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1
Introduction and Overview of the Thesis

Space weather prediction has become a crucial field of solar and space physics. For the mo-

dern society it is necessary to be aware of geoeffective space weather events that may dam-

age satellites or even ground-based technology. Electrical power outages, malfunctions of the

Global Navigation Satellite Systems or disturbances of the radio transmission signal can be

the consequences of strong geomagnetic storms. Today it is unimaginable that humanity could

live without satellite technologies and thus it is highly important to improve space weather

monitoring and forecasting facilities.

There are several solar phenomena contributing to space weather and all of them are embed-

ded in the so-called solar wind. The solar wind is a continuous flow of charged particles from the

Sun. It is structured in fast and slow parts and forms the ambient medium for the most violent

eruptive events that are commonly known as coronal mass ejections (CMEs). The fastest CMEs

are propagating with a speed of up to 1000 – 3000 km s−1 through the inner heliosphere.

The evolution and propagation of CMEs in interplanetary space is still not well understood.

Interactions with the solar wind as well as other CMEs make accurate forecasting of arrival times

difficult. However, during the last 15 years it was possible to improve the typical errors for CME

arrival time prediction by ∼ 10 h (Gopalswamy et al., 2001; Xie et al., 2006b). Nevertheless,

even for isolated events, which occur more likely during solar minimum, the accuracy of arrival

time forecasting still lies in a range of ±6 h at its best (e.g. Colaninno et al., 2013; Möstl et al.,

2014). Therefore, it is a goal of high priority to better understand the propagation behavior of

CMEs on their way from the Sun to the Earth and to enhance prediction tools for forecasting

geoeffective events.

The main aim of this PhD thesis is to obtain a better understanding of the CME kinematics

during the interplanetary propagation, i.e. between a distance of ∼ 35 R� up to 1 AU and bey-

ond. For these studies the unprecedented data of NASA’s twin satellites, the Solar TErrestrial

RElations Observatory (STEREO), were used. The STEREO mission for the first time offers

the possiblity to follow CMEs all their way from the Sun to the Earth. In Chapter 2 a brief

introduction into the field of CMEs is given. In Chapter 3 a study on the radial development of

the magnetic structure within CMEs is presented. This study was part of COMESEP deliverable

2.4 (Möstl et al., 2013). Chapter 4 includes the peer-reviewed article on the CHM method, which
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combines remote-sensing observations with in situ data at various positions in interplanetary

space. The CHM method was developed within the scope of my diploma thesis, and further

enhanced during my PhD studies. It is the basis of the analyses presented in Chapters 5, 6

and 7 that include three peer-reviewed research papers on the CME evolution in interplanetary

space. In Chapter 8, the presented work is summarized.

In the following, the main findings of the four peer-reviewed research papers of this cumulative

PhD thesis are briefly summarized:

Paper I (Chapter 4): In Rollett et al. (2012) the Constrained Harmonic Mean (CHM) method

is presented. This method combines remote-sensing observations from the Heliospheric Imagers

(HI) aboard STEREO with in situ plasma and field measurements at 1 AU. Using two differ-

ent geometrical assumptions for the CME front, namely a point-like (Fixed-φ) and a circular

(Harmonic Mean) shape, the propagation direction was varied until the best consistency of

remote-sensing observations with the in situ arrival time and speed was found. For the three

events under study, we found that the Harmonic Mean assumption yields a direction of motion

≈ 25◦ farther away from the remote-sensing spacecraft than Fixed-φ.

The work for this study was mainly performed during my diploma thesis. During my PhD

studies, the method was enhanced by including the in situ arrival speed as an additional con-

straint.

Paper II (Chapter 5): In Temmer et al. (2011) three CMEs (2008 June 1 – 6, 2009 February

13 – 18, and 2010 April 3 – 5) observed by STEREO-A/HI from the Sun to 1 AU were studied,

including plasma and magnetic field measurements from STEREO-B and Wind. We investigated

the CME propagation in interplanetary space that is governed by the driving Lorentz force and

the drag force exerted by the ambient solar wind flow. We were specifically interested in the

heliospheric distance range where the drag force becomes dominant and the CME adjusts to the

speed of the ambient solar wind. To this aim, the speed differences between the CME and the

solar wind as a function of distance were calculated. The interplanetary solar wind distribution

was derived from ENLIL three-dimensional MHD model runs. We found that the range, where

the three events under study adjust to the solar wind speed, lies between 30 R� and 1 AU.

My contribution to this co-authored study was the measurement of the CME leading edges

in the STEREO-A/HI data and the calculation of the propagation directions and kinematics

using the CHM method.

Paper III (Chapter 6): In Rollett et al. (2013) we used a numerical simulation of a CME in

interplanetary space to validate the CHM method for calculating CME propagation directions

and kinematical profiles. Synthetic white light images, similar as observed by STEREO-A/HI,

were analyzed for three different separation angles (30◦, 60◦, and 90◦) between the remote and

in situ spacecraft. To validate the results of the CHM method, we compared them with the

apex speed profile of the modeled CME. In this way, it was possible to determine the accuracy
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of the method for revealing CME propagation directions and kinematics. While for all three

cases the derived kinematics are in a relative good agreement with the real kinematics of the

modeled CME, the best consistency was obtained for the 30◦ case.

Paper IV (Chapter 7): In Rollett et al. (2014) we analyzed a fast CME launched from the

Sun on 2012 March 7 that was imaged by both STEREO spacecraft and observed in situ by

MESSENGER, Venus Express, Wind and Mars Express. These high number of in situ obser-

vations in the inner heliosphere allowed us to constrain the kinematics and the frontal shape of

the CME on its way from the Sun to 1 AU. In this study, the CHM method was adapted to

the novel constrained self-similar expansion method. This method assumes a circular shaped

CME front with a variable angular width. For the event under study, we found two significally

different kinematical profiles across the large-scale CME front. The eastern segment of the CME

front (observed by STEREO-A) shows an abrupt deceleration, possibly caused by the enhanced

drag due to the dense rear of a preceding CME. This idea was supported by the outcome of the

analytical drag-based model for interplanetary CME evolution, yielding a drag parameter that

is five times larger than for the western part of the CME (observed by STEREO-B), where the

CME underwent a gradual deceleration. These differences in the kinematics caused by differ-

ent solar wind conditions led to a significant deformation of the CME frontal shape during its

propagation in interplanetary space.

During my PhD studies I contributed to the following research papers that are published in

peer-reviewed journals:

Möstl, C., Rollett, T., Lugaz, N., Farrugia, C. J., Davies, J. A., Temmer, M., Veronig, A. M.,

Harrison, R. A., Crothers, S., Luhmann, J. G., Galvin, A. B., Zhang, T. L., Baumjohann,

W., Biernat, H. K., Arrival Time Calculation for Interplanetary Coronal Mass Ejections

with Circular Fronts and Application to STEREO Observations of the 2009 February 13

Eruption, The Astrophysical Journal 741 (2011) 34–47.

Temmer, M., Rollett, T., Möstl, C., Veronig, A. M., Vršnak, B., Odstrčil, D., Influence of the

Ambient Solar Wind Flow on the Propagation Behavior of Interplanetary Coronal Mass

Ejections, The Astrophysical Journal 743 (2011) 101–113.

Rollett, T., Möstl, C., Temmer, M., Veronig, A. M., Farrugia, C. J., Biernat, H. K., Con-

straining the Kinematics of Coronal Mass Ejections in the Inner Heliosphere with In-Situ

Signatures, Solar Physics 276 (2012) 293–314.

Temmer, M. Vršnak, B., Rollett, T., Bein, B., de Koning, C. A., Liu, Y., Bosman, E.,

Davies, J. A., Möstl, C., Žic, T., Veronig, A. M.,Bothmer, V., Harrison, R., Nitta, N.,

Bisi, M., Flor, O., Eastwood, J., Odstrcil, D., Forsyth, R., Characteristics of Kinematics

of a Coronal Mass Ejection during the 2010 August 1 CME-CME Interaction Event, The

Astrophysical Journal 749 (2012) 57–68.
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Davies, J. A., Harrison, R. A., C. H., Möstl, C., Lugaz, N., Rollett, T., Davis, C. J., Crothers,

S. R., Temmer, M., C. J., Savani, N. P., A Self-similar Expansion Model for Use in Solar

Wind Transient Propagation Studies, The Astrophysical Journal 750 (2012) 23–35.

Harrison, R. A., Davies, J. A., Möstl, C., Liu, Y., Temmer, M., Bisi, M. M., Eastwood, J. P.,

de Koning, C. A., Nitta, N., Rollett, T., Farrugia, C. J., Forsyth, R. J., Jackson, B. V.,

Jensen, E. A., Kilpua, E. K. J., Odstrcil, D., Webb, D. F., An Analysis of the Origin and

Propagation of the Multiple Coronal Mass Ejections of 2010 August 1, The Astrophysical

Journal 750 (2012) 45–67.

Möstl, C., Farrugia, C. J., Kilpua, E. K. J., Jian, L. K., Liu, Y., Eastwood, J. P., Harrison,

R. A., Webb, D. F., Temmer, M., Odstrcil, D., Davies, J. A., Rollett, T, Luhmann,

J. G., Nitta, N., Mulligan, T., Jensen, E. A., Forsyth, R., Lavraud, B., de Koning, C. A.,

Veronig, A. M., Galvin, A. B., Zhang, T. L., Anderson, B. J., Multi-point Shock and Flux
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2
Coronal Mass Ejections

2.1 Definitions and Characteristics

Coronal mass ejections (CMEs) are the most energetic phenomena on the Sun. The largest

events expel masses of the order of 1013 kg (e.g. Hundhausen et al., 1994; Vourlidas et al., 2010).

The fastest CMEs reach speeds up to 3000 km s−1 and accelerations of up to order of 104 m s−2

(e.g. Vršnak, 2001b; Bein et al., 2011). Although the term “mass” ejection indicates that the

main and most important part of a CME consists of matter, the “body” of a CME is a magnetic

structure. Illing and Hundhausen (1985) introduced the term three-part structure for a CME’s

Figure 2.1: White light image of a CME ob-

served by the LASCO/C3 coronagraph aboard

SOHO displaying a clear three-part structure

(Credit: SOHO, ESA & NASA)1.

morphology. The frontal part of the CME

is the so-called leading edge, which appears

bright because of the higher density compared

to the surrounding medium. Fast CMEs, i.e.

faster than the solar wind, drive a shock in

front of the leading edge. The second part

of a CME is called void or cavity, because

it is a region of low density and appears in

coronagraph images as the dark area follow-

ing the leading edge. This is the location

of the embedded magnetic flux rope. The

third part, the bright core, is a region of

high density, often identified as an erupting

prominence. Figure 2.1 shows a CME with a

clear three-part structure, observed in white

light by the Large Angle and Spectrometric

Coronagraph (LASCO; Brueckner et al., 1995)

aboard the SOlar and Heliospheric Observat-

ory (SOHO). Although the three-part struc-

ture is often mentioned as the typical CME morphology, it can only be found in ∼ 30% of the

events (Howard et al., 1985). Today, we can benefit from coronagraph observations with higher

1http://sohowww.nascom.nasa.gov/hotshots/2000 02 26/c3.gif
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resolution and sensitivity. Since the STEREO mission, we can observe one and the same CME

from head on and from aside. It is likely that CMEs observed with other than a three-part

structure are due to different viewing angles (Cremades and Bothmer, 2004; Vourlidas et al.,

2013).

2.2 Initiation and Evolution

The solar corona is the outermost layer of the Sun and extends millions of kilometers into

space. It consists of fully ionized plasma of low density (n ≤ 109 particles per cm3) and high

temperatures up to ∼ 2×106 K (van de Hulst, 1950), thus the conductivity is very high (σ →∞).

The coronal plasma and the magnetic field move together, which is commonly known as frozen-

in condition. If the magnetic field or the plasma is the dominant part can be expressed by

the plasma β, defined as the ratio between the plasma pressure and the magnetic pressure:

β = p/pmag and in the corona β � 1. This indicates that the magnetic field dominates the

plasma, e.g. the coronal plasma is forced to follow the magnetic field lines.

PFSS ModelSDO HMI/

Figure 2.2: Observations of the Sun performed by SDO. Left: AIA observations at a wavelength
of 171 Å. Right: HMI observations together with extrapolated potential field lines (PFSS). The
green lines are open fields.

Active regions are areas of enhanced and structured magnetic fields and are the source

regions of most CMEs and other energetic phenomena like solar flares. They are connected

to regions at the photosphere with intense magnetic fields, the so-called sunspots. Sunspots

appear dark on the solar disc because of the lower temperature compared to their surroundings.

Figure 2.2 shows active regions at two different layers of the Sun. The right panel displays a

photospheric line of sight magnetogram obtained from the Helioseismic and Magnetic Imager

(HMI; Scherrer et al., 2012; Schou et al., 2012) aboard the Solar Dynamics Observatory (SDO).

Potential field lines modeled by the Potential Field Solar Surface Model (PFSS; Altschuler and

Newkirk, 1969; Schatten et al., 1969) are over plotted in order to illustrate the coronal magnetic

field, which is hardly accessible to measure. In the magnetogram the opposite polarities of the
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active regions are visible. Black regions represent the negative polarity (inward directed) while

the white regions are the positive polarity (outward directed). The left panel of Figure 2.2 shows

an observation in extreme ultraviolet in 171 Å performed by the Atmospheric Imaging Assembly

(AIA; Lemen et al., 2012) aboard SDO. Here, the transition region and the quiet corona can be

observed at temperatures of ∼ 6× 105 K. The active region at N17E16 was the source region of

an X5.4 flare and an associated CME, analyzed in Rollett et al. (2014, cf. Chapter 7).

2.2.1 CME Initiation Models

CMEs are not isolated occurrences but can be associated with other solar phenomena, most

prominently with solar flares and prominence eruptions. A solar flare is a sudden energy release,

visible as a bright flash in EUV, X-ray and Hα images. In former times flares were thought to

be the triggering mechanism for a CME initiation. Today it is known that on the one hand not

all CMEs are associated with solar flares and on the other hand the gas pressure during a flare

is too small to launch a CME (Low, 1981; Emslie et al., 2004). Filaments (or prominences when

they are observed at the solar limb) are structures of cool and dense material suspended in the

tenuous corona, appearing dark against the solar disk.

Flares and CMEs are driven by the release of free magnetic energy stored in the coronal

magnetic field. Models describing the CME eruption can be devided into two types based on

different physical processes. Fast CMEs with high acceleration can be described by models

including magnetic reconnection, where the magnetic topology is restructured and magnetic

energy is converted into thermal and kinetic energy. These models also include the formation

of solar flares. Slow CMEs with low acceleration can be described by ideal MHD instabilities.

A detailed overview on CME models can be found in the reviews by Forbes et al. (2006) and

Howard (2011). In the following some resistive models, i.e. requiring magnetic reconnection, and

ideal MHD models are described.

Resistive CME Models

Tether cutting is a flux rope model and describes the process prior to the eruption of a filament

or a CME (e.g. Moore and Roumeliotis, 1992; Moore et al., 2001). The base of tether cutting is

a shearing motion along the magnetic neutral line between the two footpoints of a preexisting

filament. The overlying magnetic field lines are less sheared and restrain the sheared structure

(Figure 2.3). Due to the imbalance between the pressure from the sheared field and the tension

of the overlying field the structure rises. A current sheet is built beneath the filament where

reconnection takes place leading to a further rise of the filament.

Flux cancellation can be described by a disappearance of magnetic fields of opposite polarity at

the neutral line (Martin et al., 1985). This was first associated with solar flares (Livi et al., 1989)

and later with the occurrence of CMEs (Amari et al., 2000; Lin et al., 2004). The magnetic

field within filaments often has an opposite polarity than the surrounding photospheric region.

Surrounding field lines close around the filament while reconnection beneath this structure leads

to a cancellation of magnetic flux and to the formation of a magnetic flux rope (van Ballegooijen
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and Martens, 1989). Continuation of the flux cancellation process leads to increasing magnetic

pressure and to a rise of the filament (Forbes and Isenberg, 1991). Figure 2.4 shows a flux rope

a) close to the Sun and b) at a larger height, where a current sheet is formed beneath the flux

rope.

Figure 2.3: Three stages of the tether cutting model. a) Possible reconnection site prior to the
rise of the filament structure. b) Launch of the structure after reconnection, forming a current
sheet beneath the filament. c) Magnetic structure of the erupting filament. From Sturrock
(1989).

Another resistive CME model is the magnetic breakout model (e.g. Antiochos et al., 1999;

Aulanier et al., 2000; Lynch et al., 2004). In contrast to the tether cutting and flux cancellation

models an additional reconnection site is located ahead of the flux rope. This concept provides

enough energy leading to a rapid CME eruption. It is based on the theory of an initial quadrupole

magnetic field configuration and the reconnection between parts of the flux rope and field lines

of the neighbouring magnetic flux systems. As the structure rises, overlying magnetic field

lines and parts of the flux rope form a current sheet, leading to reconnection ahead of the flux

rope. The eruption of the core field, e.g. the filament, takes place afterwards due to reconnetion

beneath the filament.
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Figure 2.4: Flux cancellation model showing the erupting flux rope at two different heights. a)
Close to the Sun and b) at a larger distance from the Sun. Here, a current sheet is formed
beneath the flux rope. From Forbes et al. (2006).

Figure 2.5: Magnetic field lines during the eruption process based on the magnetic breakout
model. The flux rope system rises and reconnects with the overlying magnetic field lines (red
arrow). A current sheet is built behind an isolated flux rope and magnetic reconnection then
leads to the eruption of the flux rope. From Lynch et al. (2004).
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Ideal MHD Instabilities

The kink instability (e.g. Fan and Gibson, 2003; Török and Kliem, 2003) explains the eruption

of a CME by the twist of a flux rope caused by the rotation of its footpoints. When a critical

twist value is reached, the kink instability leads to the eruption of the flux rope. The left panel

of Figure 2.6 shows an observation from the Transition Region And Coronal Explorer (TRACE )

in the 195 Å band. The right panel displays a simulation of the kinked magnetic flux rope.

A vertical current sheet forms below the flux rope and is responsible for the eruption of the

structure, which may occur with or without magnetic reconnection (e.g. Rachmeler et al., 2009).

Figure 2.6: Observation and simulation of an erupting filament. TRACE 195 Å observation
(left) and the simulated magnetic field lines of the kink unstable magnetic flux rope. From
Török and Kliem (2005).

Other ideal instabilities are, e.g. magnetic buoyancy and toroidal instability. Magnetic buoy-

ancy can describe the evolution of slow rising CMEs and is based on the equilibrium of the

expansion of heated coronal plasma and the resistance of the overlying magnetic field (Low,

1994). Disruption and reorientation of the magnetic field may then lead to an eruption. The

toroidal instability or flux injection model assumes that magnetic flux from the photosphere is

injected into the flux rope of the CME causing an instability and leading to the evolution of the

CME (Chen, 1989).

2.2.2 CME Evolution

Zhang et al. (2001) divided the kinematical evolution of CMEs into three distinct parts. The

initiation phase is characterized by a slow rise of the magnetic structure with a maximum speed

of ∼ 80 km s−1. It is followed by the acceleration phase. CMEs can be devided into events

showing a gradual acceleration and impulsive events with peak accelerations ranging between a

few up to order 104 m s−2 (Zhang et al., 2004; Temmer et al., 2010; Bein et al., 2011). Associated

flares occure close in time to the CME acceleration phase (Zhang and Dere, 2006; Temmer et al.,

2008). The acceleration phase is followed by the propagation phase showing an almost constant

speed in coronagraph images. Figure 2.7 shows a schematic CME speed profile where all three
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phases are visible (blue) and the corresponding flare soft X-ray flux (red). Figure 2.8 shows the

acceleration of a CME derived from a combined set of observations in the extreme ultraviolet

(black dots) and coronagraphs (circles and crosses) together with the hard X-ray flux of the

associated flare (red line), which is an indicator of the energy release profile.

Figure 2.7: Typical three phase CME speed profile. The blue line shows the initiation phase,
followed by the acceleration phase and the propagation phase. The red line shows the soft X-ray
flux of an associated flare with its peak simultanous to the maximum speed. From Zhang and
Dere (2006).

During the early CME evolution different driving and restraining forces are acting on a CME.

The net acceleration of CMEs can be written as

aCME = aL − g + ad, (2.1)

where aL is the Lorentz force acceleration, g is the acceleration of gravity and ad is the accel-

eration due to the aerodynamic drag (Cargill et al., 1996; Vršnak et al., 2004; Vršnak, 2006).

While the Lorentz force is dominant at lower distances due to the high magnetic field strength,

the ruling force at larger distances is the drag force with ad given as

ad = −γ (VCME − Vsw) |VCME − Vsw|, (2.2)

where γ is the drag parameter, VCME and Vsw are the CME speed and the speed of the ambient

solar wind, respectively.
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Figure 2.8: CME Acceleration profile observed in extreme ultraviolet (black dots) and corona-
graph images (circles and crosses). The red line is the hard X-ray flux of an associated flare.
From Temmer et al. (2008).

The drag parameter, γ, is given as

γ = cd
Aρsw
mCME

, (2.3)

where cd is the drag coefficient, A is the CME cross sectional area on which the drag is acting on,

ρsw is the solar wind density, and mCME is the CME mass (Vršnak et al., 2008). CMEs slower

than the solar wind are accelerated, whereas faster CMEs are decelerated by the drag force (e.g.

Vršnak, 2001a; Vršnak and Gopalswamy, 2002; Cargill, 2004). During the propagation phase,

the CME is influenced by the solar wind, e.g. accelerated due to high-speed solar wind streams

(cf. Chapter 5) or due to preceding CME events (cf. Chapter 6).

