyth thanks T. Howard and another anony-
mous referee for their help in evaluating this paper.

2007.
Jian, L., Russell, C. T., Luhmann, J. G., and Skoug, R. M.: Proper-
References ties of Stream Interactions at One AU During 1995-2004, Solar

Phys., 239, 337-392, d0i:10.1007/s11207-006-0132-3, 2006.

Boursier, Y., Lamy, P., and Llebaria, A.. Three-Dimensional Kahler, S. W. and Webb, D. F.: V arc interplanetary coronal mass
Kinematics of Coronal Mass Ejections from STEREO/SECCHI-  ejections observed with the Solar Mass Ejection Imager, J. Geo-
COR2 Observations in 2007-2008, Solar Phys., 256, 131-147, phys. Res., 112(A11), 9103, doi:10.1029/2007JA012358, 2007.
doi:10.1007/s11207-009-9358-1, 2009. Krall, J., Yurchyshyn, V. B., Slinker, S., Skoug, R. M., and Chen,

Cargill, P. J.: On the Aerodynamic Drag Force Acting on Inter-  J.: Flux Rope Model of the 2003 October 28-30 Coronal Mass
planetary Coronal Mass Ejections, Solar Phys., 221, 135-149, Ejection and Interplanetary Coronal Mass Ejection, Astrophys.
doi:10.1023/B:SOLA.0000033366.10725.a2, 2004. J., 642, 541-553, doi:10.1086/500822, 2006.

Cohen, O., Sokolov, I. V., Rousseyv, I. I., et al.. A Semiempirical Lugaz, N., Manchester, W. B., and Gombosi, T. I.: Numerical Sim-
Magnetohydrodynamical Model of the Solar Wind, Astrophys.  ulation of the Interaction of Two Coronal Mass Ejections from
J. Lett., 654, L163-L166, doi:10.1086/511154, 2007. Sun to Earth, Astrophys. J., 634, 651-662, 2005.

Colaninno, R. C. and Vourlidas, A.: First Determination of the True Lugaz, N., Vourlidas, A., Roussev, I. I., Jacobs, C., Manchester,
Mass of Coronal Mass Ejections: A Novel Approach to Using |V, W. B., and Cohen, O.: The Brightness of Density Structures
the Two STEREO Viewpoints, Astrophys. J., 698, 852-858 doi:  at Large Solar Elongation Angles: What Is Being Observed by

10.1088/0004-637X/698/1/852, 20009. STEREO SECCHI?, Astrophys. J. Lett., 684, L111-1114, doi:
Davis, C. J., Davies, J. A., Lockwood, M., Rouillard, A. P., Eyles, 10.1086/592217, 2008.
C. J., and Harrison, R. A.. Stereoscopic imaging of an Earth-Lugaz, N., Vourlidas, A., Roussev, . I, and Morgan, H.: Solar-

impacting solar coronal mass ejection: A major milestone forthe  Terrestrial Simulation in the STEREO Era: The January 24-
STEREO mission, Geophys. Res. Lett., 36, 8102, doi:10.1029/ 25, 2007 Eruptions, Solar Phys., 256, 269-284, doi:10.1007/
2009GL038021, 2009. $11207-009-9339-4, 2009.

de Koning, C. A., Pizzo, V. J., and Biesecker, D. A.: Geomet- Manchester, W. B., Gombosi, T. I., Roussev, I., Ridley, A., De
ric Localization of CMEs in 3D Space Using STEREO Bea-  Zeeuw, D. L., Sokolov, I. V., Powell, K. G., ancdth, G.: Model-
con Data: First Results, Solar Phys., 256, 167-181, doi:10.1007/ ing a space weather event from the Sun to the Earth: CME gen-
$11207-009-9344-7, 2009.

www.ann-geophys.net/27/3479/2009/ Ann. Geophys., 27, 3488-2009


http://www.ann-geophys.net/22/3679/2004/

3488 N. Lugaz et al.: Deriving CME radial distances from elongation angles

eration and interplanetary propagation, J. Geophys. Res., 109%chmidt, J. M. and Cargill, P. J.: A numerical study of two inter-

2107, doi:10.1029/2003JA010150, 2004. acting coronal mass ejections, Ann. Geophys., 22, 2245-2254,
Mierla, M., Davila, J., Thompson, W., Inhester, B., Srivastava, N., 2004,http://www.ann-geophys.net/22/2245/2004/

Kramar, M., St. Cyr, O. C., Stenborg, G., and Howard, R. A.: A Sheeley, N. R., Lee, D. D.-H., Casto, K. P., Wang, Y.-M., and

Quick Method for Estimating the Propagation Direction of Coro-  Rich, N. B.: The Structure of Streamer Blobs, Astrophys. J., 694,

nal Mass Ejections Using STEREO-CORL1 Images, Solar Phys., 1471-1480, doi:10.1088/0004-637X/694/2/1471, 2009.