Besides the speed variation of the radial propagation of CMEs, the longitudinal development

also plays a major role for the CME evolution. Wang et al. (2004) found a connection between

the CME speed and the direction of deflection. They suggest that slow CMEs are deflected

westwards by the pushing solar wind stream, while fast CMEs are decelerated and deflected

eastwards. However, it has to be investigated in detail if a deflection of a CME is more likely

than a distortion (cf. Chapter 7).
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2.3 Remote Observations

For observing the solar corona at visual wavelengths it is necessary to block the bright pho-

tospheric light, with a total brightness of 106 times higher than the corona. Due to its high

temperature of 106 K, the corona itself radiates predominantly in the high energy extreme ul-

traviolet and soft X-ray wavelengths, whereas the solar photosphere has its radiation maximum

in the visual range. Since CMEs consist of plasma, the photospheric light is scattered off the

large number of free electrons in the corona. This process is called Thomson scattering (Min-

naert, 1930) and is a special case of elastic scattering of electromagnetic radiation at charged

particles. In the case of Thomson scattering, the emitted radiation has the same wavelength

as the incident photospheric light because there is no momentum transfer from the photon (ν)

to the free electron (e−): ν + e− → ν + e−. As shown by Vourlidas and Howard (2006), the

intensity maximum of the scattered light lies on a circle between the Sun and the observer with

the Sun-observer line as its diameter, forming the so-called Thomson surface (TS).

Figure 2.9: Variation of the Thomson scattering efficiency as a function of scattering angle (χ).
The total scattering has its minimum when χ = 90◦, while the polarized intensity (measured by
coronagraphs) is maximized. From Howard and Tappin (2009).

Howard and Tappin (2009) reviewed the theory of the TS by using the derivations of Billings

(1966) and Minnaert (1930). They found three effects contributing to the total amount of

scattering at the TS. First, the total scattering efficiency in fact has its minimum at a scattering

angle of χ = 90◦, i.e. along the TS (Figure 2.9). Second, the intensity of the incident photospheric

light declines with growing distance from the Sun. Third, the solar wind density (and also the

CME density) decreases with R−2 with increasing heliocentric distance. Since the effects of the



17

latter two points are more significant, the maximum scattering can be observed where the line of

sight (LOS) is closest to the Sun, i.e. at the TS (Howard and Tappin, 2009). Close to the Sun, i.e.

for coronagraph observations, the plane of sky (POS) assumption is used as an approximation

for the TS. Coronagraphs observe the polarized component of the Thomson scattered light, thus

Figure 2.10: Comparison between the plane of

sky (POS) and the Thomson surface (TS). The

red point illustrates an observed electron close

to the Sun and the green point shows an electron

with a much larger distance to the Sun.

in coronagraph observations the maximum

scattering is observed at χ = 90◦. Figure

2.10 illustrates the relationship between the

TS and the POS. The red point is an elec-

tron close to the Sun, for which it can be as-

sumed to be located on the POS. The green

dot shows an electron with a larger distance

from the Sun. Here, the distance between the

TS and the POS is too large and thus the ap-

proximation of the POS can no longer be used.

In former times, observing the faint vicin-

ity of the solar disk has only been possible

during a solar eclipse. The first coronagraph

was introduced in 1931 by Bernard Lyot,

a French astronomer, and for many years,

ground-based coronagraphs were the best op-

tion for observing the corona. Some ground-

based facilities are still in use nowadays, i.e.

at the High Altitude Observatory on Mauna

Loa or the Mirror Coronagraph in Argen-

tina. Since the manned Skylab mission (1973 –

1974), the Solwind coronagraph aboard P78-1

(1978 – 1985) and the Solar Maximum Mission

(1984 – 1989), the space-based observations have been on the rise. Figure 2.11 shows an image

of the Skylab coronagraph (right) and of the Solar Maximum Mission (left). Currently, six

space-based coronagraphs at three different locations in the inner heliosphere are in operation.

LASCO aboard the SOHO spacecraft still operates the C2 instrument, with a field of view

(FOV) of 2 – 6 R�, and the C3 instrument, having a FOV of 3.7 – 32 R�. SOHO is located

in the Sun-Earth line at the Lagrangian L1 point, i.e. LASCO provides the view from Earth.

The four other coronagraphs are part of the Sun Earth Connection Coronal and Heliospheric

Investigation (SECCHI; Howard et al., 2008) instrument suite aboard STEREO.

STEREO was launched in 2006 and consists of two almost identical spacecraft close to the

Earth’s orbit around the Sun. STEREO-A is leading the Earth and STEREO-B is trailing it.

Both satellites move apart from each other by ∼ 45◦ per year and are going to pass the back

side of the Sun in 2015. The SECCHI instrument suite carries the Extreme Ultraviolet Imager

(EUVI; Wuelser et al., 2004), the two Heliospheric Imagers (HI1, HI2; Eyles et al., 2009) and

two coronagraphs (COR1 and COR2; Howard et al., 2008). COR1 has a FOV of 1.3 – 4 R�, and

COR2 has a FOV of 2.5 – 15 R�.



18

Figure 2.11: Historical coronagraph observations of the first coronagraphs in space. Left: Solar
Maximum Mission, right: Skylab. Courtesy of HAO/SMM C/P project team & NASA.2

a)

b)

Figure 2.12: a) SMEI observations of the entire sky built of a composite of several orbits. The
Sun is located in the middle of the image, the ecliptic is the central horizontal line. b) The white
arrows mark the white light signature of a halo CME. Modified from Webb et al. (2006).

2http://www.hao.ucar.edu/nvtf/SMM.jpg
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Observing a CME outside coronagraphic FOVs is relatively novel, compared to the long

history of coronagraph observations. Beyond the FOV of coronagraphs, CMEs are often called

interplanetary CMEs (ICMEs). This term may also refer to in situ detections of CMEs (see

Section 2.4).

The Solar Mass Ejection Imager (SMEI; Eyles et al., 2003) aboard the Coriolis spacecraft

was operating between 2003 and 2011 and offered a 360◦-view up to ∼3 AU around the Sun.

Consisting of three baffled wide-angle cameras SMEI produced one image of the sky every orbit,

i.e. every 120 minutes. Combining the observations of several orbits it was possible to build

a high-resolution map of the full sky. Figure 2.12a shows a composite image of several orbits

of SMEI observations with the Sun in the center of the image and the ecliptic as the central

horizontal line. Figure 2.12b shows a halo CME, visible as an arc-shaped structure in each of

the three image segments. Halo CMEs are propagating in the LOS of the observer either toward

or away. Thus, they seem to expand in all directions within coronagraph observations.

Figure 2.13: Composit of EUVI, COR1, COR2 and HI1 images observed by STEREO-B. Cour-
tesy of STEREO/SECCHI consortium.3

Since 2006, the two Heliospheric Imagers (HI1 and HI2), part of the STEREO/SECCHI

suite, have revolutionized the observation of the interplanetary evolution of CMEs. However,

due to the optically thin emission, integrated along the LOS, interpreting the white light images

of HI1 and HI2 is challenging. The wide-angle cameras cover a very broad region, namely the

whole space between Sun and Earth. HI1 has a FOV of 4 – 24◦ elongation (0◦ equals the Sun-

spacecraft line), and HI2 has a FOV of 18.8 – 88.8◦. Figure 2.13 shows a composit of STEREO-B

observations performed by EUVI (orange), COR1 (green), COR2 (red) and HI1 (blue). Note that

the HI2 FOV is more than three times wider than that of HI1. Figure 2.14 shows a sequence

of running difference images of HI observations. Running difference images are produced to

3http://stereo.gsfc.nasa.gov/gallery/item.php?id=selects&iid=172
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enhance the changes between two subsequent images by subtracting the previous one. In this

way, the CME evolution can be followed more easily.

MV

E

V

Figure 2.14: Sequence of running difference images from STEREO/HI observations. Top: CME
propagating in the HI1 FOV (from right to left), where also Mercury (M) and Venus (V) are
visible. Bottom: HI2 FOV showing the same CME. Here, Venus and Earth (E) as well as the
Milky Way are seen.4

The STEREO mission offers for the first time the possibility to follow CMEs all their way

from the Sun to 1 AU. Using this advantage, many different methods for analyzing the propaga-

tion behavior of CMEs have been developed during the last years. Single spacecraft methods,

e.g. fitting methods, can be used to forecast the CME arrival time and the arrival speed at Earth

or at other locations in interplanetary space. Here, the elongation angle between the Sun and

the CME leading edge is measured in HI image sequences. The resulting curve is then fitted

with kinematical functions. These methods assume constant speed and direction of motion over

the whole Sun-Earth distance. As a result they yield the propagation direction and the mean

speed of the measured CME leading edge (Sheeley et al., 1999; Rouillard et al., 2008; Lugaz,

2010; Möstl et al., 2011; Davies et al., 2012; Möstl and Davies, 2013). Stereoscopic triangula-

tion methods, i.e. those using observations from both, STEREO-A and STEREO-B, are able to

yield a varying speed profile as well as a variation of the propagation direction during the CME

evolution in interplanetary space (Liu et al., 2010a,b; Lugaz et al., 2010; Davies et al., 2013).

4The data reduction and image preparation was done using secchi prep.pro (part of SolarSoft) and the IDL
tool HIGUI.pro, developed by C. Möstl.
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In this way it is possible to study the influence of the ambient solar wind or other CMEs to

estimate how the speed and/or direction of a CME is changing due to such disturbances. Using

triangulation methods was feasible during the first years of the STEREO mission (and will be

possible again when the two satellites return to the Earth facing side of the Sun). However,

single spacecraft methods may be more likely to be applicable in future times. One of these

methods is the Constrained Harmonic Mean method, which combines single-spacecraft helio-

spheric imaging observations with in situ detections. It is the basis of this thesis and described

in Paper I (cf. Chapter 4).

2.4 In Situ Observations

Interplanetary CMEs (ICMEs) are the heliospheric counterparts of CMEs. Sometimes CMEs

are called ICMEs when they are observed in white light outside the FOV of coronagraphs, as

is the case for the HI observations analyzed in Chapters 4, 5 and 6. In the study presented

in Chapter 7 we used the term ICME for the in situ detection of a CME, following Rouillard

(2011), who describes an ICME as the whole disturbance in the quiet solar wind.

In situ measurements yield the advantage of measuring the plasma and field parameters

of CMEs. In case of a fast event, the shock is measured first, followed by the sheath region

(corresponding to the leading edge within white light images), which is characterized by an

enhanced proton number density (usually in a range of 15 – 50 cm−3). The sheath region is

followed by the magnetic structure, i.e. the flux rope, identified as smoothly rotating magnetic

field components. Figure 2.15 shows an example of an ICME of 4 – 7 April 2010. The panels

show (from top to bottom) the magnetic field components and the total magnetic field, the

plasma bulk speed, the proton number density, the proton temperature and plasma β. The red

vertical line marks the arrival of the shock, which is followed by the sheath region. The two

green vertical lines outline the boundaries of the flux rope, which in this case is a magnetic cloud

(MC). A magnetic cloud is a subclass of a magnetic flux rope with a low proton temperature

and low plasma β, compared to the surroundings (Burlaga et al., 1981).

If all ICMEs have embedded flux ropes is not yet assured, because some in situ detections

show no rotation of the magnetic field, i.e. no flux rope structure. But since CMEs are widely

expanded structures and satellites can only yield in situ data from one localized cut through the

overall structure, ICMEs without a flux rope are possibly a glancing blow of flux rope CMEs

(Vourlidas et al., 2013).

During solar minimum, the occurrence of isolated events is more likely than during solar

maximum. When the solar activity is higher, active regions often expel one CME after another.

This makes the identification of arrival times at the in situ measuring spacecraft difficult. Ad-

ditionally, interacting CMEs may cause a higher geomagnetic response than single events (e.g.

Farrugia et al., 2006; Xie et al., 2006a; Lugaz and Farrugia, 2014) and are of special interest in

space weather forecast.

The whole ICME structure itself, i.e. shock, sheath, flux rope, and core, can only be measured
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Figure 2.15: Example of an ICME with an embedded MC during 4 – 7 April 2010. From top
to bottom: magnetic field components (color) and total magnetic field strength (black), Bz
component of the magnetic field, plasma bulk speed, proton number density, proton temperature,
and plasma β. The red vertical line marks the shock and the green lines margin the MC
boundary. Modified from Möstl et al. (2010).

if the in situ spacecraft carries both, a magnetometer and a plasma instrument. Currently,

five satellites have both types of instruments on board. The Advanced Composition Explorer

(ACE) and the Wind spacecraft are performing solar wind measurements at L1. The STEREO

mission also carries plasma and magnetic field instruments, the PLASTIC (Galvin et al., 2008)

and IMPACT (Luhmann et al., 2008) packages. In 2013, the Mars Atmosphere and Volatile

EvolutioN (MAVEN) was launched and also performs measurements of the solar wind plasma

and the magnetic field. The future Solar Orbiter (to be launched in 2017) and Solar Probe Plus

(to be launched in mid 2018) missions will also have such instruments on board.

Besides those satellites, there are other missions that perform magnetic field but no plasma

measurements, for example Venus Express orbiting Venus, and MErcury Surface, Space ENvir-

onment, GEochemistry, and Ranging (MESSENGER) orbiting Mercury. Here, we can still use

the magnetic field data to identify an ICME (Chapter 6). Figure 2.16 shows the location of the

various in situ observatories in the inner heliosphere on 30 June 2014.
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Figure 2.16: Locations of in situ observatories on 30 June 2014. Both, plasma and magnetic
field measurements are performed by ACE and Wind (both located at L1 upstream of Earth),
STEREO-A, STEREO-B and MAVEN (Mars). Magnetic field measurements are conducted by
MESSENGER (Mercury) and Venus Express (Venus).

2.5 Implications for Space Weather

Besides the speed and the density of CMEs, the orientation of the embedded magnetic flux

rope (MFR) has a major influence on their geoeffectiveness. When the southward directed

interplanetary magnetic field (IMF) interacts with the Earth magnetosphere, reconnection may

happen, i.e. antiparallel field lines reconfigure and form a new magnetic topology. At this

juncture magnetic energy is converted into kinetic energy and heat. This is also possible for a

northward directed IMF, but for a southward IMF the reconnection is more rapid (e.g. Bothmer

and Daglis, 2007). Dungey (1961, 1963) was the first to point out that the opposite directed

magnetic field lines of the Earth magnetosphere and the southward directed IMF reconnect on

the day side, and plasma flows together with the frozen-in field from the subsolar point into

the magnetotail. Here, again reconnection takes place and magnetic flux as well as plasma is

returned to the solar wind and to the polar cusp causing polar lights (Figure 2.17). The overall

disturbance of the Earth magnetic field is called geomagnetic storm and can be defined by several

indices. One of these indices is the Dst-index (disturbance storm time index), which quantifies

the increase of the ring current based on the change of the horizontal component of the Earth

magnetic field.

One of the effects resulting from the interaction of CMEs with the magnetosphere is the

reduced lifetime of spacecraft in low Earth orbit. As a result of the increased density and

temperature the atmosphere expands and the drag acting on the spacecraft is enhanced. This

leads to a decrease of the spacecraft altitude. Other consequences are communication disruption

because of electromagnetic interference (e.g. Lanzerotti, 2001), induced currents in long electrical

wires and electric charging of spacecraft leading to a damage of electrical components (Allen,

2010).
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Figure 2.17: Interaction of the interplanetary magnetic field (IMF) with the Earth magneto-
sphere. The southward directed IMF reconnects with the northward directed Earth magnetic
field. The reconfigured field lines are carried to the magnetotail by the solar wind. In the mag-
netotail, again reconnection takes place and magnetic flux and plasma is transported into the
solar wind and to the polar cusp causing the aurora. From Bothmer and Daglis (2007).

The orientation of the Bz component of the MFR, which is part of the IMF, is the triggering

mechanism of magnetic reconnection with the Earth magnetosphere. Unfortunately, forecasting

this parameter is not possible. However, there are studies trying to compare the magnetic field

of an ICME to its solar source region (e.g. Bothmer and Schwenn, 1994; Möstl et al., 2008).

Vourlidas et al. (2011) report a CME that rotates during its propagation in the middle corona,

i.e. between 5 and 15 R�, and they found a rotation speed of about 60◦ day−1. Isavnin et al.

(2013) analyzed 12 CMEs and their orientation up to a heliocentric distance of 1 AU using

coronagraph observations as well as in situ measurements. Their results also show an ongoing

rotation of the CMEs also at larger distances from the Sun. This means, even if it was possible

to derive the orientation of the magnetic field of an MFR prior to the eruption, we would not

be able to forecast its orientation at a certain heliocentric distance.
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Radial Development of Magnetic Clouds

In the following, a study performed within the EU/FP7 collaborative project COMESEP (COronal

Mass Ejections and Solar Energetic Particles) is presented. As part of COMESEP Deliverable

D2.4 (Möstl et al., 2013), the radial evolution of MCs was studied. This was done by using a

sample of events detected by radially aligned spacecraft at several heliocentric distances. The

development of different decisive MC parameters, like the electric current and the magnetic flux,

was investigated. Both parameters may influence not only the propagation behavior of ICMEs

when reconnecting with the solar wind, but may also affect their geoeffectiveness.

This study uses a data set of MCs measured in situ by more than one spacecraft at different

heliocentric distances (e.g. Helios 1 and 2, Pioneer 11, Voyager 1 and 2 ) between the years

1974 and 1980, compiled by Leitner et al. (2007) and denoted as events 1 to 7. This data set

was expanded by more recent events measured by ACE and NEAR, compiled by Ibsen (2012)

and denoted as events 8, 9 and 10. The data set under investigation consists of a sample of 10

MC events, detected between 2 and 4 times by radially aligned spacecraft. The total number of

detections is 29.

3.1 Force-free Constant-α Fitting

The data are analyzed by least-square fitting the magnetic field vector measured in situ to a

force-free, constant-α flux rope model (Lepping et al., 1990). This model assumes a force-free

magnetic field and a cylindrical geometry, i.e. a cylindrically symmetric solution of ∇×B = αB,

where B is the vector of the magnetic field. α is a constant, related to rMC, the radius of the

MC (α = 2.4047/rMC). In cylindrical coordinates, the axial (Ba), the tangential (azimuthal)

(Bt) and the radial (Br) components of the magnetic field are given as:

Ba = B0J0(αr), (3.1)

Bt = HB0J1(αr), (3.2)

Br = 0, (3.3)

25
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where J0 and J1 are the Bessel functions of zeroth and first order andH is the sign of the magnetic

helicity of the MC (Lundquist, 1950). The outcome of this fitting model is the magnetic field

strength in the center of the MC (B0), the latitude (θ) and longitude (φ) of the magnetic flux

rope axis, the impact parameter (p), and the sign of helicity (H), i.e. the handedness of the MC.

From the fitting outcome we also calculate the MC diameter, dMC, which is is further used for

calculating the axial magnetic flux (Φa) and the axial electric current (Ia).

Figure 3.1: Magnetic field strength in the center of the MC as a function of radial distance from
the Sun on a double logarithmic scale. The straight line is a power law fit to the data.

One of the direct results of the flux rope fitting is the magnetic field strength, B0, in the

center of the cylinder. Figure 3.1 shows B0 as a function of radial distance from the Sun for

the whole data set. The red squares are those events, where no diameter has been calculated

because of the unavailability of plasma data. The data are plotted on a double logarithmic scale

and fitted with a power law, yielding the following function for the radial evolution of B0 with

a high correlation coefficient of 0.8:

B0(R) = 18.5R−1.27, (3.4)

with B0 in nT and R in AU, ranging from 0.62 – 2.49 AU.

3.2 MC Diameter

The radial development of MCs was systematically studied by e.g. Bothmer and Schwenn (1994),

who found that the radial size of MCs increases with distance R from the Sun with d(R) =

0.24R0.78±0.1 (for a distance range of 0.3 – 4.2 AU). Using the average proton speed and the MC
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duration they estimated the spatial extent of the MCs at the spacecraft location, not the MC

diameter per se.

Figure 3.2: Evolution of the MC diameter with heliocentric distance. Associated events are
connected through a dotted line. The black line is a power law fit. The values of the power law
function are given in the inset.

From the force-free fit we know the impact parameter, p, which gives the closest distance

of the spacecraft to the center of the MC. We use this additional information to calculate the

MC diameter through the center. This calculation is based on the assumptions of the force-free

model, i.e. a cylindrical flux rope with a helical structure. The MC diameter is calculated by

dMC = Vp t sin γ sin

[
arctan

(
Vp t sin γ

2 p

)]
, (3.5)

where Vp is the average proton speed, t is the duration of the MC, and γ is the angle between

the MC axis and the spacecraft displacement vector (Leitner et al., 2007). Figure 3.2 shows

the calculated MC diameters for the events under study for which plasma data are available.

The associated events are marked in the same color and connected through a dotted line. The

data are fitted by a power law function (black line), giving the expansion of the MC diameter

dMC(R) = 0.22R0.99 (for a distance range of 0.62 – 2.49 AU), i.e. the MC diameter increases

linearly with the heliocentric distance. This is in basic agreement with the findings of Bothmer

and Schwenn (1994).
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3.3 Magnetic Flux

The magnetic flux, Φ, through a surface, A, is defined as

Φ =

∫
A

B · dA. (3.6)

We are interested in the axial magnetic flux that is a function of the axial magnetic field com-

ponent, Ba, and the radial distance r from the MC axis,

Φa = 2π

∫ rMC

0
Ba r dr. (3.7)

Using Equation 3.1 we find

Φa = 2π

∫ rMC

0
B0 J0(α r) r dr. (3.8)

In order to integrate the above expression we use the following relation for Bessel-functions

xn Jn−1(x) = d
dx [xn Jn(x)] (Bronstein et al., 2005). Substituting the integral variable (α r → x,

α dr → dx) and the limits of integration (r = 0→ x = 0, r = rMC → x = α rMC) leads to

Φa =
2π B0

α2

∫ α rMC

0

d

dx
[xJ1(x)] dx =

2π B0

α
rMC J1(α rMC). (3.9)

With α = 2.4047/rMC and J1(2.4047)/2.4047 = 0.2159 we finally obtain

Φa = 2π (0.2159)B0 r
2
MC (3.10)

for the axial magnetic flux in a magnetic cloud.

Figure 3.3 shows the development of the axial magnetic flux, Φa, as a function of heliocentric

distance. Since the radius of the MC is needed for the calculation of the magnetic flux, it was only

possible to perform this calculation for events, where plasma data were available. Theoretically,

for an expanding cylindrical force-free flux rope, B0(R) ∝ R−2 and rMC ∝ R (e.g. Leitner et al.,

2007). While the latter is supported by our data (compare Figure 3.2), we found a slower

decrease of the magnetic field with B0(R) ∝ R−1.27 (Figure 3.1). The reason for this may be

the large heliospheric distance range of the data. Leitner et al. (2007) suggest that B0 decreases

faster below 2 AU than beyond. For the inner heliosphere, they found B0(R) ∝ R−1.64±0.40.