252, 385-396, doi:10.1007/s11207-008-9267-8, 2008. Sheeley Jr., N. R., Herbst, A. D., Palatchi, C. A., et al.: Heliospheric
Minnaert, M.: On the continuous spectrum of the corona and its Images of the Solar Wind at Earth, Astrophys. J., 675, 853-862,
polarisation, Zeitschrift fur Astrophysik, 1, 209-236, 1930. doi:10.1086/526422, 2008.

Maostl, C., Farrugia, C. J., Biernat, H. K., Leitner, M., Kilpua, Tappin, S. J.: The Deceleration of an Interplanetary Transient
E. K. J., Galvin, A. B., and Luhmann, J. G.: Optimized Grad—  from the Sun to 5Au, Solar Phys., 233, 233-248, do0i:10.1007/
Shafranov Reconstruction of a Magnetic Cloud Using STEREO- s11207-006-2065-2, 2006.

Wind Observations, Solar Phys., 256, 427-441, doi:10.1007/Thernisien, A., Vourlidas, A., and Howard, R. A.: Forward Model-
s$11207-009-9360-7, 2009. ing of Coronal Mass Ejections Using STEREO/SECCHI Data,
Odestrcil, D., Pizzo, V. J., and Arge, C. N.: Propagation of the 12  Solar Phys., 256, 111-130, doi:10.1007/s11207-009-9346-5,

May 1997 interplanetary coronal mass ejection in evolving solar  2009.
wind structures, J. Geophys. Res., 110, A02106, doi:10.1029/T6th, G., Sokolov, I. V., Gombosi, T. I, et al.: Space Weather Mod-
2004JA010745, 2005. eling Framework: A new tool for the space science community, J.

Riley, P., Linker, J. A., Mike¢, Z., Odstrcil, D., Zurbuchen, T. H., Geophys. Res., 110, A12226, doi:10.1029/2005JA011126, 2005.
Lario, D., and Lepping, R. P.: Using an MHD simulation to in- Vourlidas, A. and Howard, R. A.: The Proper Treatment of Coro-
terpret the global context of a coronal mass ejection observed nal Mass Ejection Brightness: A New Methodology and Impli-
by two spacecraft, J. Geophys. Res., 108, 1272, doi:10.1029/ cations for Observations, Astrophys. J., 642, 1216-1221, doi:
2002JA009760, 2003. 10.1086/501122, 2006.

Rouillard, A. P, Davies, J. A., Forsyth, R. J., et al.: First imaging Webb, D. F.,Howard, T. A, Fry, C. D., et al.: Study of CME Prop-
of corotating interaction regions using the STEREO spacecraft, agation in the Inner Heliosphere: SOHO LASCO, SMEI and
Geophys. Res. Lett., 35, L10110, do0i:10.1029/2008GL033767, STEREO HI Observations of the January 2007 Events, Solar
2008. Phys., 256, 239-267, doi:10.1007/s11207-009-9351-8, 2009.

Rouillard, A. P., Savani, N. P., Davies, J. A,, et al.. A Mul- Wood, B. E., Howard, R. A., Plunkett, S. P., and Socker, D. G.:
tispacecraft Analysis of a Small-Scale Transient Entrained by Comprehensive Observations of a Solar Minimum Coronal Mass
Solar Wind Streams, Solar Phys., 256, 307-326, doi:10.1007/ Ejection with the Solar Terrestrial Relations Observatory, As-
s$11207-009-9329-6, 2009. trophys. J., 694, 707-717, doi:10.1088/0004-637X/694/2/707,

20009.

Ann. Geophys., 27, 3473488 2009 www.ann-geophys.net/27/3479/2009/


http://www.ann-geophys.net/22/2245/2004/