The two theoretical relations, B0(R) ∝ R−2 and rMC ∝ R, lead to the following expected

behavior of the axial magnetic flux as a function of heliocentric distance:

Φa(R) ∝ B0 r
2
MC ∼ const, (3.11)

i.e. the axial flux in a cylindrical flux rope should be preserved. Figure 3.4 shows a test for the

conservation of the magnetic flux during the propagation and expansion of MCs, plotting the
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axial magnetic flux

Figure 3.3: Evolution of the axial magnetic flux for 8 MCs at different heliocentric distances (in
total 20 observations). Associated events are connected through a dotted line.

axial magnetic flux at the first in situ spacecraft against the flux for the last in situ measurement

point for each event. We find a mean magnetic flux decrease of ∼ 40% over a distance range

from 0.62 – 2.49 AU. Event 2 shows a small increase of the axial magnetic flux by ∼ 7%, while

the largest decrease is ∼ 90% (Event 3). The majority of events shows a decrease within a range

of 24 – 60%. Therefore, a conservation of magnetic flux is not supported by our data.

Ruffenach et al. (2012) analyzed the magnetic flux imbalance of a multiple measured MC, in

total detected at five different spacecraft. They found that the magnetic flux decrease, calculated

for the same CME at ACE and STEREO-A, corresponds to 75% and 45% of the total axial

flux, respectively, i.e. their results lie in the same order of magnitude as our calculations. There

are two possible explanations for the unexpected behavior of the magnetic flux: First, the so-

called pancaking effect (Riley and Crooker, 2004) could be responsible for not reconstructing

the total amount of magnetic flux by Equation 3.11. Some studies suggest that the flux rope

flattens during propagation (e.g. Savani et al., 2013, and references therein). Riley and Crooker

(2004) simulated the evolution of a flux rope structure based on spherical expansion and pressure

gradient expansion. Figure 3.5 illustrates the pancaking effect. The left panel shows the almost

circular cross section of the flux rope close to the Sun, the right panel shows the flattened shape

of the flux rope at 1 AU. One of the assumptions of the fitting model used is the cylindrical shape

of the flux rope. If the flux rope is flattened, the calculated cross-section would be smaller than

it actually is, hence the magnetic flux would be underestimated (Dasso et al., 2006). Second, it

is possible that magnetic reconnection between the flux rope and the interplanetary magnetic

field leads to erosion of the magnetic flux in the MC (e.g. Dasso et al., 2006; Ruffenach et al.,

2012).
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Figure 3.4: Test of the theoretical relationship of the radial evolution of the axial magnetic flux.
The x-axis and y-axis show the magnetic flux at different heliocentric distances for 8 MCs under
study. Φ1 is the axial magnetic flux at the first in situ spacecraft and Φ2 is the flux for the last
in situ measurement point for each event. The straight line shows the supposed behavior of this
relation, i.e. a constant flux over distance.

Figure 3.5: Illustration of the pancaking effect during the evolution of a flux rope. Left: Close
to the Sun the MC has an almost circular cross section. Right: Flattened MC cross section at
1 AU. From Riley and Crooker (2004).
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3.4 Electric Current

The electric current, I, through a surface, A, is given as

I =

∫
A

j · dA, (3.12)

where j is the current density. Similar to Φa, the axial electric current, Ia, is a function of Ba.

With j = 1/µ0∇×B and ∇×B = αB together with Equation 3.1 we find

Ia =
2π

µ0
B0

rMC∫
0

α rJ0(α r)dr. (3.13)

Analog to Equation 3.9 the relation for Bessel-functions and substitution leads to

Ia =
2π

αµ0
B0

α rMC∫
0

d

dx
[xJ1(x)] dx =

2π

µ0
B0 rMC J1(α rMC). (3.14)

With J1(2.4047) = 0.51915 we obtain

Ia =
2π

µ0
(0.519)B0 rMC (3.15)

for the axial electric current in an MC.

Figure 3.6 shows the development of the axial electric current as a function of heliocentric

distance. The same approach as for the theoretical evolution of the magnetic flux, i.e. B0(R) ∝
R−2 and rMC ∝ R, can be used to obtain a rough estimate for the radial evolution of the electric

current in an expanding ideal force-free cylindrical flux rope,

Ia ∝ B0 rMC → Ia ∝ R−1. (3.16)

This means, for a self-similar expanding force-free model, the electric current is inversely pro-

portional to the radial distance, R, from the Sun. Figure 3.7 shows a test of this assumption.

The x-axis shows the ratio between two different heliocentric distances (R1 and R2), where each

MC was measured. The y-axis shows the inverse ratio of the according electric currents (It,1

and It,2). The red line symbolizes the ideal case, i.e. It,1/It,2 = R2/R1. For some events this

seems to be a good approximation, but others show a stronger decrease of It with heliocentric

distance than theoretically expected.

In summary, using a data set of MCs, measured by radially aligned spacecraft at different

heliocentric distances from 0.62 – 2.49 AU, we analyzed the radial evolution of the MC diameter,

dMC, the magnetic field strength in the center of the cylindrical flux rope, B0, the axial magnetic

flux, Φa, and the axial electric current, Ia. Our study shows that dMC is directly proportional

to the radial distance from the Sun, supported by a self-similar expansion model, while for B0



32

axial electric current

Figure 3.6: Evolution of the axial electric current as a function of heliocentric distance. The
x-axis shows the distance from Sun center, the y-axis shows the electric current in gigaampere
(GA). Associated events are connected through a dashed line and marked in the same color.

Figure 3.7: Test of the assumption of the radial evolution of the electric current. The x-axis
shows the ratio of the heliocentric distances where the MCs are measured and the y-axis shows
the inverse ratio of the electric currents derived at these distances. The red line shows the
behavior of this relation expected from the cylindrical force-free flux rope model.

this model yields a faster decrease than found from the measurements. The investigation of

the radial development of Ia yields a similar picture. Theoretically, Ia should decrease with

growing heliocentric distance. This is supported by about 50% of our data. Some events also

show a stronger decrease of Ia. The decrease of the magnetic flux found in the MCs under
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study may suggest MC erosion during propagation (Ruffenach et al., 2012). However, the error

contribution of the assumed cylindrical cross-section has to be clarified. Theoretically, the axial

magnetic flux should not vary during propagation. This erosion of magnetic flux has potential

implications for space weather, since it may lead to a reduction of the magnetic field strength,

i.e. also of the geoeffective southward component of the magnetic field.
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1 IGAM-Kanzelhöhe Observatory, Institute of Physics, University of Graz, Austria

2 Space Research Institute, Austrian Academy of Sciences, Graz 8042, Austria

3 Space Science Center and Department of Physics, University of New Hampshire, Durham, NH, USA

The following article is published in Solar Physics, Volume 276, Issue 1–2, pp. 293–314 (2013).

It is reproduced by the permission of Springer. The pdf document is available in the online

version of this journal and embedded one-to-one in this thesis. My own contribution to this

work was 65%.

The main part of this work was done within the scope of my diploma thesis. The presented

method is the basis of the three articles presented in Chapters 5, 6 and 7.

42



Solar Phys (2012) 276:293–314
DOI 10.1007/s11207-011-9897-0

Constraining the Kinematics of Coronal Mass Ejections
in the Inner Heliosphere with In-Situ Signatures

T. Rollett · C. Möstl · M. Temmer · A.M. Veronig ·
C.J. Farrugia · H.K. Biernat

Received: 24 June 2011 / Accepted: 9 November 2011 / Published online: 13 December 2011
© Springer Science+Business Media B.V. 2011

Abstract We present a new approach to combine remote observations and in-situ data by
STEREO/HI and Wind, respectively, to derive the kinematics and propagation directions
of interplanetary coronal mass ejections (ICMEs). We use two methods, Fixed-φ (Fφ) and
Harmonic Mean (HM), to convert ICME elongations into distance, and constrain the ICME
direction such that the ICME distance–time and velocity–time profiles are most consistent
with in-situ measurements of the arrival time and velocity. The derived velocity–time func-
tions from the Sun to 1 AU for the three events under study (1 – 6 June 2008, 13 – 18 Febru-
ary 2009, 3 – 5 April 2010) do not show strong differences for the two extreme geometrical
assumptions of a wide ICME with a circular front (HM) or an ICME of small spatial ex-
tent in the ecliptic (Fφ). Due to the geometrical assumptions, HM delivers the propagation
direction further away from the observing spacecraft with a mean difference of ≈25°.

1. Introduction

Coronal mass ejections (CMEs) are manifestations of the most powerful eruptions on the
Sun and are expulsions of a huge amount of plasma and the embedded magnetic field. Their
velocities range between a few 100 km s−1 up to more than 3000 km s−1. The frequency of
occurrence correlates with the solar cycle, and faster and more powerful events are more
common during the solar maximum phase. They can have wide latitudinal and longitudinal
extents and their typical masses are of the order of ≈1012 – 1013 kg (cf. Gosling et al., 1974;
Hundhausen, 1997). CMEs propagating from the Sun through the interplanetary space are
called interplanetary CMEs (ICMEs).
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Before 2006 it was not possible to directly link CMEs and their properties as measured
in situ. A milestone in the investigation of CMEs is the NASA Solar TErrestrial REla-
tions Observatory (STEREO: Kaiser et al., 2008) mission with its twin satellites STEREO-
AHEAD (A) and STEREO-BEHIND (B). STEREO-A is leading the Earth in its orbit around
the Sun and STEREO-B is following. The Heliospheric Imagers (HI1 and HI2: Eyles et al.,
2009) are part of the Sun–Earth Connection Coronal and Heliospheric Investigation instru-
ment suite (SECCHI: Howard et al., 2008; Harrison et al., 2009) onboard the two STEREO
spacecraft, and they enable us for the first time to observe solar transient events from two
vantage points from outside the Sun–Earth line. Such observations constitute a unique way
of investigating the behavior of ICMEs all the way from the Sun to Earth. In addition, the
possibility to study solar minimum events is a big advantage because it is necessary to do
case studies of CMEs showing simple and well-defined remote as well as in-situ signatures.

There are different methods that can be used to infer the direction of propagation of
an ICME. Some methods use single-spacecraft observations, e.g. the Fixed-φ fitting method
(Sheeley et al., 1999; Rouillard et al., 2008) or the Harmonic Mean fitting procedure (Lugaz,
2010; Möstl et al., 2011) while others use data from both spacecraft, e.g. the triangulation
method by Liu et al. (2010a), extended to circular fronts by Lugaz et al. (2010).

The aim of this work is to analyze the kinematics and propagation directions of a set of
CMEs up to a distance of 1 AU. For this we developed a method based on a combination of
remote and in-situ measurements. We constrain measurements from time–elongation plots
(Jmaps), produced out of the white-light HI1/HI2 images along the ecliptic plane, with the
in-situ measured arrival time and arrival velocity. The best matches deliver propagation di-
rections and velocity profiles based on the geometric assumptions that we use, for either
very wide or narrow ICME fronts. This should serve as a basis to develop adequate methods
to predict the arrival times of Earth-directed CMEs.

2. Data

The Heliospheric Imagers (HI: Eyles et al., 2009) onboard STEREO for the first time give
us the possibility to perform remote sensing in white light between the Sun and the Earth
from outside the Sun–Earth line. Because of their wide observation angles (HI1: 4 – 24°,
HI2: 18.7 – 88.7°) and scattering effects, the interpretation of these images is challenging
(e.g. Vourlidas and Howard, 2006; Kahler and Webb, 2007; Howard and Tappin, 2009). To
derive the kinematics of ICME fronts on their way through the inner heliosphere we used
remote observations of both HI instruments on STEREO-A as well as the in-situ proton
density and velocity delivered by the Wind spacecraft near Earth (SWE: Ogilvie et al., 1995)
and STEREO-B (PLASTIC: Galvin et al., 2008).

In this study, we discuss three CME-ICME events observed end-to-end from the Sun
to 1 AU, covering a wide range of CME initial conditions and parameters. The first event
of 2 – 6 June 2008 is an example of a very slow streamer-blowout type CME with a small
longitudinal angular width (Möstl et al., 2009; Robbrecht, Patsourakos, and Vourlidas, 2009;
Lynch et al., 2010; Wood, Howard, and Socker, 2010). The CME of 13 – 18 February 2009
originated from a bipolar active region and was associated with an EUV wave (Kienreich,
Temmer, and Veronig, 2009; Patsourakos and Vourlidas, 2009). It was slow as well but
reached its propagation velocity of about 350 km s−1 very close to the Sun (Miklenic et al.,
2011). The event is expected to have a wider extent in the Ecliptic because of a lower axis
inclination (Möstl et al., 2011). The third event of 3 – 5 April 2010 was the first fast and
geoeffective ICME of Solar Cycle 24 (Möstl et al., 2010; Liu et al., 2011; Wood et al.,
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2011) and led to a damage of the Galaxy 15 satellite in geosynchronous orbit and to what
has been called a perfect substorm.

3. Methods

For the interpretation of HI images, it is necessary to consider scattering effects. ICMEs are
detected as the photospheric light scattered off free electrons in the CME body, called Thom-
son scattering (e.g. Billings, 1966; Hundhausen, 1993). The scattered light has its maximum
when the line of sight (LoS) is perpendicular to the line between the Sun and the scatter-
ing particle. That is the reason that light that we see in the white-light images originates
on a sphere with the Sun–observer line as its diameter, also called the Thomson-surface
(TS: Vourlidas and Howard, 2006). When leaving the TS the intensity of the scattered light
decreases (e.g. Morrill et al., 2009). Brightness distribution and morphology are different
depending on the ICME axial orientation (Cremades and Bothmer, 2004). Thomson scatter-
ing influences the geometrical derivations of the following techniques.

Signatures of ICMEs are measured within time–elongation plots (Jmaps: Sheeley et al.,
1999; Davies et al., 2009) which are produced out of stripes along the ecliptic plane ex-
tracted from heliospheric images. These stripes are rotated and aligned next to each other
with the time increasing in the x- and the elongation in the y-direction. When an ICME fea-
ture is measured within a Jmap the distance from Sun-center is denoted in elongation, i.e.
in angular degrees. To use the measurements for further analysis we are interested in the
ICME kinematics expressed in radial distance, and thus the measured elongation has to be
converted. These calculations are limited because of the supposed shape of the ICME front,
which cannot be determined by using remote sensing from only one vantage point. These
methods and techniques are reviewed and discussed in Liu et al. (2010b). In the following
calculations we converted the elongation angle into radial distance by using two methods
that make different geometrical assumptions for the shape of the ICME front: Fixed-φ and
Harmonic Mean.

3.1. Fixed-φ Method

The simplest way to convert elongation into distance is the Point P (PP) method (Howard
et al., 2006). It assumes a CME as a circle all the way around the Sun. In contrast to PP,
the Fixed-φ method (Fφ: Sheeley et al., 1999; Kahler and Webb, 2007) assumes a radial
propagation of a single plasma element along a straight line (see Figure 1), i.e. a constant
propagation direction. This is an important difference to other methods (e.g. the triangu-
lation technique by Liu et al., 2010a) that make geometrical assumptions of a point-wise
extent of the CME as well but use two different vantage points (STEREO-A and STEREO-
B) and are therefore able to determine the direction for each point along the track. This
approach converts the measured elongation angle into radial distance from the Sun for a
given propagation direction of the ICME:

RFφ(t) = do

sin ε(t)

sin(ε(t) + φ)
, (1)

where RFφ(t) is the calculated distance, do is the Sun–observer distance, ε(t) the measured
elongation angle, and φ the derived propagation direction, measured away from the observer,
with positive values corresponding to solar West.

45



296 T. Rollett et al.

Figure 1 Comparison between
Point P, Fixed-φ, and Harmonic
Mean methods. The gray line
shows the line of sight, angle ε is
the measured elongation, do is
the Sun–observer distance, φ is
the propagation direction relative
to do . For the same value of φ,
Fixed-φ gives a larger distance
than HM.

3.2. Harmonic Mean Method

For wide CMEs, the Harmonic Mean method (HM: Howard and Tappin, 2009; Lugaz, Vourl-
idas, and Roussev, 2009) may be more appropriate than Fφ. It assumes that the measured
part is not a single particle but a sphere (or a circle in the ecliptic plane) connected to the
Sun at all times. As shown in Figure 1, it further assumes that the observer always looks
along the tangent to this circle. The resulting equation can be understood as the harmonic
mean of the PP and Fφ methods:

RHM(t) = 2do sin ε(t)

1 + sin(ε(t) + φ)
, (2)

where RHM(t) is the calculated distance, do is the Sun–observer distance, ε(t) the measured
elongation angle, and φ the derived propagation direction. This was introduced by Lugaz,
Vourlidas, and Roussev (2009) who found that CME velocities at large elongation angles
in a simulation were reproduced better with the HM method, and were over- and under-
estimated by the Fixed-� and Point P methods, respectively.

3.3. Combining Remote and In-Situ Signals

We have developed a new technique, based on the two conversion methods, by adding two
boundary conditions: first, the arrival time [ta] of the ICME front at the in-situ spacecraft and
second, the in-situ measured velocity [Vi ]. As an illustration, Figure 2 shows the resulting
distance–time profiles of the 1 – 6 June 2008 event calculated with different propagation
angles (top: Fφ, bottom: HM). The cross is the measured arrival time of the ICME front at
the location of the in-situ spacecraft.

3.3.1. Boundary Condition: In-Situ Arrival Time

For estimating the most reliable propagation angle [φ] the measured elongation value at the
in-situ arrival time of the ICME [εta ] is converted with Fφ into a distance [RFφ,ta (φ)] by
using different angles (φ ∈ [0◦,180◦]). RFφ,ta (φ) is subtracted from the distance between
the Sun and the in-situ spacecraft [di ]:

�dFφ(φ) = RFφ,ta (φ) − di. (3)
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Figure 2 Resulting radial distance as function of time for five different propagation directions for the Fφ

(upper panel) and the HM (lower panel) methods. The angle is the propagation direction relative to the
observer – negative means eastward. The solid horizontal line marks the location of the spacecraft providing
the in-situ measurements and the vertical solid line indicates the arrival time of the ICME at the in-situ
spacecraft.

The angle which minimizes �dFφ(φ), which we call φdFφ , is the resulting direction from the
constraint with the arrival time.

To do the same calculation for HM we have to consider the particular, circular geometry
of the front. To this end, one cannot use the whole diameter of the circle [RHM], but rather
the distance between the Sun and the point of intersection of the HM circle with the line
connecting the Sun and the in-situ spacecraft, as illustrated in Figure 3. We call this distance
RHMi,ta (φ), and it is calculated by

RHMi,ta (φ) = RHM,ta (φ) cos δ, (4)

where δ is the angle between di and RHM. Similar to above, we calculate

�dHMi (φ) = RHMi,ta (φ) − di, (5)

where �dHMi (φ) is the resulting difference and RHMi,ta (φ) the result of HM along di . The
propagation direction [φdHM] corresponding to the minimum of �dHMi (φ), is again the out-
come of the technique.
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Figure 3 Illustration showing
the calculation of the distance
[�d] from the Sun to the point of
the circular CME front in the
direction of the in-situ observing
spacecraft. The gray line shows
the line of sight, angle ε is the
measured elongation, do is the
Sun–observer distance, φ is the
propagation direction relative to
do , RHM is the distance of the
CME apex from the Sun, RHMi

is the distance of the CME front
in direction of the in-situ
spacecraft from the Sun, and δ is
the angle between RHM and
RHMi .

Figure 4 Two possible solutions
for HM. The green arrow shows
the direction of the ICME apex
resulting from the first minimum
and the green circle shows the
ICME front (CME 1) for this
direction at arrival time. The red
arrow indicates the direction
derived from the second
minimum of �V for the ICME
event of June 2008. The apex of
this ICME (CME 2) would be
≈2.5 AU away from the Sun at
arrival time at the in-situ
spacecraft.

3.3.2. Boundary Condition: Velocity at In-Situ Arrival Time

We applied the same minimization method as described before by subtracting the in-situ
measured velocity [Vi ] from the calculated velocity converted from the measured elongation
value at ta , VFφ,ta (φ ∈ [0◦,180◦]):

�VFφ(φ) = VFφ,ta (φ) − Vi, (6)

where �VFφ(φ) is the calculated difference, VFφ,ta (φ) the derived velocity at arrival time,
and Vi is the in-situ measured velocity of the ICME front.

The same method can be applied by using HM. The velocity VHMi was calculated on
the basis of RHMi , thus in the direction of the in-situ spacecraft, which for HM does not
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Figure 5 In-situ measured proton density from STEREO-B (top). The first red line from the left marks the
time of the ICME arriving at STEREO-B and others delimit two strong peaks in the proton density. The
lower panel shows the Jmap produced from remote sensing data of heliospheric images of STEREO-A with
overplotted measurement points (red crosses). The white horizontal line indicates the position of STEREO-B.

necessarily have to be the apex of the ICME front, but can, in principle, be also any point
along the circle. We define

�VHMi (φ) = VHMi,ta (φ) − Vi, (7)

where �VHMi (φ) is the calculated difference and VHMi,ta (φ) the derived velocity at the ar-
rival time. The angle belonging to the minimum difference [φV F� or φV HM] is the direction
resulting from the constraint with the velocity at arrival time. Liu et al. (2010b) pointed out
that there is an ambiguity for possible propagation directions for HM. Because of mathe-
matical reasons, there are two minima within the range of φ ∈ [0◦,180◦]. Since we get two
minima for both constraints (�d , �V ) we choose the value where both minima show the
best agreement with each other; in our cases, it seems to be the smaller value. The conver-
sion using the next minimum would yield a large distance of the CME apex, which may not
be possible given the observed CME size from two vantage points (Figure 4).
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Figure 6 Propagation directions for Fixed-φ (top panel) and Harmonic Mean (bottom panel). The black
crosses show the differences between the calculated distance at arrival time and the distance of the in-situ
spacecraft from Sun center for different propagation angles. The red asterisks indicate the same approach but
for the difference of the calculated velocity and the in-situ measured velocity at arrival time.

The directions from the arrival-time and velocity constraints will not be identical. To
combine the resulting propagation directions for each method, we define

φFφ = (φdFφ + φV Fφ)/2 (8)

φHM = (φdHM + φV HM)/2 (9)

so we take the average values for the direction for each method and use these for further anal-
ysis. Here, φHM is the propagation direction of the ICME apex for the HM method. However,
all kinematics are calculated for the part of the circle which hit the in-situ spacecraft and not
for the apex.

The distance–time profile for the defined mean propagation angle was fitted by using a
cubic spline, from which we derived the velocity profile via numerical differentiation. All
errors result from the manual tracking of the ICME front only. To be able to do an error
estimation, every feature was measured five times. The resulting standard deviation also
yields a reliable error for the numerical velocity derivation using three-point, Lagrangian
interpolation. We also indicate an error for the propagation direction for both methods.

50



Constraining the Kinematics of Coronal Mass Ejections 301

Figure 7 Top: Resulting distance–time profile for Fφ. The crosses are the converted mean values of the direct
measurements and the red line is the spline fit. The blue horizontal line shows the arrival time of the ICME at
STEREO-B. Middle: The solid curve shows the derivation of the fit, which is done to determine the velocities
of this event. The gray area indicates the standard deviation of the measurements. The horizontal line indicates
the in-situ measured velocity at STEREO-B. Bottom: Residuals of the fit and the direct measurements.

4. Results

Three different ICMEs were investigated to cover a range from slow to fast CME initial
speeds. One event was slow and narrow (June 2008), the second was also slow but had a
wide longitudinal extent (February 2009), and the third ICME (April 2010) was a fast and
geoeffective event.

4.1. 02 – 06 June 2008 ICME

The leading edge of this ICME was seen on 2 June 2008 09:00 UT in the HI1 field of
view (FoV) and on 3 June 2008 12:00 UT in the HI2 FoV of STEREO-A. This CME had
no obvious signatures of magnetic reconnection on the Sun (Robbrecht, Patsourakos, and
Vourlidas, 2009). A magnetic cloud was detected between 6 June 2008 ≈22 UT and 7 June
2008 ≈12 UT at STEREO-B (Möstl et al., 2009; Lynch et al., 2010; Wood, Howard, and
Socker, 2010). The separation between both STEREO spacecraft was 53.9◦ at that time. Fig-
ure 5 shows the proton density (STEREO-B PLASTIC) and the Jmap (STEREO-A HI1/2)
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Figure 8 Top: Resulting distance–time profile for HM. The crosses are the converted mean values of the
direct measurements and the red line is the spline fit. The blue horizontal line shows the arrival time of the
ICME at STEREO-B. Middle: The solid curve shows the derivation of the fit, which is done to determine
the velocities of this event. The gray area indicates the standard deviation of the measurements. The hori-
zontal line indicates the in-situ measured velocity at STEREO-B. Bottom: Residuals of the fit and the direct
measurements.

with two clear traces of the event. The first one is the leading edge and the second one
is the core of the ICME. Both Jmap-tracks match with the in-situ arrival times (sudden
increase of the proton density at STEREO-B) as indicated with the vertical red lines. Its in-
situ signature as well as the heliospheric images both reveal a pronounced three-part struc-
ture, with the density enhancements bracketing the magnetic-flux rope (Möstl et al., 2009;
Lynch et al., 2010).

To obtain the propagation direction and the velocity, only the first track, i.e. the ICME
leading edge, was investigated. Figure 6 shows the calculation of the minima of the differ-
ences between the converted distance at in-situ arrival time and the distance between Sun
and in-situ spacecraft [φdFφ and φdHM] as well as for the differences between the derived
velocity at arrival time and the in-situ measured arrival velocity [φV Fφ and φV HM]. Fφ (top
panel) yields as a mean direction E24 ± 3◦ (relative to the Sun–Earth line) and HM (bottom
panel) results in E51 ± 6◦.
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Figure 9 In-situ measured proton density from STEREO-B (top). The first red line from the left marks the
time of the ICME arriving at STEREO-B and others delimit two strong peaks in the proton density. The
lower panel shows the Jmap produced from remote sensing data of heliospheric images of STEREO-A with
overplotted measurement points (red crosses). The white horizontal line indicates the position of STEREO-B.

Figure 7 shows the kinematics of this event derived from Fφ using the obtained prop-
agation angle. The upper panel displays the result of the conversion from elongation into
solar radii and the link to the arrival time at the in-situ spacecraft. The standard deviation
lies between 0.5 R� (HI1) and 1.6 R� (HI2). The middle panel shows the direct deriva-
tion of the measurements (crosses) and the derivative of the spline fit. The kinematics using
Fφ (φFφ = E24 ± 3◦) yield a continuous acceleration from ≈330 to ≈440 km s−1 and a
mean velocity of 389 ± 48 km s−1. The velocity at arrival at STEREO-B derived from Fφ

is 432 ± 61 km s−1. Fφ results in a typical late acceleration at ≈1 AU. This cannot be in-
terpreted as a true behavior of the CME, but is an artifact of the method; cf. the discussions
in Lugaz, Vourlidas, and Roussev (2009) and Wood et al. (2009). The new method using
in-situ data as constraints diminishes this effect. The same approach but for HM is shown
in Figure 8. The errors of the measurements are between 0.4 R� (HI1) and 1.2 R� (HI2).
Kinematics using HM (φHM = E51 ± 6◦) deliver a mean velocity of 395 ± 35 km s−1. The
CME shows a strong acceleration from ≈280 to ≈440 km s−1 up to a distance of about 100
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Figure 10 Propagation directions for Fixed-φ (top panel) and Harmonic Mean (bottom panel). The black
crosses show the differences between the calculated distance at arrival time and the distance of the in-situ
spacecraft from Sun center for different propagation angles. The red asterisks indicate the same approach but
for the difference of the calculated velocity and the in-situ measured velocity at arrival time.

solar radii followed by a slight deceleration to a final velocity of 422±44 km s−1, consistent
with the in-situ measured velocity at STEREO-B of 403 km s−1.

4.2. 13 – 18 February 2009 ICME

The ICME arrived on 13 February 2009 11:00 UT in the HI1 FoV of STEREO-A and be-
came visible in HI2 on 14 February 2009 04:00 UT. This CME was associated with a flare
and an EUV wave (Kienreich, Temmer, and Veronig, 2009) occurring at the limb as seen
by STEREO-A, since the separation of the STEREO spacecraft was 91◦ at that time. Com-
pared to the June 2008 event, there is no characteristic three-part structure – neither in the
heliospheric images nor in the in-situ data. STEREO-B measured an increase of the proton
density that was followed by a large-scale magnetic flux rope (Möstl et al., 2011).

Figure 9 shows the proton density measured by STEREO-B and the Jmap from STEREO-
A. The ICME track became faint rather quickly, as expected for a limb CME (Morrill et al.,
2009). Comparing the track in the Jmap and the proton density in Figure 9 shows that the
ICME seems to arrive earlier at the elongation of STEREO-B than it was measured in situ.

Figure 10 illustrates the calculation of the propagation directions (φFφ = E36 ± 4◦,
φHM = E61 ± 3◦). Again, HM gives a direction further away from the observer. The upper
panel in Figure 11 shows the result of the conversion from elongation into radial distance
[Fφ] and the linkage with the in-situ arrival time. The standard deviation of both conversion
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Figure 11 Top: Resulting distance–time profile for Fφ. The crosses are the converted mean values of the
direct measurements and the red line is the spline fit. The blue horizontal line shows the arrival time of the
ICME at STEREO-B. Middle: The solid curve shows the derivation of the fit, which is done to determine
the velocities of this event. The gray area indicates the standard deviation of the measurements. The hori-
zontal line indicates the in-situ measured velocity at STEREO-B. Bottom: Residuals of the fit and the direct
measurements.

methods is between 0.5 R� (HI1) and 1 R� (HI2). Kinematics using Fφ yield a mean veloc-
ity of 310 ± 29 km s−1. The velocity profile shows a nearly constant speed up to a distance
of ≈100 R� followed by an acceleration from ≈280 km s−1 to a velocity at arrival time
of 416 ± 35 km s−1. Again Fφ shows an apparent acceleration close to 1 AU. The mean
velocity derived of HM is 325 ± 28 km s−1 and the impact velocity is 398 ± 34 km s−1,
whereas the in-situ measured impact velocity of the ICME at STEREO-B is ≈362 km s−1

(see Figure 12). There seems to be an upward kink in the track in the Jmap at about 35◦
elongation that is also visible in the derived kinematics as an acceleration.

4.3. 03 – 05 April 2010 ICME

Compared to the previous mentioned events, this CME was relatively fast for solar mini-
mum. The ICME arrives in the HI1 FoV of STEREO-A on 3 April 2010 10:00 UT, and a
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Figure 12 Top: Resulting distance–time profile for HM. The crosses are the converted mean values of the
direct measurements and the red line is the spline fit. The blue horizontal line shows the arrival time of the
ICME at STEREO-B. Middle: The solid curve shows the derivation of the fit, which is done to determine
the velocities of this event. The gray area indicates the standard deviation of the measurements. The hori-
zontal line indicates the in-situ measured velocity at STEREO-B. Bottom: Residuals of the fit and the direct
measurements.

shock was detected on 5 April 2010 07:58 UT at Wind, situated at the L1 point sunward
of the Earth (Möstl et al., 2010). The separation between STEREO-A and Wind was 67.4◦

at that time. It was a geoeffective ICME and caused a moderate geomagnetic storm with
a minimum of the Dst index about −72 nT and maximum Kp of 8 (Möstl et al., 2010;
Wood et al., 2011).

Figure 13 shows the proton density at Wind and the Jmap of HI1A and HI2A of the event.
The track of the ICME fits well with the sharp increase in proton density. As illustrated in
Figure 14 the two conversion methods yield a propagation direction of φFφ = W3 ± 4◦

and φHM = E25 ± 10◦, respectively. The measurement errors for Fφ are 1.3 R� (HI1) and
1.5 R� (HI2), and for HM 1 R� (HI1) and 1.3 R� (HI2). Kinematics from Fφ result in a
mean velocity of 829±122 km s−1 and an impact velocity of 825±129 km s−1 (Figure 15),
kinematics from HM yield a mean velocity of 854 ± 100 km s−1 and at arrival at Wind a
velocity of 813 ± 106 km s−1 (Figure 16). The average speed of the ICME sheath region
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Figure 13 In-situ measured proton density from Wind (top). The first red line from the left marks the time
of the ICME arriving at Wind and others delimit two strong peaks in the proton density. The lower panel
shows the Jmap produced from remote sensing data of heliospheric images of STEREO-A with overplotted
measurement points (red crosses). The white horizontal line indicates the position of Wind.

between the shock and the magnetic cloud as measured in situ by Wind, was ≈720 km s−1.
Both methods slightly overestimate the impact velocity by about 100 km s−1. In this case,
differences in the velocity–time profiles are more pronounced: Fφ shows a nearly constant
velocity between 800 and 900 km s−1 while HM delivers an acceleration up to ≈100 solar
radii to about 1000 km s−1 followed by a deceleration to 800 km s−1. Since the irregularity
in the velocity profile happens in the transition region between the fields of view of HI1
and HI2 it could also be related to the different sensitivities of the cameras. The signal of
HI1 turns faint rather quickly at larger elongations while HI2 seems to overexpose at lower
elongations which yields a discontinuity of the front and makes the tracking of the leading
edge difficult. These circumstances could be a possible reason for the atypical shape of the
velocity evolution.

Table 1 lists the results of the three events for the two conversion methods, Fφ and HM,
and the relevant in-situ measurements.
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Figure 14 Propagation directions for Fixed-φ (top panel) and Harmonic Mean (bottom panel). The black
crosses show the differences between the calculated distance at arrival time and the distance of the in-situ
spacecraft from Sun center for different propagation angles. The red asterisks indicate the same approach but
for the difference of the calculated velocity and the in-situ measured velocity at arrival time.

5. Discussion and Conclusions

The purpose of our study was to introduce a new technique, pointed out by Möstl et al.
(2009, 2010), to additionally use the constraints imposed by in-situ measurements to derive
ICME kinematics end-to-end from the Sun to 1 AU. This method uses single-spacecraft
heliospheric-imager data together with single-spacecraft in-situ data and assumes a constant
propagation direction.

Kinematics covering measurements in the HI1 and HI2 FoV were analyzed for three
well-observed CMEs on their way from Sun to 1 AU. Images from the Heliospheric Imagers
onboard the NASA STEREO mission were used to produce time–elongation plots (Jmaps)
from which the ICME measurements were derived. The measured elongation angles were
converted into radial distances (in units of solar radii) by using two methods – Fixed-φ (Fφ)
and Harmonic Mean (HM) – which approximate the ICME front as a point (Fφ) or a circle
(HM). By combining remote sensing with in-situ measurements, it was possible to calculate
the propagation directions as well as the kinematics of the events within the geometrical
assumptions of the conversion methods. We constrained the ICME direction in such a way
that the ICME distance–time and velocity–time profiles are most consistent with in-situ
measurements of the arrival time and the velocity on arrival. In Temmer et al. (2011), the
velocity profiles of the same three events were compared to the ambient solar wind, modeled
by the ENLIL 3D MHD model (Odstrcil, 2003).

58



Constraining the Kinematics of Coronal Mass Ejections 309

Figure 15 Top: Resulting distance–time profile for Fφ. The crosses are the converted mean values of the
direct measurements and the red line is the spline fit. The blue horizontal line shows the arrival time of
the ICME at Wind. Middle: The solid curve shows the derivation of the fit, which is done to determine the
velocities of this event. The gray area indicates the standard deviation of the measurements. The horizontal
line indicates the in-situ measured velocity at Wind. Bottom: Residuals of the fit and the direct measurements.

The ICME of 02 – 06 June 2008 was clearly identified in the Jmap. It was a slow event
(≈390 km s−1) that was embedded in the solar wind. It propagated toward STEREO-
B, where clear signatures of a magnetic flux-rope could be identified in situ. The Fφ

method reveals a propagation direction toward STEREO-B (φFφ = E24 ± 3◦), while the
HM method assumes a wider longitudinal extent, which may be improbable for this ICME
event (φHM = E51 ± 6◦), because the extent in the Ecliptic should be around 25 degrees
(Wood, Howard, and Socker, 2010). The method of Wood, Howard, and Socker (2010),
where synthetic images of a tube-like CME are adjusted to fit the CME’s appearance in the
STEREO/HI images, yields a direction in longitude of E34◦, and various directions derived
by Möstl et al. (2009) range from E24◦ to E45◦, all consistent with the directions derived in
this article.

The event of 13 – 18 February 2009 was a slow event too (≈320 km s−1). Its parameters
were measured in situ by STEREO-B but do not show a clear three-part structure as for the
June 2008 event. This CME originated from the limb and seems to have a wider longitudinal
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Figure 16 Top: Resulting distance–time profile for HM. The crosses are the converted mean values of the
direct measurements and the red line is the spline fit. The blue horizontal line shows the arrival time of
the ICME at Wind. Middle: The solid curve shows the derivation of the fit, which is done to determine the
velocities of this event. The gray area indicates the standard deviation of the measurements. The horizontal
line indicates the in-situ measured velocity at Wind. Bottom: Residuals of the fit and the direct measurements.

extension in the Ecliptic and therefore was difficult to investigate since it dimmed rather
quickly in the Jmap because it left the TS early. The results of the methods used differ again
by about 25 degrees (φFφ = E36±4◦, φHM = E61±3◦) and agree with the directions derived
by Möstl et al. (2011) who found E35◦ (Fφ fitting) and E63◦ (HM fitting), respectively. The
kinematics of both conversion methods are consistent with the in-situ measured velocity.

The event of 03 – 05 April 2010 is an outstanding event for this solar minimum. In con-
trast to the other two events it was relatively fast (≈835 km s−1). The derived propagation
directions range from φFφ = W3 ± 4◦ to φHM = E25 ± 10◦ from Earth. Here, Möstl et al.
(2010) found a direction of longitude W0 ± 5◦ using various methods (triangulation, Fixed-
φ fitting, and forward modeling), and Wood et al. (2011) found a direction of W2◦, which
makes our Fixed-φ result more consistent with the others quoted in the literature. The veloc-
ity profile shows a different evolution for both methods. While Fφ results in a nearly con-
stant velocity between ≈750 and 850 km s−1, HM shows an acceleration up to ≈100 R�
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Table 1 Summary of the results
for all three events. The table lists
the propagation angle, the arrival
time, the mean velocity, and the
impact velocity of the ICME for
the used methods.

02 – 06 June 2008 Fφ HM in situ

Propagation angle E24 ± 3◦ E51 ± 6◦ –

Arrival day – – 06 June 2008

Arrival time – – 15:35

Mean velocity [km s−1] 389 ± 48 395 ± 35 –

Impact velocity [km s−1] 432 ± 61 422 ± 44 400

12 – 18 February 2009 Fφ HM in situ

Propagation angle E36 ± 4◦ E61 ± 3◦ –

Arrival day – – 18 February 2010

Arrival time – – 10:00

Mean velocity [km s−1] 310 ± 29 325 ± 28 –

Impact velocity [km s−1] 416 ± 35 398 ± 34 362

03 – 05 April 2010 Fφ HM in situ

Propagation angle W3 ± 4◦ E25 ± 10◦ –

Arrival day – – 05 April 2010

Arrival time – – 07:58

Mean velocity [km s−1] 829 ± 122 854 ± 100 –

Impact velocity [km s−1] 825 ± 129 813 ± 106 720

followed by a slight deceleration. The event seems to be decelerated from the slower ambient
solar wind, in which the ICME was embedded (e.g. Gopalswamy et al., 2001).

The interpretation of the heliospheric images is rather difficult. Both conversion methods
(Fixed-φ and Harmonic Mean) are useful to analyze the kinematics of ICMEs on their way
through the heliosphere. How appropriate it is to use one or the other clearly depends on the
event chosen. The big advantage of these methods compared to fitting methods such as the
Sheeley–Rouillard (Sheeley et al., 1999; Rouillard et al., 2008) or the Harmonic Mean fitting
method (Lugaz, 2010; Möstl et al., 2011) is that a constant velocity is not assumed. On the
other hand they are not useable for forecasting because remote observations over the whole
distance and in-situ measurements at 1 AU are used as input to constrain CME kinematics.
To assess the validity of the technique, numerical simulations should be used (e.g. Odstrcil
and Pizzo, 2009; Lugaz, Roussev, and Gombosi, 2011), because there the distance–time and
velocity–time functions of the ICME front and its shape are known. Another disadvantage
of the method is that for the calculation of the propagation direction only the remotely
sensed elongation value at the arrival time at 1 AU is used and constrained with in-situ
data. Assuming constant direction, the resulting direction is then used to convert the whole
track of the remotely sensed CME. Using only one spacecraft from one vantage point, it is
not possible to derive the direction of every point along the CME track in contrast to the
triangulation technique by Liu et al. (2010a).

All this is needed as a basis to be able to better forecast the direction and arrival time of
coronal mass ejections using empirical or numerical propagation models. It will be necessary
to investigate a large number of events to reveal their different kinematics in order to be able
to apply the most appropriate method. Furthermore, the geometrical limitations of the Fφ

(point shaped CME) and HM (circle shaped CME) methods should be adjusted to consider
the different widths of the CMEs.
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ABSTRACT

We study three coronal mass ejection (CME)/interplanetary coronal mass ejection (ICME) events (2008 June 1–6,
2009 February 13–18, and 2010 April 3–5) tracked from Sun to 1 AU in remote-sensing observations of Solar
Terrestrial Relations Observatory Heliospheric Imagers and in situ plasma and magnetic field measurements. We
focus on the ICME propagation in interplanetary (IP) space that is governed by two forces: the propelling Lorentz
force and the drag force. We address the question: which heliospheric distance range does the drag become dominant
and the CME adjust to the solar wind flow. To this end, we analyze speed differences between ICMEs and the
ambient solar wind flow as a function of distance. The evolution of the ambient solar wind flow is derived from
ENLIL three-dimensional MHD model runs using different solar wind models, namely, Wang–Sheeley–Arge and
MHD-Around-A-Sphere. Comparing the measured CME kinematics with the solar wind models, we find that the
CME speed becomes adjusted to the solar wind speed at very different heliospheric distances in the three events
under study: from below 30 R�, to beyond 1 AU, depending on the CME and ambient solar wind characteristics.
ENLIL can be used to derive important information about the overall structure of the background solar wind,
providing more reliable results during times of low solar activity than during times of high solar activity. The results
from this study enable us to obtain greater insight into the forces acting on CMEs over the IP space distance range,
which is an important prerequisite for predicting their 1 AU transit times.

Key words: solar wind – Sun: activity – Sun: coronal mass ejections (CMEs)

Online-only material: color figures

1. INTRODUCTION

The evolution of coronal mass ejections (CMEs) is mainly
governed by the Lorentz and the aerodynamic drag force. Ini-
tially, the CME is launched and driven by the Lorentz force,
whereas the drag force becomes dominant in the later phase of
the evolution as the CME propagates into interplanetary (IP)
space (Chen 1989; Cargill et al. 1996; Tappin 2006; Howard
et al. 2007). In the first approximation the unit-length Lorentz
force can be written as FL = I × B, where I is the electric
current within the erupting loop and B is the magnetic field. The
electric current and size of the current-carrying structure are
related to the erupting magnetic flux. Assuming that the mag-
netic flux is preserved during the eruption due to the frozen-in
condition (ideal-MHD), the electric current decreases when the
structure enlarges, i.e., moves away from the Sun, which in
turn decreases FL as well as the free magnetic energy con-
tained in the system (e.g., Jackson 1998; Chen 1996; Kliem
& Török 2006; Subramanian & Vourlidas 2007). A prolonged
magnetic reconnection below the eruption adds poloidal flux to
the erupting structure sustaining the outward directed Lorentz
force (Chen 1996) which powers and prolongs the CME ac-
celeration (Lin & Forbes 2000; Vršnak & Cliver 2008). As
soon as the drag force becomes dominant, the CME speed will
decrease until it becomes adjusted to the ambient solar wind
speed (Chen 1996; Gopalswamy et al. 2000; Vršnak et al. 2004;
Cargill 2004, and references therein). In its simplest form, the
drag acceleration can be expressed as aD = ±γ |v − w|α with
α = [1,2], w the solar wind speed, v the CME speed, and
γ the drag parameter (cf. Vršnak & Gopalswamy 2002), the
acceleration being positive if v > w and negative for v < w.

From coronagraphic observations, it is obtained that a significant
fraction of fast CMEs begins to decelerate in the high corona
(St. Cyr et al. 1999; Vršnak et al. 2004; Davis et al. 2010).
IP scintillation was one of the earliest techniques to investi-
gate the solar wind in the inner heliosphere (see, e.g., Hewish
et al. 1964; Houminer & Hewish 1972). The first insight into
the heliospheric distance range with respect to CMEs was de-
rived from the HELIOS spacecraft (e.g., Jackson 1985). Studies
using radio and scintillation measurements could gain deeper
knowledge on the evolution of IP CMEs, the so-called ICMEs
(e.g., Manoharan et al. 2000; Manoharan 2006; Reiner et al.
2007, and references therein). Since 2003, data from
Coriolis/SMEI using IP scintillation methods reveal more de-
tails on ICMEs (e.g., Webb et al. 2006). Since 2006 the Solar
Terrestrial Relations Observatory (STEREO) mission has en-
abled us to follow CMEs using direct imaging for the entire
propagation distance from Sun to Earth, and to systematically
study ICMEs. The first studies on the solar wind drag using
STEREO data were made by Byrne et al. (2010) and Maloney &
Gallagher (2010). However, the heliospheric distance at which
the drag force finally prevails over the magnetic driving force
is still unknown, mainly due to the unknown solar wind speed
distribution in IP space. The determination of the drag force is
crucial in order to reliably represent the evolution of CMEs in
the heliosphere and to predict its transit time to 1 AU and, thus,
its possible impact at Earth (e.g., Vršnak & Gopalswamy 2002;
Owens & Cargill 2004; Vršnak & Žic 2007; Morrill et al. 2009;
Webb et al. 2009; Vršnak et al. 2010).

The main parameters determining the drag force aD are speed,
mass, and size of ICMEs as well as speed and density of the
ambient solar wind flow (see, e.g., Vršnak et al. 2004, 2010).
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Figure 1. EUV observations from STEREO-B/EUVI in the wavelength range 195 Å and PROBA2/SWAP in 174 Å showing the solar corona at launch date for each
event under study. Coronal holes in the vicinity of the source region of the CME event are outlined by solid gray lines. For Event 1, no solar surface signature is
observed; the CME most likely started from the southeast quadrant as derived in the study by Robbrecht et al. (2009).

Based on the simple expression for aD, we focus in this study
on the speed differences between the ICME and the ambient
solar wind flow. As we would like to know at which distance
range from the Sun the CME adjusts to the solar wind flow
and how this affects the observed CME propagation, we need
to derive the solar wind speed distribution as a function of
distance and time. The ambient solar wind properties are usually
estimated from in situ measurements at 1 AU, however, this
does not reflect their spatial distribution in IP space. As an
empirical approximation of how the solar wind is structured,
the relation between coronal hole areas/location on the Sun
and solar wind speed can be used (Temmer et al. 2007;
Vršnak et al. 2007). Again, we face the problem that only the
behavior of the solar wind at the boundaries, Sun and Earth, are
known but not its distribution in between. Applying numerical
MHD modeling, we may overcome this limitation. Significant
progress has been made in current tools like ENLIL (Odstrčil
& Pizzo 1999; Odstrčil 2003) which allows the simulation of
the solar wind conditions for the entire Sun–Earth distance
based on photospheric magnetogram input and potential field
source surface extrapolation. Thus, ENLIL enables us to infer
the distribution of solar wind parameters in IP space and will be
used to study the environmental conditions in which the CME
is embedded.

The subject of the current study is to infer the heliospheric
distance at which the drag force begins to prevail over the
driving force, both acting on the ICME until the speed of
the ICME finally adjusted to the speed of the ambient solar
wind flow. To this end, we study the evolution of three well
observed CME/ICME events tracked all the way from Sun to
1 AU from STEREO/SECCHI remote-sensing observations. In
combination with in situ measurements at 1 AU, we are able
to determine the direction and speed of a CME. A possible
driving is derived by measuring the kinematics of the front
(sheath) of the CME under the assumption that if the body
of the CME is accelerated (by one of the two main drivers)
the sheath will respond and will also move faster. To what
extent the Lorentz force might contribute to driving is derived
from solar surface observations (growing post-flare loops due to
ongoing magnetic reconnection processes adding poloidal flux
to the magnetic structure of the CME body). The contribution
to driving due to high-speed solar wind streams (HSSs) is
derived from comparison of the CME/ICME speed and the
solar wind speed derived from ENLIL (NASA/CCMC) model

runs for the ambient solar wind flow (both as a function of
distance along the CME propagation direction). In contrast to
previous studies analyzing the effect of the ambient solar wind
by simulating the propagation of CMEs/ICMEs with MHD
models (e.g., Webb et al. 2009; Case et al. 2008), we approach
this issue by comparing the numerically calculated background
solar wind speed from ENLIL model runs with observed CME
kinematics in IP space. This study is aimed to be a step in gaining
deeper insight into the effect of the drag force influencing the
CME/ICME propagation.

2. DATA AND METHODS

All three CME/ICME events are observed with the
STEREO (STEREO-A and STEREO-B) SECCHI instrument
suite (Howard et al. 2008). SECCHI consists of two corona-
graphs, COR1 and COR2, covering a plane-of-sky (POS) dis-
tance range up to ∼15 R� and the heliospheric imagers (HIs),
HI1 and HI2, for distances >15 R�. This instrument combina-
tion allows us to track CME/ICME events in the inner helio-
sphere from ∼2 R� to 1 AU. All events were remotely observed
from STEREO-A and appeared under this vantage point quite
close to the solar limb.5 In situ signatures of the ejecta at 1 AU
from which we can deduce its arrival time and speed are de-
rived from solar wind magnetic field and plasma data as mea-
sured with STEREO-B/IMPACT (Acuña et al. 2008; Luhmann
et al. 2008), STEREO-B/PLASTIC (Galvin et al. 2008), and
Wind/SWE/MFI (Ogilvie et al. 1995; Lepping et al. 1995). The
arrival time of the ICME at 1 AU is obtained from the sharp
increase in density in front of the identified flux rope or mag-
netic cloud signature (e.g., Klein & Burlaga 1982; Bothmer &
Schwenn 1998). For context information on low-coronal signa-
tures of CMEs as well as on the solar surface conditions and
ongoing magnetic reconnection processes (growing post-flare
loops), we use observations in the EUV wavelength range from
STEREO/EUVI (Wuelser et al. 2004) and PROBA2/SWAP
(Berghmans et al. 2006). All heliographic coordinates men-
tioned in the paper refer to Earth view.

Figure 1 shows the condition of the solar corona for
each of the three events under study. In particular, the loca-
tion and area of coronal holes in the vicinity of the launch site
of the CME is of interest, since coronal holes are known to be

5 Therefore, we can neglect projection effects in STEREO-A COR1 and
COR2 measurements.
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Figure 2. Location of the STEREO-A and STEREO-B spacecraft with respect to Earth for the three events under study. Assuming the CME is a circle (gray shaded)
attached to the Sun, the apex of the CME (dashed arrow) is at a different distance than the flanks (solid arrow) directed toward the in situ spacecraft. The “corrected”
ICME kinematics we discuss with respect to the background solar wind are all extracted along the Sun-spacecraft lines.

(A color version of this figure is available in the online journal.)

Figure 3. Event 1—top left: ecliptic cut (latitude S3 in HEEQ coordinates) for the background solar wind speed derived from MAS+ENLIL for CR 2070. The
measured trajectory of the CME along a fixed angle of propagation at E25 (directed toward STEREO-B) is marked by black plus signs with dashed plus signs indicating
a longitudinal sector of ±10◦. Top right: meridional cut along the direction of motion of E25. The gray lines indicate a latitudinal sector of ±5◦. Bottom: CME speed
and errors as derived from COR and HI measurements, compared to the extracted background solar wind (bg-sw) speed rom MAS+ENLIL for ±10◦ (averaged over
the latitudinal range of ±5◦) along the CME trajectory and to the in situ measured impact speed of the ICME from STEREO-B (blue cross).

(A color version of this figure is available in the online journal.)

sources of HSSs which may influence the propagation of CMEs
(Schwenn 2006; Gopalswamy et al. 2009).

In the event of 2008 June 1 (hereinafter Event 1), the CME
left the Sun at ∼21 UT and arrived on 2008 June 6 at ∼22:30 at
the spacecraft STEREO-B which measured clear signatures of a
large-scale magnetic flux rope (we refer here to a flux rope rather
than a magnetic cloud since not all parameters according to the

definition of a magnetic cloud by Burlaga et al. (1981) could be
observed) with the IMPACT and PLASTIC instruments. In front
of the flux rope structure, a sharp increase in density is observed
which can be related to the leading edge of the CME as observed
in remote-sensing images. The impact speed of the ICME is
derived as the average speed in the ICME sheath region and is
∼400 km s−1. The event was first analyzed by Robbrecht et al.
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Figure 4. Same as Figure 3 but for WSA+ENLIL.

(A color version of this figure is available in the online journal.)

(2009) who classified it as “stealth CME” having no obvious
signatures of associated low-coronal activity (filament eruption,
flare, dimming, EUV wave) on the Sun. The relation between
white light images from HI and in situ plasma and magnetic field
measurements at 1 AU was analyzed in Möstl et al. (2009). The
three-dimensional morphology and the kinematics of the CME
are studied by Wood et al. (2010). A comprehensive analysis of
that event including the solar surface condition is presented by
Lynch et al. (2010).

In the event of 2009 February 13 (hereinafter Event 2), the
CME left the Sun at ∼6 UT and could be detected by STEREO-B
with IMPACT and PLASTIC which registered an ICME starting
2009 February 18 at ∼10 UT. The impact speed of the ICME is
derived as the average speed of the density enhancement in front
of the flux rope and is ∼360 km s−1. A detailed study on the
ICME using the STEREO-A/HI observations along with the in
situ measurements from STEREO-B and Venus Express, which
measured the magnetic field of the ICME at 0.72 AU, is given in
Möstl et al. (2011). The event was also associated with a global
coronal wave observed in EUV (Cohen et al. 2009; Kienreich
et al. 2009; Patsourakos & Vourlidas 2009).

In the event of 2010 April 3 (hereinafter Event 3), the CME
left the Sun at ∼9 UT. On 2010 April 5 at ∼8 UT, a sharp
increase in density related to an IP shock was detected by in situ
measurements at the Wind spacecraft, followed by signatures of

a fast ICME event. From this, the impact speed of the ICME is
derived as the average speed in the ICME sheath region and is
∼720 km s−1. This was the first fast CME/ICME event of solar
cycle 24 with an average speed over the Sun–Earth distance
range of ∼800 km s−1 (Möstl et al. 2010; Liu et al. 2011; Wood
et al. 2011).

The elongation of the leading edge of a CME is measured
following the intensity enhancements from jmaps constructed
from sequences of STEREO-A/HI1 and HI2 difference images
(Davies et al. 2009). The tracking of each CME is carried out
in the ecliptic plane averaging over a latitudinal range of ±16
pixels (which corresponds to ±0.◦3 for HI1 and ±1.◦0 for HI2).
For each event, the measurements were repeated five times in
order to derive the mean value and standard deviation. Applying
this procedure, the elongation errors are found to be in the range
±0.◦1–0.◦3 for HI1 and ±0.◦3–0.◦4 for HI2. Since not all events can
be tracked equally well in the constructed jmaps, the errors differ
from event to event. Usually, the conversion from elongation
into radial distance from the Sun is accomplished by applying
different methods assuming the CME to be either a small-scale
or a very wide ejection. Using the fixed-φ (FP) method, the CME
is approximated as point-like source propagating radially along
a fixed trajectory of angle φ (Sheeley et al. 1999, 2008a, 2008b;
Rouillard et al. 2008). Using the harmonic mean (HM) method,
the CME front is approximated as circle which is attached to
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Figure 5. Comparison between in situ measured solar wind speed from
STEREO-B/PLASTIC and background solar wind speed extracted from ENLIL
using different coupling models for CR 2070. At the spacecraft position of
STEREO-B (indicated in Figure 3), the background solar wind speed is extracted
from MAS+ENLIL (top panel) and WSA+ENLIL (bottom panel) over a full
CR. The yellow shaded bar marks the time range of the CME event from its
launch at the Sun until its in situ arrival at 1 AU. The orange shaded bar starts
at the in situ arrival time of the ICME plus few days later.

(A color version of this figure is available in the online journal.)

the Sun (i.e., assuming it to be a very wide object) with its
apex propagating along the angle φ (Lugaz et al. 2009; Howard
& Tappin 2009). Hence, by varying the propagation angle φ
different results for radial distance and speed of the ICME are
derived.

For our study, we use the propagation directions and kine-
matics derived by using the “corrected” HM conversion method
which is described and applied to the same CME/ICME events
under study in the paper by Rollett et al. (2011), and shortly
summarized in the following. By measuring corresponding in
situ signatures of ICMEs at 1 AU, an additional data point in the
distance–time as well as in the velocity–time regime is obtained.
The in situ data point presents a boundary condition that restricts
the range of suitable propagation angles φ used for converting
elongation into radial distance (cf. Möstl et al. 2009, 2010). The
propagation angle φ used as input for HM to derive radial dis-
tances and speeds of an ICME from the measured elongations,
that match best the observed arrival time of the CME and the
speed of the ICME measured at the location of the in situ space-
craft, gives the most probable value of the direction of motion
of the CME/ICME within the geometrical assumptions we use.
Applying the usual HM method (Lugaz et al. 2009; Howard &
Tappin 2009) delivers kinematics corresponding to the apex of
the CME since it assumes that the apex of the CME hits the in
situ spacecraft which is not necessarily correct and, thus, makes
a comparison with in situ signatures geometrically inconsistent.
The “corrected” HM method derives the kinematics for that

segment of the CME along the assumed circular structure that
best matches the in situ spacecraft measurements at a distance of
1 AU (comparison between timing and speed). “Corrected” HM
is therefore a first-order approach assuming simple geometry
which tackles the issue in determining which part of the CME
hits the in situ spacecraft.

For the direction toward the location of the in situ spacecraft,
we calculate the speed of each CME by performing numerical
differentiation of the radial distance–time data using three-
point Lagrangian interpolation. This simply results in lower
speeds as would be derived for the calculated apex direction of
the CME, applying the usual HM method, but provides a more
reliable comparison with the in situ measured speed of the
CME. Figure 2 shows for each CME under study the derived
propagation direction for the apex as well as the direction toward
the in situ spacecraft applying the “corrected” HM method. We
would like to note that “corrected” HM is an alternative to other
existing methods and we do not claim it to be more reliable than
other methods.

From the elongation-time errors as listed above, we deduce
the errors for the CME speed which are of the order of
±30–150 km s−1. Furthermore, we have to take into account
an error owing to the uncertainty in the direction of motion
when converting the elongation into radial distance. The best
match between remote observations and in situ data has to
fulfill the criteria that the arrival time and speed of the remotely
observed CME at 1 AU need to be as close as possible to the
impact time and speed of the ICME as derived from in situ
data. Since both criteria are not fulfilled at the same time, we
derive an uncertainty in the deduced direction of motion. These
errors lie in the range of ±3◦–10◦ which leads to errors for
the derived CME speeds of the order of ±25–100 km s−1 (see
Rollett et al. 2011). The errors from the conversion method are
of the same order as the measurement errors. Thus, the error
bars indicated in the plots show the errors resulting from the
manual tracking of the CME/ICME front. We would like to
note that the uncertainties from model assumptions (geometry
and linear propagation) are not included in the presented errors
since they are not known. However, the reliability of the ICME
kinematics as derived by using the above described method is
cross-checked at 1 AU with the in situ measured impact speed
of the ICME as well as with the derived CME speed from COR2
observations close to the Sun.

The distribution of the background solar wind speed for the
time range during which the CME propagates from Sun to 1 AU
is derived using the numerical MHD modeling code ENLIL
for the inner heliosphere (Odstrčil & Pizzo 1999; Odstrčil
2003) coupled with the coronal model MHD-Around-A-Sphere
(MAS; Linker et al. 1999; Mikić et al. 1999; Riley et al.
2001) and the combined empirical and physics-based model
Wang–Sheeley–Arge (WSA; Arge & Pizzo 2000), respectively.
This allows the simulation of the solar wind conditions up to
1 AU based on full-rotation (over an entire Carrington rotation
(CR)) synoptic magnetograms from National Solar Observatory
(NSO)/Kitt Peak with WSA+ENLIL starting from ∼20 R� and
MAS+ENLIL from ∼30 R�. For clarity we would like to stress
that we did not use the ENLIL+cone model which simulates the
evolution of a CME. We only use the ENLIL solar wind model
for our study to simulate the three-dimensional distribution of
the background solar wind in order to infer the characteristics
of the environment through which the CME propagates.

From the ENLIL numerical modeling, we extract the back-
ground solar wind speed along the obtained trajectories of the
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Figure 6. Event 2—top left: ecliptic cut (latitude S3 in HEEQ coordinates) for the background solar wind speed derived from MAS+ENLIL for CR 2080. The
measured trajectory of the CME along a fixed angle of propagation at E48 (directed toward STEREO-B) is marked by black plus signs with dashed plus signs indicating
a longitudinal sector of ±10◦. Top right: meridional cut along the direction of motion of E48. The gray lines indicate a latitudinal sector of ±5◦. Bottom: CME speed
and errors as derived from COR and HI measurements, together with the extracted background solar wind (bg-sw) speed parameter from MAS+ENLIL (averaged
over the latitudinal range of ±5◦) along the CME trajectory and the in situ measured impact speed of the ICME from STEREO-B.

(A color version of this figure is available in the online journal.)

CMEs (assuming constant direction). The CME trajectory de-
rived from remote-sensing measurements in the ecliptic plane
displays only a small part of the actually extended CME/ICME
structure. We make no assumption about the actual size of the
CME since we are interested in the local variations of the solar
wind along the tracked segment of the extended CME structure.
In order to take into account local variations in the ambient solar
wind flow that may be just as likely to affect the CME evolu-
tion as those along the obtained trajectory, we bin the extracted
solar wind speed over a sector of ±10◦ in longitude and ±5◦
in latitude along the obtained trajectory. Applying this size of
binning, we believe to cover the ambient solar wind flow that
is most strongly affecting that part of the CME on which we
derive the CME kinematics. Binning over larger areas showed
that spatial variations in the solar wind are smoothed out.

The model runs are performed at the NASA/CCMC and
are available on request under http://ccmc.gsfc.nasa.gov/.
The following CCMC model runs are used in the
study: Manuela_Temmer_032910_SH_1 (CR 2070; MAS),
Manuela_Temmer_050211_SH_2 (CR 2070; WSA), Manuela_
Temmer_012710_SH_1 (CR 2080; MAS), Manuela_Temmer_
050211_SH_1 (CR 2080; WSA), Manuela_Temmer_121510_
SH_2 (CR 2095; MAS), and Manuela_Temmer_121510_SH_1
(CR 2095; WSA).

3. RESULTS

3.1. Event 1: 2008 June 1–6

Event 1 is a slow CME observed from Sun up to a distance
of 1 AU with a mean speed in the COR2 field of view (FoV)
of ∼350 km s−1. The event is studied in detail by Möstl et al.
(2009) who find, for the direction of motion of the CME, an
angle of ∼E35 ± 10 (if not stated otherwise, heliographic
coordinates refer to Earth view) by using the FP method as
well as other reconstruction techniques which cover different
distance regimes. The “corrected” HM method combined with
in situ IMPACT and PLASTIC data from STEREO-B located at
E25, gives a propagation direction of E51 ± 6 for the apex of the
CME (cf. left panel of Figure 2). Figures 3 and 4 (top panels)6

show the output from MAS+ENLIL and WSA+ENLIL model
runs, respectively, for CR 2070. A cut through the ecliptic as
well as along the meridional plane of E25 gives information on
how the solar wind speed is structured in IP space along the flank

6 We present the trajectory of the CME with respect to the background solar
wind in such a way that the background solar wind system is kept inertial
during the outward motion of the CME. Hence, we are a non-inertial observer
with respect to the CME (i.e., positioned on the Sun) which introduces a
fictitious force (Coriolis force). This causes a deviation from the expected
radial motion of the CME.
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Figure 7. Same as Figure 6 but for WSA+ENLIL.

(A color version of this figure is available in the online journal.)

of the CME that hits STEREO-B. For this direction, we derive the
speed of the CME and extract the background solar wind speed
profile from ENLIL. In the bottom panels of Figures 3 and 4, we
compare the observed ICME speed with the background solar
wind speed from MAS+ENLIL and WSA+ENLIL, respectively,
as well as with the in situ measured impact speed of the ICME
at the position of the STEREO-B spacecraft. The speed of the
CME derived from white light observations in the POS up to
a distance of ∼15 R� can be perfectly connected to the HI
speed for the distance range >15 R�. Using the MAS+ENLIL
model combination, the CME speed seems to be adjusted to
the solar wind flow from its early evolution on whereas from
WSA+ENLIL we obtain that the CME becomes adjusted to
the solar wind at a distance of ∼70–80 R�. As pointed out by
Robbrecht et al. (2009), there were no signatures of magnetic
reconnection in this event and concluded that the CME was not
magnetically driven but rather pulled out by the solar wind. In
this scenario, it is not expected that the CME speed exceeds the
solar wind speed in which it is embedded in. Both model results
support this general picture but do not give a clear answer at
which distance the CME speed gets finally adjusted to the solar
wind speed.

In order to correctly interpret the results, we need to evaluate
the quality of the simulated background solar wind. Figure 5
gives a comparison between the in situ measured solar wind

speed from STEREO-B and the numerically calculated solar
wind speed at that location. We classify the corresponding
ENLIL run as reliable for our purpose if a good match is
obtained between observed and numerically calculated solar
wind speed during the time range covering the period between
the CME launch and the in situ arrival time of the ICME plus
few days later. Both models, MAS+ENLIL and WSA+ENLIL,
deliver a solar wind speed which is in good agreement with the
observed in situ solar wind speed (differences lie in the range
of ±50 km s−1).

3.2. Event 2: 2009 February 13–18

Event 2 is a slow CME with a mean speed in the COR2 FoV of
∼350 km s−1. Applying “corrected” HM, the propagation direc-
tion for the apex of the CME is obtained at E61 ± 3. This value
is used to derive the speed for the direction toward STEREO-
B at E48. Figures 6 and 7 (top panels) show the output from
MAS+ENLIL and WSA+ENLIL model runs, respectively, for
CR 2080 with the solar wind distribution in the ecliptic plane
as well as for a meridional cut along the CME trajectory at
E48. The bottom panels of Figures 6 and 7 present the results
for the extracted background solar wind speed along E48 com-
pared to the CME speed derived from COR1+COR2 observa-
tions in the POS, from HI with “corrected” HM, and the in
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Figure 8. Same as Figure 5 but for Event 2.

(A color version of this figure is available in the online journal.)

situ impact speed measured from STEREO-B. The CME soon
becomes faint in COR2 and is tricky to follow, causing a gap
between COR2 and HI1 measurements that leads to a difference
in the derived speeds of ∼50 km s−1.

Comparing the derived CME speed to the background
solar wind speed, we find from MAS+ENLIL that the
CME is adjusted to the solar wind clearly below 30 R�.
From WSA+ENLIL, we derive that the CME speed is
smaller than the ambient medium during almost the en-
tire propagation way from Sun to 1 AU. At a distance
of ∼150–180 R� (corresponding in time to 2009 February
17 and 18), the observed kinematics reveals that the CME
accelerates. For the time after 2009 February 17, we observe
no signatures of growing post-flare loops from EUVI images,
hence, no signatures of a propelling force which still accelerates
the CME at this heliospheric distance. In contrast, active region
(AR) 11012 from which the CME was launched decays after
2009 February 14. Analyzing the distribution of the solar wind
speed, both models, MAS+ENLIL and WSA+ENLIL, show an
increase in the solar wind speed for that distance range. These
findings suggest that the increase in the CME speed at a distance
range of ∼150–180 R� is due to the increase in the ambient so-
lar wind speed acting on the CME. Looking at the solar surface
condition for that event (middle panel of Figure 1), a small coro-
nal hole is located close to the CME source region. However,
the interpretation of a high-speed stream from MAS+ENLIL
results, extracted at the location of the STEREO-B spacecraft, is
not supported by STEREO-B in situ measurements, and differ-
ences between model and observational data are of the order of
∼200 km s−1 (top panel of Figure 8). Comparing model results
at STEREO-B location and STEREO-B in situ measurements
for the time after the arrival of the CME, WSA+ENLIL shows
a better match than MAS+ENLIL (bottom panel of Figure 8).

3.3. Event 3: 2010 April 3–5

Event 3 is a fast CME observed in situ with Wind with an av-
erage speed over the Sun–Earth distance range of ∼800 km s−1.
We note that the derived trajectory of the apex of the CME
of E25 ± 10 differs by 10◦–30◦ from the results given in
Möstl et al. (2010), who used the usual HM method. Figures 9
and 10 (top panels) present the output from MAS+ENLIL and
WSA+ENLIL for CR 2095, respectively, in the ecliptic and the
meridional plane directed toward Earth. The bottom panels of
Figures 9 and 10 show the background solar wind speed ex-
tracted along the Sun–Earth line and the derived CME speed
from COR1+COR2 POS observations together with the result-
ing HI speed of the CME using “corrected” HM and the in situ
data point measured from Wind. The kinematics of the CME
reveals a particular evolution. The CME reaches a maximum
speed of ∼1100 km s−1 within the FoV of COR2 and then de-
celerates strongly already below 20 R� down to ∼750 km s−1.
The final CME speed in the COR2 FoV matches the CME speed
as derived from HI1 observations, from which we conclude that
the strong deceleration is real. As the CME propagates within the
HI2 FoV it accelerates again up to ∼1000 km s−1 and drops to a
final speed of roughly 800 km s−1 at a distance of ∼150 R�. The
solar wind speed derived from both model runs, MAS+ENLIL
and WSA+ENLIL, is lower than the observed ICME speed over
the entire propagation path from Sun to Earth. Figure 11 com-
pares in situ measured and numerically calculated background
solar wind speed at the location of the in situ spacecraft, reveal-
ing that none of the models reflect the solar wind speed at 1 AU
for the time range of interest with differences in the range of
150–200 km s−1.

Several CME events with linear speeds higher than
500 km s−1 occurred on 2010 April 2 as listed in the CDAW
catalog (Yashiro et al. 2004). Coronagraphic data of the Solar
and Heliospheric Observatory (SOHO) Large Angle Spectro-
scopic Coronagraph (LASCO; Brueckner et al. 1995) as well
as imagery of the low corona in the EUV wavelength range
from STEREO and SOHO, showed that all CMEs with speeds
>500 km s−1, were launched from different AR(s) (northern
hemisphere) than the CME under study. In addition, we checked
the Geostationary Operational Environmental Satellite (GOES)
soft X-ray flux and found no enhancement in the 1–8 Å channel
for 2010 April 2. Therefore, we believe that the propagation of
the CME under study was not significantly affected by prior
events.

The derived CME kinematics vary strongly during the evolu-
tion in IP space. A coronal hole, though quite narrow, located
close to the AR 11059 from which the CME is expelled, may
be the source of an HSS. Most probably, the CME crosses the
HSS which influences the evolution of the CME especially of its
eastern part. From both model runs an HSS is revealed but due
to numerical reasons with maximum speeds of ∼650 km s−1

(for details, see Lee et al. 2009). We further note that EUVI ob-
servations from STEREO-A/B reveal growing post-flare loops
of AR 1059 until 2010 April 4. Thus, the CME might be still
driven up to a distance of more than ∼100 R� by the induced
Lorentz force due to ongoing magnetic reconnection.

4. DISCUSSION AND CONCLUSION

Observations of three CME/ICME events tracked during their
propagation from Sun to 1 AU are studied with respect to their
kinematical evolution in IP space and effects resulting from
the ambient solar wind. For future studies on the aerodynamic
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Figure 9. Event 3—top left: ecliptic cut (latitude S6 in HEEQ coordinates) for the background solar wind speed derived from MAS+ENLIL for CR 2095. The measured
trajectory of the CME along a fixed angle of propagation at 0◦ (directed toward Wind and Earth, respectively) is marked by black plus signs with dashed plus signs
indicating a longitudinal sector of ±10◦. Top right: meridional cut along the direction of motion of 0◦. The gray lines indicate a latitudinal sector of ±5◦. Bottom:
CME speed and errors as derived from COR and HI measurements, compared to the extracted background solar wind (bg-sw) speed parameter from MAS+ENLIL
(averaged over the latitudinal range of ±5◦) along the CME trajectory and to the in situ measured impact speed of the ICME from Wind.

(A color version of this figure is available in the online journal.)

drag force owing to the solar wind, it is of special interest to
know the distance at which the CME speed becomes adjusted
to the ambient solar wind flow. To this end, we applied the
three-dimensional MHD model ENLIL to simulate the steady
background solar wind outflow for the inner heliosphere and
compare it with the CME speed evolution in IP space derived
from STEREO-A/COR and HI observations.

In general, for each of the events under study the outcome
from MAS+ENLIL and WSA+ENLIL models reveals differ-
ences in the resulting distribution of the solar wind speed over
the Sun–Earth distance range, though based on the same input
magnetograms (NSO/Kitt Peak). By comparing in situ mea-
surements of the solar wind speed with the simulated solar wind
speed at that location, we find that the model runs can be used
to obtain a general view of the situation in IP space. For times
of high solar activity, both model runs give less reliable results
since the occurrence of fast ejecta affecting the solar wind flow
is not taken into account in the ENLIL background solar wind
modeling. Most likely, we find such a situation during CR 2095
covering Event 3. In a systematic comparison between model

results (MAS+ENLIL and WSA+ENLIL) and in situ measure-
ments of the solar wind parameters at 1 AU over a time range
of several months, Lee et al. (2009) found that the overall shape
and trends of the low- and high-density structures, the low- and
high-speed wind streams, as well as the magnetic sector struc-
tures are replicated well within a few days. For our purpose,
differences of a few days are too large since the travel time of
CMEs to 1 AU is of the same order (∼2–5 days).

We derive the direction of motion and speed for each CME
under study by exploiting the power of combining remote-
sensing and in situ observations, since for all events their
arrival time and plasma characteristics at 1 AU could be
measured (see Möstl et al. 2009). By using a “corrected” HM
method, we infer the speed–distance information for that part
of the CME that actually hits the spacecraft (cf. Rollett et al.
2011). For each CME, we extract the numerically calculated
background solar wind speed along its trajectory and compare
it to the derived CME evolution. Two out of three events
(Events 1 and 2) are slow CMEs with speeds of the order of
350 km s−1 occurring during low solar activity. Depending
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Figure 10. Same as Figure 9 but for WSA+ENLIL.

(A color version of this figure is available in the online journal.)

on the model used, MAS+ENLIL or WSA+ENLIL, we obtain
quite different distance ranges at which the CME speed comes
adjusted to the ambient solar wind flow. Applying results
from MAS+ENLIL for Event 1, the CME would reach the
solar wind speed below 30 R�, whereas from WSA+ENLIL
at ∼70 R�. According to the study of Event 1 by Robbrecht
et al. (2009), there are no signatures of magnetic reconnection
even during the very early phase of CME evolution close to
the Sun. This implies that no driving forces are acting on
this particular CME and that it is pulled out by the solar
wind from starting from the low corona. This interpretation
is supported by observations revealing a continuous increase in
CME speed within the COR1+COR2 FoV matching the speed
derived in the HI1 distance range. However, the inertia of the
CME may cause a delay in the final adjustment. Taking into
account the uncertainties in the extracted solar wind speed
from WSA+ENLIL and MAS+ENLIL, the CME reaches the
same speed as the ambient solar wind flow at a distance range
20–70 R�.

From observations within the COR1+COR2 FoV, the CME
speed of Event 2 clearly decelerates below 30 R�. This can be
interpreted as evidence for a strongly acting drag force over

that distance range (see also Davis et al. 2010). Results from
MAS+ENLIL support this interpretation and the CME speed is
most likely adjusted to the background solar wind before enter-
ing the HI1 FoV. The increase of the CME speed at a distance
of ∼150–180 R� seems to be related to an increase in the back-
ground solar wind speed beyond ∼100–140 R� revealed from
both model runs (MAS+ENLIL and WSA+ENLIL) rather than
due to a propelling Lorentz force. This provides further evidence
that the CME is well embedded in the ambient solar wind flow
during its propagation in IP space.

Event 3 is the first fast CME event of cycle 24 occurring
during a period of enhanced solar activity. Therefore, it is more
difficult to interpret from the observational as well as from the
model side. The CME speed reveals a significant deceleration
from ∼1100 km s−1 down to ∼750 km s−1 within the COR2
FoV and accelerates again up to ∼1000 km s−1 at a distance of
∼110 R�. To explain this behavior, we propose a scenario where
the CME runs into strong overlying magnetic fields acting as
obstacle which drastically slows down the CME already close
to the Sun. Taking into account the distribution of the ambient
solar wind flow on a qualitative basis, ENLIL shows that the
CME crosses an HSS. Most likely, we observe a very weak
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Figure 11. Same as Figure 5 but for Event 3 and in situ measurements from
Wind.

(A color version of this figure is available in the online journal.)

drag in the low-density/high-speed flow of the HSS where the
Lorentz force which is still driving the CME is more effective,
leading to an increase in CME speed at large distances from
the Sun. As soon as the Lorentz force weakens the drag force
controls the further evolution of the CME. At 1 AU, the CME
has a final speed of ∼800 km s−1 which is of the order of the
maximum speed reported for HSSs (Schwenn 1990). In this
particular event, the final adjustment of the CME speed to the
ambient solar wind flow appears to happen beyond 1 AU.

The various existing conversion methods which are used to
derive radial distances from elongations all have limitations,
and we have to consider artifacts that might arise in the
resulting CME kinematics. Especially for the late propagation
phase, hence for large elongations, the methods may reveal an
(artificial) enhancement in speed (see also Wood et al. 2009;
Lugaz 2010). However, we stress that an acceleration of a slow
CME far in IP space may as well be a physical effect, caused
by an increase in the ambient solar wind flow (e.g., due to solar
wind high-speed streams). Hence, the general assumption that
CMEs show constant speed at large distances from the Sun may
not be correct and depends on the characteristics of the CME
and the background solar wind speed. This finding should be
taken into account when using fitting routines for the conversion
from elongation into radial distance which are based on the
assumption of constant speed over the entire Sun to 1 AU range.

In combination with observations, ENLIL gives valuable
information about the general structure of the background solar
wind which enables us to interpret the observed CME kinematics
over the IP space distance range. However, the uncertainty from
the model outputs limits the significance of the results which
would be needed for more accurate and quantitative studies (e.g.,
Lorentz versus drag force studies and refined prediction of 1 AU
transit times).
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Gopalswamy, N., Mäkelä, P., Xie, H., Akiyama, S., & Yashiro, S. 2009, J.

Geophys. Res. (Space Phys.), 114, A00A22
Hewish, A., Scott, P. F., & Wills, D. 1964, Nature, 203, 1214
Houminer, Z., & Hewish, A. 1972, Planet. Space Sci., 20, 1703
Howard, R. A., Moses, J. D., Vourlidas, A., et al. 2008, Space Sci. Rev., 136, 67
Howard, T. A., Fry, C. D., Johnston, J. C., & Webb, D. F. 2007, ApJ, 667, 610
Howard, T. A., & Tappin, S. J. 2009, Space Sci. Rev., 147, 31
Jackson, B. V. 1985, Sol. Phys., 100, 563
Jackson, J. D. (ed.) 1998, Classical Electrodynamics (3rd ed.; Hoboken, NJ:

Wiley-VCH)
Kienreich, I. W., Temmer, M., & Veronig, A. M. 2009, ApJ, 703, L118
Klein, L. W., & Burlaga, L. F. 1982, J. Geophys. Res., 87, 613
Kliem, B., & Török, T. 2006, Phys. Rev. Lett., 96, 255002
Lee, C. O., Luhmann, J. G., Odstrcil, D., et al. 2009, Sol. Phys., 254, 155
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Vršnak, B., Ruždjak, D., Sudar, D., & Gopalswamy, N. 2004, A&A, 423, 717
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Vršnak, B., & Žic, T. 2007, A&A, 472, 937
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T. Rollett1, M. Temmer1, C. Möstl1,2, N. Lugaz3, A. M. Veronig1, U. V. Möstl1

1 IGAM-Kanzelhöhe Observatory, Institute of Physics, University of Graz, Austria

2 Space Sciences Laboratory, University of California, Berkeley, CA 94720-7450, USA

3 Space Science Center, University of New Hampshire, Durham, NH, USA

The following article is published in Solar Physics, Volume 283, Issue 2, pp.541-556 (2013). It is

reproduced by the permission of Springer. The pdf document is available in the online version

of this journal and embedded one-to-one in this thesis. My own contribution to this work was

65%.

78



Solar Phys (2013) 283:541–556
DOI 10.1007/s11207-013-0246-3

Assessing the Constrained Harmonic Mean Method
for Deriving the Kinematics of ICMEs with a Numerical
Simulation

T. Rollett · M. Temmer · C. Möstl · N. Lugaz ·
A.M. Veronig · U.V. Möstl

Received: 3 August 2012 / Accepted: 28 January 2013 / Published online: 19 February 2013
© Springer Science+Business Media Dordrecht 2013

Abstract In this study we use a numerical simulation of an artificial coronal mass ejection
(CME) to validate a method for calculating propagation directions and kinematical profiles
of interplanetary CMEs (ICMEs). In this method observations from heliospheric images
are constrained with in-situ plasma and field data at 1 AU. These data are used to convert
measured ICME elongations into distance by applying the harmonic mean approach, which
assumes a spherical shape of the ICME front. We used synthetic white-light images, similar
to those observed by STEREO-A/HI, for three different separation angles between remote
and in-situ spacecraft of 30◦, 60◦, and 90◦. To validate the results of the method, the images
were compared to the apex speed profile of the modeled ICME, as obtained from a top
view. This profile reflects the “true” apex kinematics because it is not affected by scattering
or projection effects. In this way it is possible to determine the accuracy of the method for
revealing ICME propagation directions and kinematics. We found that the direction obtained
by the constrained harmonic mean method is not very sensitive to the separation angle (30◦

sep: φ = W7; 60◦ sep: φ = W12; 90◦ sep: φ = W15; true dir.: E0/W0). For all three cases
the derived kinematics agree relatively well with the real kinematics. The best consistency
is obtained for the 30◦ case, while with growing separation angle the ICME speed at 1 AU
is increasingly overestimated (30◦ sep: �Varr ≈ −50 km s−1, 60◦ sep: �Varr ≈ +75 km s−1,
90◦ sep: �Varr ≈ +125 km s−1). Especially for future L4/L5 missions, the 60◦ separation
case is highly interesting in order to improve space-weather forecasts.
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1. Introduction

Coronal mass ejections (CMEs) are the most powerful eruptions on the Sun and are cur-
rently observed by a relatively large number of instruments. Space-based coronagraphs are
located at three different positions to monitor the solar corona from all sides. The SOlar and
Heliospheric Observatory (SOHO) LASCO coronagraphs (C2 and C3: Brueckner et al.,
1995) at L1 provide white-light images up to a distance of 32 R�. The two spacecraft of the
Solar TErrestrial RElations Observatory (STEREO: Kaiser et al., 2008) move apart by 45◦
per year and are currently at a position of more than 120◦ East and West from the Earth. As
part of the Sun–Earth Connection Coronal and Heliospheric Investigation suite (SECCHI:
Howard et al., 2008; Harrison et al., 2009), the COR1 and COR2 coronagraphs onboard the
two spacecraft STEREO-A and STEREO-B provide continuous white-light observations up
to 15 R�. Combining coronagraphs with the heliospheric imagers HI1 and HI2 (Eyles et al.,
2009), which are also part of the SECCHI suite onboard STEREO, the entire propagation of
an interplanetary CME (ICME) from the Sun to 1 AU is covered. Both HIs are off-pointed
from the center of the Sun and cover a field of view (FoV) of 4◦ to 24◦ and 18.7◦ to 88.7◦
elongation, respectively.

These wide FoVs make the interpretation of extended structures in these images rather
difficult. Moreover, Thomson-scattering effects (Billings, 1966; Hundhausen, 1993) and ef-
fects caused by line of sight (LoS) integration have to be taken into account. Methods were
developed to investigate the propagation of CMEs beyond the typical FoV of coronagraph
images, which are up to about 4◦ (COR2) or 9◦ (LASCO-C3) elongation. These methods
are based on specific geometrical assumptions about the shape of the ICME front. Some
assume a point-like structure, among them the fixed-φ method (Fφ: Sheeley et al., 1999;
Rouillard et al., 2008) or the triangulation method developed by Liu et al. (2010), which
uses stereoscopic observations. The harmonic mean method (Lugaz, 2010) and the self-
similar expansion method (Davies et al., 2012) assume a circular front. Fixed-φ, harmonic
mean (Lugaz, 2010; Möstl et al., 2011) and the self-similar expansion method (Möstl and
Davies, 2012) are also used as fitting methods by assuming constant ICME speed and di-
rection. In this way, these methods can be used to forecast the ICME arrival at 1 AU. An
alternative forecasting tool is the drag-based model developed by Vršnak et al. (2012). It is
based on the idea that the aerodynamic drag in the ambient medium is responsible for the
adjustment of the ICME speed to the solar-wind speed.

Interplanetary CMEs are not only remotely observed, but also measured in situ, among
others, from both STEREO spacecraft (IMPACT: Luhmann et al., 2008), from Wind (Ogilvie
et al., 1995), and the Advanced Composition Explorer (ACE: Stone et al., 1998). ACE and
Wind are both located at the L1 point. To prevent misunderstandings, we use the term ICME
as defined by Rouillard (2011), i.e. an ICME includes the shock (if present), the dense
sheath region, and the magnetic-flux rope. Furthermore, we use this term for white-light
observations beyond the coronagraphic FoV as well as for the in-situ structure. Using plasma
and magnetic-field data from in-situ observations in addition to remote sensing of ICMEs,
we are able to constrain the results derived from measurements of white-light images (Möstl
et al., 2009a, 2010; Rollett et al., 2012). In the following we refer to the method as the
“constrained” harmonic mean method (CHM). The kinematical profiles resulting from the
CHM method may also be compared to the results of the drag-based model and serve for
studies of the interaction of ICMEs with solar-wind structures (Temmer et al., 2011, 2012).

Magnetohydrodynamic (MHD) simulations of ICMEs evolving in interplanetary (IP)
space have already been used to validate the fixed-φ fitting and harmonic-mean fitting meth-
ods (Lugaz, Roussev, and Gombosi, 2011). By using synthetically derived ICME density im-
ages and time-elongation plots (Jmaps: Davies et al., 2009) measured from different viewing
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angles, we aim to validate the CHM method and present a detailed error analysis to improve
the forecasting of Earth-directed ICMEs. We construct the Jmaps for different separation
angles between the remote and the in-situ spacecraft observing the ICME, namely 30◦, 60◦,
and 90◦. The 60◦ case is particular interesting, because it simulates the observational capa-
bilities for L4/L5 missions, which are currently under discussion to optimize space-weather
predictions (Gopalswamy et al., 2011).

2. MHD Simulations

Simulations give us the opportunity to study the kinematical behavior of ICMEs from an
ideal location as observer, namely the top view along the Sun-Earth line, which enables
us to directly measure the time-distance profile of the ICME evolution. This is in contrast
to how we actually observe ICMEs, i.e. from a side view involving LoS and scattering
effects, from which we measure an elongation angle that needs to be converted into radial
distance by using different conversion methods. From the model, we obtain both views and
use these two capabilities to test the efficiency of the CHM method to derive the kinematics
of an ICME measured from synthetic Jmaps as observed by STEREO-A and to calculate
ICME propagation directions. Synthetic Jmaps are produced from three different observing
positions, i.e. 30◦, 60◦, and 90◦ between the ICME apex and the remote spacecraft to test
the influence of the observing angle to the resulting directions and kinematics.

The simulated ICME is numerically modeled within the Space Weather Modeling Frame-
work (SWMF: Tóth et al., 2005). Along the Sun–Earth line, the grids of the model vary in
spatial resolution from 0.5 R� close to the Sun to 0.25 R� in the middle and 0.125 R� close
to Earth. Synthetic in-situ data, i.e., magnetic field, plasma density, and plasma bulk veloc-
ity, are produced for the location of Earth. This is done using the semiempirical MHD model
developed by Cohen et al. (2007), which applies the empirical Wang–Sheeley–Arge model
(WSA: Wang and Sheeley, 1990; Arge and Pizzo, 2000) and a flux rope CME initiated at
the solar surface (similar setup as in Lugaz et al., 2009). During the last 16 hours before the
shock hits the Earth, the temporal resolution is about two – three minutes in order to capture
the details of the shock transition.

The modeled fictitious ICME was launched on 15 February 2011 01:00:00 into a steady-
state background solar wind (Vsw ≈ 430 km s−1). It had a very wide angular extent within the
ecliptic and expanded to all sides. It was directed toward the virtual in-situ spacecraft at the
position of Earth and the ICME apex arrived 48 hours later on 17 February 2011 01:00:00.
The ICME was faster than the ambient solar wind. It decelerated from 1100 km s−1 at 60 R�
to 800 km s−1 at 150 R�, and the shock finally arrived with ≈650 km s−1 at the in-situ
spacecraft.

Figure 1 shows the synthetic in-situ data extracted at the position of Earth. In the upper
panel the three components of the magnetic field and the total magnetic-field strength (black
line) are plotted in Cartesian coordinates with the origin at Sun center, the x- and y-axes lie
in the ecliptic plane and the z-axis points to the ecliptic North Pole to complete the right-
hand triad. The middle and bottom panel show the speed in km s−1 and the proton number
density in cm−3, respectively. The red vertical line indicates the arrival of the shock that
precedes the ICME. If the shock is absent, the arrival time cannot be defined unambiguously.
This could produce an additional uncertainty.

The left part of Figure 2 shows the location of the observing remote spacecraft (yellow
dot) and in-situ spacecraft (red dot) as viewed from the top at one time step of the ICME
evolution. The black semicircle is the Thomson surface (TS: Vourlidas and Howard, 2006;
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Figure 1 Synthetic in-situ data at the position of the Earth. The upper panel shows the magnetic field with its
three components (Cartesian coordinate system) and the total magnetic-field strength, the middle panel shows
the speed, and the bottom panel the proton number density. The vertical red line marks the shock arrival time
at Earth that is used for our calculations. The x-axis gives the time in hours from launch of the CME at the
Sun.

Figure 2 Left: top view of the modeled ICME for a 60◦ separation between remote (yellow dot) and in-situ
spacecraft (red dot). The black semicircle is the Thomson surface and the dashed yellow line is the LoS along
the ICME front. Right: side view of the propagating ICME simulated as observed by STEREO-A/HI. The
bright track shows the evolution in time of the apparent ICME front. The black cross marks the elongation of
the in-situ spacecraft at the shock-arrival time.

Howard and DeForest, 2012) and the dashed yellow line is the LoS along the ICME front,
i.e. the projection of the TS onto the ecliptic plane, from the view of the remote spacecraft for
which the Jmap is produced. The corresponding Jmap is shown at the right side of Figure 2.
The bright features are the integrated signal along the LoS with its intensity maximum at the
TS. The method to produce synthetic Jmaps is described by Lugaz et al. (2009).
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3. Analysis Methods

To determine the kinematical properties of an ICME, we usually measure the apparent front,
either in the direct white-light images or within Jmaps. Tracking the bright features in a
Jmap has two advantages. First, the contrast between dense and less dense areas can easily
be seen, which enables us to track ICMEs over larger elongations, hence, radial distances.
Especially in HI2 images the brightness rapidly decreases and it is hardly feasible to identify
the front at larger elongations. Second, due to the shape of the track that is directly visible
in the Jmap, i.e. the evolution of elongation with time, it is possible to derive a first estimate
of the ICME direction (Sheeley et al., 2008). This is used in fitting methods such as the
fixed-φ fitting (Kahler and Webb, 2007; Rouillard et al., 2008) or the harmonic-mean-fitting
methods (Lugaz, 2010; Möstl et al., 2011), which can also be used to predict ICME arrival
times. However, these fitting methods assume a constant speed, which is very useful to
obtain a rough estimate for the direction and the arrival time of the ICME. But to analyze
variations in the kinematical behavior caused by interactions with, e.g., high-speed streams,
co-rotating interaction regions, or preceding ICMEs (e.g. Gopalswamy et al., 2001; Burlaga,
Plunkett, and St. Cyr, 2002; Lugaz, Vourlidas, and Roussev, 2009; Temmer et al., 2011,
2012), one needs to apply a method that allows the ICME speed to vary during propagation.

Such an approach, which uses additional in-situ data to constrain measurements from
white-light data, is described in Rollett et al. (2012). In this study we validate the CHM
method (using the constraint of the arrival time) and derive the effective error in the ICME
distance–time and speed–distance profiles.

3.1. Constrained Harmonic Mean Method

In the following we briefly outline the CHM method and its main features; for more details
we refer to Rollett et al. (2012). At this point we stress that the CHM method is not a fore-
casting method, but an approach to analyze ICMEs after they are remotely observed and
measured in situ, respectively. In this way we are able to derive a kinematical profile for the
purpose of analyzing variations in speed. To convert the measured elongation angle [ε(t)]
into a unit of distance we use an approach assuming a circular ICME front, the harmonic
mean method (HM: Howard and Tappin, 2009; Lugaz, Vourlidas, and Roussev, 2009). The
HM method was shown to be quite a good approximation for very wide events. This method
assumes that the observer looks along the tangent to the spherical ICME front and more or
less disregards the concept of the intensity maximum on the TS. Equation (1) shows the con-
version of ε(t) into the radial distance of the ICME apex [RHM(t)] for a given propagation
direction [φ],

RHM(t) = 2do sin ε(t)

1 + sin(ε(t) + φ)
, (1)

where do is the Sun–observer distance. For the constraint of the in-situ arrival time we need
the distance of the ICME front in the direction of the in-situ spacecraft. This is given by

RHMi,ta(φ) = RHM,ta(φ) cos δ, (2)

where RHMi,ta(φ) is the distance of the ICME front in the direction of the in-situ spacecraft
at arrival time ta, RHM,ta is the distance of the ICME apex at the arrival time, and δ is the
angle between the line of the in-situ spacecraft to the Sun [di] and RHM(t). To determine the
propagation direction, we now calculate

�dHMi(φ) = RHMi,ta(φ) − di, (3)
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for φ ∈ [0◦,180◦]. The direction providing the minimum value for �dHMi(φ) is the resulting
propagation direction φ that is now used to convert ε(t) into distance by using Equation (1).

In other words: the input parameter φ, and therefore also the shape of the distance–
time profile, is changed until the best accordance with the in-situ arrival time is found.
This ensures that the HI observations are consistent with the in-situ data, which serve as a
boundary condition for the kinematical profiles. In addition, the input parameter φ, used for
the best agreement, is the calculated propagation direction of the ICME apex (Möstl et al.,
2009b, 2010; Rollett et al., 2012).

3.2. Speed Calculation

When the ICME speed profile is derived from the calculated distance, its shape strongly de-
pends on the uncertainties in the distance profile. Therefore it is necessary to fit the distance
profile and use this fit for further calculations. Gallagher, Lawrence, and Dennis (2003) and
Bein et al. (2011) described fitting functions and methods for coronagraphic FoVs close to
the Sun. These functions take into account the strong acceleration and deceleration at the
beginning of the CME evolution (Zhang et al., 2001). Because we analyze data from HI,
we are mainly interested in the propagation phase, during which the ICME adjusts to the
solar-wind speed. We developed a function that takes into account the different parts of the
distance–profile for the HI FoV,

F(x) = A1 ln(x) + A2x + A3
√

x + A4, (4)

where the first term reproduces the strong deceleration at the beginning of the HI1 FoV,
the second term describes the roughly constant speed during the propagation phase. The
third term takes into account the slowly decreasing/increasing speed and is needed to avoid
an overestimation of the arrival speed at 1 AU, and the constant is the y-intercept. Figure 3
shows the distance–time fits and the fitting parameters for all three separations. The temporal
derivatives of the distance–time fits are overplotted on the speed–time profiles, derived from
the distance measurements converted from the elongation–time profiles. The error bars show
the standard deviations calculated from measuring each track five times.

3.3. Error Analysis

Uncertainties in the analysis of ICME kinematics and directions are due to various reasons.
By using a modeled ICME it is possible to provide an error estimation for the most signifi-
cant contributions.

If the apparent front of an ICME is measured from white-light images, the intensity range
varies, i.e. if a track is measured by more than one person, there will be a certain spread of
measurements. To quantify this error we determined an error range for the measurements by
performing two surveys: one very high (outermost) and one very low (innermost) track (see
Section 4.1). The mean differences between these two tracks lie between ±0.3◦ (HI1) and
±1.35◦ elongation (HI2) for all three separation cases.

To estimate the error due to visually tracking of the elongation–time profile, the Jmap
track was measured five times. Out of this sample we calculated the mean values and stan-
dard deviations for every Jmap track. The elongation errors for all three separation cases lie
in a range of about ±0.1◦ (HI1) and ±0.4◦ (HI2).

Table 1 lists the mean values for the three cases of different separation angles between
in-situ and remote spacecraft and the two HI instruments for the two derived errors in elon-
gation, i.e. the intensity range where measurements could be taken within the Jmap and
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Figure 3 Distance–time profiles
overlaid with fits for 30◦ , 60◦ ,
and 90◦ separation of remote and
in-situ spacecraft. In each case
the upper panel shows the
distance measurements converted
from the elongation–time profiles
(triangles), the overplotted fits
and the fitting parameters in R�.
The lower panels show the time
derivatives from the
distance–time profiles and the
overplotted time derivatives of
the distance–time fits. The red
crosses mark the in-situ
measured arrival time and speed.

the measurement error itself. In the following calculations only the measurement error was
taken into account. Table 2 gives the errors for the resulting distance in R� and the speed in
km s−1.

We only considered errors due to the measurements itself. Uncertainties because of the
assumed circular shape or the angular width of the ICME front were not taken into account.
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Table 1 Summary of calculated errors denoted in elongation for each separation case and each heliospheric
instrument: HI1 and HI2. The first row lists the standard deviation of the innermost and the outermost Jmap
track, i.e. the possible Jmap tracking area. The second row shows the measurement error derived from the
five tracks in elongation.

30◦ separation 60◦ separation 90◦ separation

HI1 HI2 HI1 HI2 HI1 HI2

Jmap tracking area ±0.25◦ ±1.35◦ ±0.3◦ ±1◦ ±0.3◦ ±0.7◦
mean standard deviation ±0.1◦ ±0.4◦ ±0.5◦ ±1.9◦ ±0.5◦ ±1.4◦

Table 2 Resulting errors for the ICME kinematics. The first row lists the distance error in R� based on
the mean standard deviations for both instruments. The second row shows the speed error derived from the
standard deviations.

30◦ separation 60◦ separation 90◦ separation

HI1 HI2 HI1 HI2 HI1 HI2

distance error [R�] 0.4 1.7 0.4 1.6 0.4 1.3

speed error [km s−1] 31 128 34 102 27 81

Because the HM assumes a width of 180◦, it may not be the correct approach for narrow
events. In this case the Fφ method probably provides more reliable results.

4. Results

In this section we provide the calculated directions and kinematical profiles derived from
the measurements within the synthetic Jmaps with the CHM method. For validation, these
results are compared to the “true” apex kinematics, measured from the top view of the
modeled ICME.

4.1. Kinematics and Direction

Because the ICME is directed toward the virtual in-situ spacecraft, which is located at the
position of the Earth, the real ICME direction is E0/W0. For all three separation cases the
Jmaps with the outermost and innermost tracks are shown in Figure 4. The red line is the
innermost and the blue line is the outermost edge of the ICME front. The black cross marks
the elongation of the in-situ spacecraft at shock arrival time. Because of the large angular
width of the ICME, LoS effects make the ICME appear earlier at 1 AU than it is actually
measured in situ.

The resulting directions obtained for the mean of the innermost and the outermost Jmap
tracks are shown in Figure 5. The yellow circle is the assumed circular shape of the HM
approximation and the yellow arrow marks the direction of the ICME apex. The dashed
semicircle is the TS. For all three separation cases, the resulting directions are consistent
within a few degrees (30◦ sep: φ = W7; 60◦ sep: φ = W12; 90◦ sep: φ = W15; true dir.:
E0/W0). Because of the co-rotating interaction region (CIR), heading in front of the ICME,
the western flank is denser, which may be the reason for a result in the western direction.
The resulting propagation angles for the innermost tracks are 2 – 4◦ wider than the directions
calculated from the outermost tracks (see Table 3). To demonstrate how well the CHM
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Figure 4 Jmaps for the three
separations with the measured
tracks of the ICME front over
plotted. The red line is the
innermost track and the blue line
is the outermost track. The black
crosses mark the elongation of
the in-situ spacecraft at shock
arrival time.

method works, we also calculated the directions for the constrained Fφ (CFφ) method using
the constraint of the in-situ data point of the arrival time of the ICME (see Rollett et al.,
2012). Fφ assumes a single point moving radially away from the Sun and is thus more
dependent than the HM on the separation of both spacecraft and/or the remote spacecraft to
the ICME apex.

In Figure 6 the converted Jmap measurements (solid lines) are compared to the real ICME
apex distance–time profile (dashed line). The top panel shows the 30◦ separation case, which
overestimates the distance especially for the HI1 FoV. The best match of measurements
and ICME apex is given for the innermost edge (red line) in the Jmap. The middle panel
shows the distance–time profile for the 60◦ separation, revealing that both tracks agree rel-
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Figure 5 Top view of the
modeled ICME. The denser
region (red part) is located at the
western flank of the ICME. The
spacecraft positions (yellow and
red dots) and resulting directions
from the CHM method (yellow
arrow) for all three separations
(top: 30◦ , middle: 60◦ , bottom:
90◦) are overplotted. The black
semicircle is the TS and the
yellow dashed line is the tangent
to the circle assumed by the
harmonic mean approximation.
The blue cross marks the ICME
apex that was measured from top
view.

atively well with the ICME apex compared to the other separation cases. The bottom panel
shows the 90◦ separation case. In contrast to the 30◦ separation case, the distance is un-
derestimated most of the time. For the 60◦ and 90◦ separation, the measurements taken at
the outermost edge of the Jmap track reveal the best agreement with the apex measure-
ments.
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Table 3 Resulting ICME propagation directions for the three separation cases. Constrained Fφ (CFφ) and
constrained HM methods are used to calculate the directions for the innermost (inn.) and for the outermost
(out.) track in the Jmap.

30◦ separation 60◦ separation 90◦ separation

inn. out. inn. out. inn. out.

CHM W6 W8 W10 W14 W15 W16

CFφ W13 W17 W22 W28 W32 W25

Figure 6 Distance–time profiles for 30◦,60◦ , and 90◦ separation from the in-situ spacecraft. The dashed
line shows the top view measurement of the apex, the solid lines are the conversions from the innermost (red)
and the outermost (blue) Jmap measurements, the shaded areas are the error ranges. The crosses indicate the
arrival time at the in-situ spacecraft.

Figure 7 displays the same approach as Figure 6, but for the speed–distance profile. The
ICME apex enters the HI1 FoV with a speed of ≈1100 km s−1. It slowly decreases to a
mean speed of ≈750 km s−1. The “true” speed profile of the ICME apex is derived from
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Figure 7 Speed–distance profiles for 30◦,60◦ , and 90◦ separation from the in-situ spacecraft. The dashed
line shows the temporal derivatives from the top-view distance measurement of the apex, the solid lines are the
time derivatives from the conversions from the innermost (red) and the outermost (blue) Jmap measurements.
The crosses indicate the arrival speed at the in-situ spacecraft.

the top view images. With growing distance from the Sun, its standard deviation decreases
from 148 km s−1 to about 62 km s−1 because of the increasing resolution of the simulation.
The speeds derived from the innermost Jmap tracks for all three separation cases show a
stronger deceleration than the speed profiles from the outermost edges. The 30◦ separation
case reveals the best agreement, while the 60◦ as well as the 90◦ observing angle in the early
propagation phase under- and in the late propagation phase overestimate the ICME speed.
With growing separation between remote spacecraft and ICME apex, the overestimation of
the arrival speed increases. While in the 30◦ separation case the arrival speed of the outer-
most edge is quite close to the apex speed, the innermost track underestimates the arrival
speed by about 100 km s−1. From both other viewing angles the arrival speed is overesti-
mated on average by about 75 km s−1 (60◦ separation) and 125 km s−1 (90◦ separation). As
for the distance–profile, measuring the Jmap track at the innermost edge in the 30◦ and 60◦

separation cases gives more consistent results with regard to the apex.
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5. Discussion and Conclusions

One aim of this study was to validate the constrained harmonic mean method (CHM) intro-
duced by Rollett et al. (2012). This method assumes a spherical ICME front always attached
to the Sun and the observer to look along the tangent of the front. The CHM method uses
single-spacecraft heliospheric imager (HI) observations and in-situ data at 1 AU. By con-
straining the kinematics with the in-situ arrival time it is possible to derive the propagation
direction for the ICME apex. In addition, we can provide distance–time and speed–distance
profiles for the entire propagation phase. The second purpose here was to provide a reliable
error estimate for the kinematics of the ICME when applying the CHM method to Jmap
measurements.

To test the CHM method we used a numerical simulation of an ICME and analyzed
synthetic Jmaps from three different vantage points (30◦, 60◦, and 90◦ separation of the
remote spacecraft and the in-situ spacecraft). The resulting directions and kinematics for
each of the three separation angles were compared to the “true” kinematics of the ICME
apex, i.e. free from effects due to Thomson scattering or conversion methods, derived from
the top view of the modeled ICME.

The directions obtained seem to be hardly sensitive to the separation angle between re-
mote and in-situ spacecraft (30◦ sep: φ = W7; 60◦ sep: φ = W12; 90◦ sep: φ = W15; true
dir.: E0/W0). The density of the ICME is higher in its western flank as a result of a CIR
ahead of the ICME. This may have influenced our results for the propagation direction and
shifted them to a western direction. Another possible reason for this shift might be that the
CHM method assumes a smaller curvature radius of the ICME front than shown by the sim-
ulated ICME. It still has to be tested how the results of the CHM method depend on the
ecliptic extension, i.e. the width of the ICME.

Future studies will prove the behavior of the method when ICMEs with different widths
are investigated. Lugaz, Roussev, and Gombosi (2011) tested the results of the Fφ and HM
fitting methods, which assume constant speed, by analyzing a simulated ICME from differ-
ent viewing angles. Consistent with our study, a stronger dependance of the observing angle
for the Fφ than for the HM was obtained when calculating the propagation direction.

The ICME kinematics were compared to the actual distance–time and speed–distance
profiles. The best agreement for the distance was obtained for the 60◦ separation case. The
30◦ separation case overestimates the distance most of the time, while in the 90◦ separation
case the distance is too small compared to the ICME apex derived from the top view. For
the speed–distance profiles the best accordance is derived for the 30◦ separation case. The
two other settings first under- and then overestimate the speed. The differences between the
true and the calculated arrival speed increases with growing separation (30◦ sep: �Varr ≈
−50 km s−1, 60◦ sep: �Varr ≈ +75 km s−1, 90◦ sep: �Varr ≈ +125 km s−1). In general,
conversion and fitting methods that assume special geometrical shapes of the ICME front,
e.g. the Fφ, HM, or SSE methods, overestimate the arrival speed with increasing observation
angle.

The error was estimated by taking into account two different error sources. The intensity
area in the Jmap, where the apparent ICME front could be measured, varied between ±0.3◦
(HI1) and ±1.35◦ elongation (HI2). This should reflect the range of tracks if more than one
person measures the front. This agrees with the results found by Williams et al. (2009), who
quantified the elongation range of chosen tracks measured within a Jmap with less than ±1◦
for HI1 and ±2◦ for HI2. We found in general that measuring the Jmap track at the inner-
most edge gives more consistent results compared to the apex kinematics. The second error
was due to the visual measuring of the front and was obtained by calculating the standard
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deviations of five measurements that ranged between ±0.1◦ (HI1) and ±0.4◦ (HI2). The
errors within the speed-profiles lie in a range of 27 – 34 km s−1 (HI) and 81 – 128 km s−1

(HI2).
The two STEREO spacecraft are currently on the far side of the Sun, and thus a forecast

for Earth-directed ICMEs using the heliospheric imagers is no longer possible. To improve
existing space weather forecast, an L4/L5 mission carrying heliospheric imagers is a valuable
option. The side view of the entire distance from the Sun up to 1 AU is a clear advantage
compared to coronagraphic observations from Earth.
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ABSTRACT

We present an analysis of the fast coronal mass ejection (CME) of 2012 March 7, which was imaged by both
STEREO spacecraft and observed in situ by MESSENGER, Venus Express, Wind, and Mars Express. Based on
detected arrivals at four different positions in interplanetary space, it was possible to strongly constrain the
kinematics and the shape of the ejection. Using the white-light heliospheric imagery from STEREO-A and B,
we derived two different kinematical profiles for the CME by applying the novel constrained self-similar expansion
method. In addition, we used a drag-based model to investigate the influence of the ambient solar wind on the CME’s
propagation. We found that two preceding CMEs heading in different directions disturbed the overall shape of the
CME and influenced its propagation behavior. While the Venus-directed segment underwent a gradual deceleration
(from ∼2700 km s−1 at 15 R� to ∼1500 km s−1 at 154 R�), the Earth-directed part showed an abrupt retardation
below 35 R� (from ∼1700 to ∼900 km s−1). After that, it was propagating with a quasi-constant speed in the wake
of a preceding event. Our results highlight the importance of studies concerning the unequal evolution of CMEs.
Forecasting can only be improved if conditions in the solar wind are properly taken into account and if attention is
also paid to large events preceding the one being studied.

Key words: solar wind – Sun: coronal mass ejections (CMEs) – Sun: heliosphere

1. INTRODUCTION

Coronal mass ejections (CMEs) are impulsive outbursts from
the solar corona, carrying a vast amount of magnetized plasma.
The plasma signatures of CMEs can be observed in white-
light, besides the Large Angle and Spectrometric Coronagraph
Experiment (LASCO)/Solar and Heliospheric Observatory
(SOHO) coronagraphs, from two sides using the coronagraphs
and heliospheric imagers (HI; Eyles et al. 2009) aboard the
Solar TErestrial RElations Observatory (STEREO; Kaiser et al.
2008). In situ observations of CMEs are called interplanetary
CMEs (ICMEs) and can be detected by a variety of spacecraft
at different locations in the inner heliosphere. We use the term
ICME, as defined in Rouillard (2011), starting with the shock
signature followed by the sheath and the magnetic structure of
the CME. Note that some other authors use the term ICME for
the ejecta only (e.g., Richardson & Cane 2010). CMEs/ICMEs
are the main drivers of space weather disturbances and therefore
investigating their kinematics and dynamics has attracted plenty
of attention over the last several years. The STEREO mission
has given rise to the development of a number of methods to
analyze and forecast a CME’s direction, speed, and arrival time
at Earth and other locations in the heliosphere.

Fitting methods, using single-spacecraft STEREO/HI obser-
vations, are based on the assumptions of constant propagation
speed and fixed direction (φ), and assume a geometrical form
for the CME. The self-similar expansion geometry (SSE; Lugaz
et al. 2010; Davies et al. 2012; Möstl & Davies 2013) describes
the front of a CME as a circle with any fixed angular width. In
the two extreme cases of the SSE geometry, the fixed-φ geom-
etry (Fφ; Sheeley et al. 1999; Rouillard et al. 2008) assumes a
negligible extent of the front and the harmonic mean geometry

(HM; Lugaz 2010; Möstl et al. 2011) describes a CME as a
circle with a width of 180◦, always attached to the Sun-center.
If more than single-spacecraft observations are available, these
geometric methods can also be used to derive a kinematical
profile. Using stereoscopic STEREO/HI observations, triangu-
lation of the CME front provides information on variations in
propagation direction and speed (Liu et al. 2010a, 2010b; Lugaz
et al. 2010; Davies et al. 2013).

Another methodology to derive kinematical profiles if only
single-spacecraft white-light data are available, is through
exploiting the connection with in situ data (Möstl et al. 2009,
2010). This approach is called the constrained harmonic mean
method (CHM; Rollett et al. 2012, 2013) and is adapted in this
Letter to the more generalized SSE geometry.

In this study, we investigate a CME/ICME launched on
2012 March 7, which was already studied using stereoscopic
methods by Liu et al. (2013) and Davies et al. (2013). Due to the
favorable locations of Mercury (MESSENGER; Solomon et al.
2001), Venus (Venus Express (VEX); Zhang et al. 2006), Earth
(Wind; Lepping et al. 1995), and Mars (Mars Express (MEX);
Barabash et al. 2004), it is possible to detect the ICME arrival
at four different times and locations in interplanetary space (for
spacecraft configurations, see Figure 4). In situ measurements
at locations other than Earth were not considered in previous
studies of this event, although Liu et al. (2013) indicated that the
event impacted Mars. Here, we connect the arrival times of the
CME at these spacecraft to the white-light imagery of STEREO-
A and B by applying the novel constrained SSE (CSSE) method.
We obtain the global shape and propagation of the CME with a
circular model for its front, constrained by remote white-light
images and by in situ observations at various locations. We also
take into account the differing solar wind conditions by applying
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Table 1
First White-light Observations and in situ Arrival Times at MESSENGER, VEX, Wind, and MEX of CME3 and the Three Associated CMEs

Event COR1-A COR1-B MESSENGER VEX Wind MEX

2012 Mar 5 2012 Mar 5 2012 Mar 5 2012 Mar 6 · · · · · ·
CME1 03:10 UT 02:46 UT 12:30 UT 08:30 UT · · · · · ·

2012 Mar 6 2012 Mar 6 · · · · · · · · · · · ·
CME2 03:25 UT 02:36 UT · · · · · · · · · · · ·

2012 Mar 7 2012 Mar 7 2012 Mar 7 2012 Mar 7 2012 Mar 8 2012 Mar 9
CME3 00:25 UT 00:16 UT 05:00 UT 13:28 UT 10:19 UT 12:13–16:18 UT

2012 Mar 7 2012 Mar 7 · · · · · · · · · · · ·
CME4 01:15 UT 01:16 UT · · · · · · – · · ·

the drag-based model (DBM; Vršnak et al. 2013). Following the
approach in Temmer et al. (2012), we calculate and compare the
drag-parameters of two segments of the same CME and relate
the results to the solar wind conditions along the two tracks.

2. OBSERVATIONS

The event under study occurred within a series of other CMEs,
which could have influenced its propagation behavior. In the
following, all four CMEs are described in chronological order
of their launch and listed in Table 1, the CME under study
denoted as CME3.

CME1, which entered the field of view (FoV) of COR1-B
on 2012 March 5 02:46 UT and of COR1-A at 03:10 UT, was de-
tected by MESSENGER at ∼12:30 UT and by VEX at 08:30 UT
on the next day. Using the detected arrival times and assuming
a constant propagation speed between Mercury and Venus, we
estimate the CME speed to be ∼840 km s−1. CME2 was first ob-
served by COR1-B on 2012 March 6 at 02:36 UT and by COR1-
A at 03:25 UT. It was directed toward Earth with a mean speed
of ∼700 km s−1 during its propagation phase within the HI-FoV,
derived by applying the stereoscopic SSE (SSSE) method.

For CME3, we use the advantage of three viewing points for
remote-sensing observations and in situ measurements from four
spacecraft at different positions. Remote observations were per-
formed by the Solar Dynamics Observatory (SDO)/Atmosphe-
ric Imaging Assembly (AIA; Lemen et al. 2012) and STEREO/
Sun Earth Connection Coronal and Heliospheric Investigation
(SECCHI; Howard et al. 2008). Using observations of HI1 and
HI2, we were able to follow the CME as it travels from the Sun
to Venus (observed within STEREO-B/HI) and Earth (observed
within STEREO-A/HI). CME3 was associated with a GOES
X5.4 flare on 2012 March 7 00:02 UT at N17E16 and a large-
scale EUV wave. Figure 1(a) shows an SDO/AIA 193 Å image
from 2012 March 7 at 00:21 UT. CME3 was first observed
by COR1-B on 2012 March 7 00:16 UT and by COR1-A at
00:25, entering the FoVs of COR2-B and COR2-A at 00:39 UT.
Figures 1(b) and 1(c) show images from COR2-A and COR2-B
at 01:09 UT. At 00:49 UT and 01:29 UT CME3 reached the FoVs
of HI1-B and HI1-A, respectively. Figures 1(d)–(g) show CME3
in the HI1-A (left) and HI1-B (right) FoVs at two different times.
The red vertical lines overlaid on the HI1 images indicate where
the measurements are taken. At 06:10 UT and 16:09 UT CME3
reached the FoVs of HI2-B and HI2-A, respectively.

The ICME shock was first detected in situ by MESSENGER
at 05:00 UT (Figure 2(a)). At this time, Mercury was located
at a radial distance from the Sun of ∼68 R�, ∼59◦ east of
Earth. The CME shock was subsequently detected by VEX
at 13:28 UT at a heliocentric distance of ∼154 R�, ∼58◦
east of Earth (Figure 2(b)). The shock arrival time at Wind,
which is located at the L1 point, was—according to Liu et al.

(2013)—on 2012 March 8 at 10:19 UT (Figure 2(c)). The ICME
arrived with a plasma speed of ∼800 km s−1 (immediately after
the shock), while the average speed in the sheath region was
679 ± 44 km s−1 (Liu et al. 2013; Möstl et al. 2014). The last
in situ arrival detection was at MEX. Examining the flux of the
200 eV electrons, the ICME shock seemed to arrive at Mars
between 12:13 and 16:18 UT on 2012 March 9 (Figure 2(d)).
Comparing the last orbital measurement of solar wind 200 eV
electron plasma flux, which occurred at 12:13 UT, with the first
measurement from the next spacecraft orbit at 16:18 UT it shows
an increase of over one order of magnitude. The background
signature (black line) indicates penetrating radiation, produced
by protons greater than 1 MeV in this case. Penetrating particle
radiation is observed to encounter the spacecraft before the CME
arrival and is generally an indicator of solar energetic particles
(SEPs; Frahm et al. 2013).

CME4 started shortly after the onset of CME3 from the
eastern edge of the same active region and was first visible
in COR1-A on 2012 March 7 at 01:05 UT and in COR2-A at
01:39 UT. Within the HI FoV it is not possible to distinguish
between those two events.

3. METHODS

We are interested in the kinematics of CME3 and how
its propagation and overall structure was influenced by the
solar wind and preceding CMEs. CME3 was imaged from
STEREO-A as well as from STEREO-B and we consider both ob-
servations independently. We apply a single-spacecraft method,
based on the CHM method, and adapt it to the SSE geometry.
We constrain the kinematics derived from STEREO-A imagery
with the in situ shock arrival time at Wind and relate them to the
arrival time at MEX. The kinematics derived from STEREO-B
imagery are constrained with the shock arrival time at VEX and
compared to the arrival time at MESSENGER. Using the kine-
matic profiles obtained for the two observed segments of the
CME, i.e., one propagating toward Earth/Mars and one toward
Mercury/Venus, we apply the DBM to find the best fitting drag-
parameter. This gives us a deeper insight into the drag conditions
acting on different segments of the CME.

3.1. Constrained Self-similar Expansion Method

An expression for the radial distance corresponding to a
specific elongation for the SSE geometry was derived by Davies
et al. (2012). The SSE geometry assumes a circular CME
shape with a half-width λ and can be used to convert the
time–elongation profile of a CME into a radial distance to reveal
its kinematical profile:

RSSE(t) = do sin ε(t)(1 + sin ε(t))

sin(ε(t) + φ) + sin λ
, (1)

2
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(a)

(b) (c)

(d) (e)

(f) (g)

Figure 1. Remote observations from three vantage points. (a) SDO/AIA 193 Å image at the time of the flare and the CME onset. (b) COR2-A (left) and B (right)
images. (d) and (f) HI1-A and (e) and (g) HI1-B observations of the CME under study (CME3). The red lines mark the position of the elongation measurement. In the
HI1-A images, the preceding CME (CME2) is also visible.

where RSSE(t) is the resulting radial distance from the Sun-
center, do is the Sun-observer distance, ε(t) is the elongation
angle of the CME front, φ is the propagation direction relative
to the Sun-observer line, and λ is the CME’s angular half-width.

For our study, we use λ = 45◦. The novel CSSE method uses
the additional information of the in situ arrival time to estimate
the most likely CME direction. With the knowledge of the shock
arrival time at a certain location in interplanetary space and the
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(a)

(b)

(c)

(d)

Figure 2. In situ detection of the ICME at four spacecraft. (a) MESSENGER
magnetic field data (MSO coordinates), (b) VEX magnetic field data (VSO
coordinates), (c) Wind plasma and magnetic field data (GSE coordinates), and
(d) MEX differential electron energy flux (in color) and background count rate
(black line).

corresponding elongation of the CME shock front measured
from the image at arrival time, we can constrain the kinematics
by varying the direction, φ, until the best match of white-light
and in situ arrival time is found. A detailed description and a
test of this approach, using the HM geometry, is given in Rollett
et al. (2012, 2013).

3.2. Drag-based Model

The DBM assumes that the interplanetary propagation of
a CME beyond 15–30 R� is mainly influenced by the drag-
force, i.e., CMEs moving faster than the ambient solar wind
are decelerated and slower CMEs are accelerated (Cargill et al.
1996; Vršnak 2001; Vršnak & Gopalswamy 2002; Cargill 2004).
The drag-acceleration, a(t), is given as:

a(t) = −γ [v(t) − ω(t)] |v(t) − ω(t)| , (2)

where γ is the drag-parameter, v(t) is the CME speed, and ω(t)
is the speed of the ambient solar wind. γ , is mainly a function of
the cross section and mass of the CME, and the density and speed
of the ambient solar wind. Typical values for γ range between
2 × 10−8 and 2 × 10−7 km−1 and are smaller for massive CMEs
than for less massive ones (see Vršnak et al. 2013). (DBM online
tool: http://oh.geof.unizg.hr/DBM/dbm.php).

4. RESULTS

Comparing the kinematics derived by Liu et al. (2013) and
Davies et al. (2013) with the in situ arrival time at VEX, the
CME in fact arrived between 7–14 hr earlier than derived from
triangulation methods, depending on the used angular width. In
our study, we treat STEREO-A and B observations independently
and reconstruct the asymmetric global shape of the CME using
the in situ arrival times at all four in situ spacecraft.

Figure 3(a) shows the kinematics of CME3 derived from
STEREO-B/HI observations. The upper and middle panels
show the radial distance and speed profiles, respectively, of
the Mercury/Venus-directed segment of the CME front derived
using the CSSE method (diamonds) and the DBM (solid line).
The red crosses mark the shock arrival times at MESSENGER
and VEX. The bottom panel displays the residuals in the radial
distance between the CSSE method and the DBM. The CSSE
method yields a propagation direction of E51 from Earth. By
varying γ and ω within the DBM, we achieve a constant drag-
parameter of γ = 0.11 × 10−7 km−1 and a background solar
wind speed of ω = 800 km s−1, which is in good agreement with
the speed of CME1 of ∼840 km s−1 (derived from the travel time
between Mercury and Venus). Although CME3 appears to enter
the HI1-B FoV with a speed of ∼2700 km s−1, it does not seem
to undergo rapid deceleration. This could be due to the less dense
solar wind left in the wake of the preceding event. Supporting
evidence for this is the very faint shock front leading CME3 as
seen by STEREO-B/HI, resulting from less piled-up material in
front of the flux rope. An exceptionally modest deceleration of
a very fast event due to reduced drag has also been found by Liu
et al. (2014).

The upper panel of Figure 3(b) shows the time–distance pro-
file of the Earth-directed segment of CME3 derived from its
time–elongation profile observed by STEREO-A/HI. In this
case, the CSSE method provides a direction of motion of
E11 from Earth. The results of the DBM are displayed out
to the distance of Mars in order to compare it with the in
situ arrival time estimated from Mars’ ionospheric response.
The speed derived from STEREO-A/HI observations (middle
panel) yields a different picture of this event than the results
from STEREO-B/HI observations. From the perspective of
STEREO-A, CME3 enters the HI1 FoV with a speed of
∼1700 km s−1, i.e., ∼1000 km s−1 slower than seen from
STEREO-B. The CME is still decelerating out to ∼40 R� and
therefore, it is necessary to adjust the drag and solar wind condi-
tions accordingly. For <35 R� we find a drag-parameter of γ1 =
0.6 × 10−7 km−1 and a solar wind speed of ω1 = 400 km s−1.
For >35 R� we find the CSSE is best reproduced using the
DBM with a drag-parameter of γ2 = 0.07 × 10−7 km−1 and a
solar wind speed of ω2 = 700 km s−1. This was done by manu-
ally adjusting γ until the best agreement with the results of the
CSSE method was found. The value of γ may additionally be
confirmed by determining the CME mass using, e.g., the method
described in Vourlidas et al. (2010), as done by Temmer et al.
(2012) studying a CME-CME interaction process.
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(a)

(b)

Figure 3. Kinematics of CME3 derived from both STEREO spacecraft. (a) Top: CSSE time–distance profile obtained from STEREO-B/HI observations (diamonds)
and the results of the DBM (blue line). The red crosses mark the arrival times at MESSENGER (MES) and VEX. Middle: speed profile derived from the CSSE and
DBM. Bottom: residuals between the CSSE and DBM time–distance profiles. (b) Same as (a) but for STEREO-A observations. The red cross marks the shock arrival
time (and speed in the middle panel) at Wind and the red horizontal line indicates the arrival at MEX. The green vertical line shows the time when the γ -value is
changed in the DBM.

One explanation for the abrupt deceleration could be the
preceding CME2. In Figure 1(d), the shock front of CME2
is already at an elongation of 18◦ while the shock of CME3 is at
10◦ elongation. Nevertheless, CME2 carries a portion of dense
plasma in its back, visible within HI as a bright region. This
high density region may be responsible for the enhanced drag
and the strong deceleration of CME3. Analyzing CME2 using
the SSSE method, we found an almost constant propagation
speed of ∼700 km s−1, which reflects the outcome of the DBM
for the ambient solar wind speed. Another explanation for the
deceleration of CME3 is given in Liu et al. (2013), who suggest
that the rapid deceleration is caused by an energy loss due to
energetic particle acceleration.

Due to the different solar wind conditions and the resulting
kinematics for the two tracks, we suggest that it is not possible
to describe CME3 by only one circular front. Figure 4 shows
the evolution of the CME morphology at six different times.
The blue and red lines are the lines of sight along the measured
elongation angle of CME3 from STEREO-A and STEREO-B,
respectively. The black circles are the results of the CSSE
method. From the viewpoint of STEREO-B, we are able to follow
CME3 out to the location of Venus, and from the STEREO-A

vantage point we can directly observe it to the location of Earth.
Beyond the available HI observations, the blue circles represent
the DBM results. The orange area displays the reconstructed
global shape of the front of CME3.

5. DISCUSSION AND CONCLUSIONS

The CME launched on 2012 March 7 at 00:02 UT (CME3)
has the distinct advantage of observations from three different
vantage points and four in situ detections, two of which
almost exactly radially aligned and longitudinally separated
by ∼67◦ from the two other spacecraft. This unprecedented
data set allowed us to study the evolution of CME3 in the
inner heliosphere. The eastern part of the CME, observed by
STEREO-B, shows a high speed in the sunward portion of
the HI1 FoV (∼2700 km s−1), which is slowly decreasing to
∼1700 km s−1 at a heliocentric distance of 0.7 AU. The western
part of CME3, observed by STEREO-A, entered the HI FoV
with a speed of ∼1650 km s−1 and was decelerated abruptly to
∼1000 km s−1 at a heliocentric distance of ∼35 R�. Beyond
this distance, this segment of the CME propagated with an
almost constant speed up to 1 AU, where a shock arrival speed

5

100



The Astrophysical Journal Letters, 790:L6 (7pp), 2014 July 20 Rollett et al.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4. Evolution of the shape of CME3 modeled from both STEREO observations. The black circles show the results of the CSSE method, the gray dashed circles
mark CME3 at the time of the last HI observations. The blue circles are the extrapolations of the DBM. The red and blue lines show the lines of sight from STEREO-A
and STEREO-B, respectively. The orange area marks the reconstructed global shape of the CME front.

of ∼800 km s−1 was measured in situ by Wind. We argue
that the reason for these different speed profiles for different
parts of the same CME front stems from different solar wind
conditions. This idea was supported by the DBM, in which we
adjusted the drag-parameter and the speed of the background
solar wind to fit with the results of the CSSE method. The slow
deceleration of the eastern part of the CME can be attributed
to a preceding CME, i.e., the CME may have experienced less
drag due to traveling through a reduced density wake of the
previous event (CME1). At the western part, a preceding event
(CME2) seemed to enhance the drag, i.e., CME3 propagated
into the back of CME2 and was forced to decelerate promptly.
This study emphasizes that the timing and direction of preceding
CMEs may significantly alter the arrival times of CMEs at Earth.
Preceding CMEs may either act (1) as obstacles, enhancing
the drag and thus decelerating a CME, or (2), by creating a
wake and reducing the drag, they lead to less deceleration than

expected from a normal background solar wind. Sometimes—as
shown for the event here—this can be true even for different
parts of the same CME. Depending on the ambient solar wind
structure, CMEs can disintegrate into distinct parts having
different kinematics, yielding a deformation of their shapes
and influencing the accuracy of forecasting their arrival times
(e.g., Crooker & Intriligator 1996; Möstl et al. 2011; Nieves-
Chinchilla et al. 2013; Liu et al. 2014). Therefore, it is a goal
of very high priority to investigate the evolution of the overall
shape of CMEs, influenced by the ambient medium or other
CMEs.
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Möstl, C., Farrugia, C. J., Miklenic, C., et al. 2009, JGR, 114, 4102
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8
Summary

In this thesis the development of CMEs during their propagation phase up to a heliocentric

distance of 1 AU and beyond was analyzed using the unprecedented data from NASA’s STEREO

mission.

The Constrained Harmonic Mean (CHM) method, developed within my diploma thesis and

enhanced during my PhD studies, is the base of these studies and presented in Paper I. It uses

the advantage of the Heliospheric Imagers (HI) aboard the STEREO mission, providing a side-

view on Earth-directed events and the possibility to follow CMEs from the Sun up to 1 AU. The

CHM method combines remote sensing white light with in situ data and offers the possibility

to derive kinematical profiles for any segment along the CME front to study its evolution in

interplanetary space. In Paper II we study the influence of the ambient solar wind flow on

the propagation behavior for three CME events. The kinematics revealed by the CHM method

were compared to the background solar wind simulated by two different solar wind models.

Depending on the model used, we found an adjustment of the CME speed to the solar wind

speed between 30 R� and 1 AU, hence CMEs seem to be highly dependent on speed variations

of the ambient medium. A test of the CHM method is presented in Paper III. This was done

by analyzing a simulated CME as observed by STEREO/HI. After applying the CHM method,

the resulting CME kinematics were compared to the real kinematics of the simulated CME. An

error range was estimated as a function of separation between remote and in situ spacecraft.

We found that the CHM method works best for small separation angles. Paper IV presents a

case study of a fast CME that has been remotely observed by both STEREO/HI and in situ

measured by four spacecraft at different heliocentric distances. Using this high number of in situ

detections and the two side views we derived different speed profiles for two different segments of

the same CME. At its western segment, the CME was abruptly decelerated but only gradually

decelerated at its eastern part. These changes are possibly caused by two preceding CMEs

heading in different directions, thus causing a deformation of the overall structure of the CME.

The studies presented show the effects of different influences on the CME evolution. Inter-

action of CMEs with the solar wind or other CMEs lead to disturbances of the speed as well as

the shape of CMEs, affecting their arrival time and their geoeffectivity.
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