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ABSTRACT

Context. We use forward modelling on multi-viewpoint coronagraph observations to estimate the 3-dimensional morphology, initial
speed and deprojected masses of Coronal Mass Ejections (CMEs). The CME structure is described via the Graduated Cylindrical
Shell (GCS) model, which enables the measurement of CME parameters in a consistent and comparable manner.

Aims. This is the first large-scale use of the GCS model to estimate CME masses, so we discuss inherent peculiarities and implications
for the mass determination with a special focus on CME events emerging from close to the observer’s central meridian. Further, we
analyse the CME characteristics best suited to estimate the CME mass in a timely manner to make it available to CME arrival
predictions.

Methods. We apply the method to a set of 122 bright events observed simultaneously from two vantage points with the COR2
coronagraphs onboard of the twin NASA STEREO spacecraft. The events occurred between January 2007 and December 2013 and
are compiled in an online catalogue within the EU FP7 project HELCATS. We statistically analyse the derived CME parameters, their
mutual connection and their relation to the solar cycle.

Results. We show that the derived morphology of intense disk events is still systematically overestimated by up to a factor of 2 with
stereoscopic modelling, which is the same order of magnitude as for observations from only one vantage point. The overestimation
is very likely a combination of projection effects as well as the increased complexity of separating CME shocks and streamers from
CME fronts for such events. We further show that CME mass determination of disk events can lead to overestimation of the mass by
about a factor of 10 or more, in case of overlapping bright structures.

Conclusions. We conclude that for stereoscopic measurements of disk events, the measurement of the initial CME speed is the most
reliable one. We further suggest that our presented CME speed-mass correlation is most suited to estimate the CME mass early from

coronagraph observations.
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1. Introduction

Coronal Mass Ejections (CMEs) are explosive large-scale
outbursts of the Sun’s coronal plasma and magnetic field. They
can induce strong geomagnetic storms at Earth (Tsurutani et al.
1988; Gosling et al. 1991), which pose serious threats to space
systems, communications and navigation (Cherry 2002;
Thomson et al. 2011; Pulkkinen et al. 2005; Burlaga et al.
1987). Therefore, precise measurements of CME kinematics are
important to predict their arrival at Earth. Besides knowledge
about the prevailing solar wind conditions, the performance
of CME propagation models relies on accurate measurements
of the CME initial geometry and CME apex speed as well as
the CME mass. For example, the Drag-Based Model (DBM,;
Vrsnak et al. 2013), which is based on the hydrodynamic
analogue of the aerodynamic drag acting between the solar
wind and the CME, depends on these properties. To maximise
the benefit for space weather predictions, CME kinematics and
geometry have to be determined as early as possibly during
the CME emergence. Coronagraph observations can provide
these values at CME distances within a few solar radii away
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from the Sun. CMEs are optically thin structures because the
observed brightness arises from the Thompson scattering of the
photospheric lights from the entrained electrons (Billings 1966).
Hence, they are subject to projections effects due to (1) structure
overlap along the line of sight, and (2) due to the viewing
geometry (e.g. Vourlidas & Howard 2006). We use the term
“projection effects” to refer to both effects in this paper. Projec-
tion effects are discussed often in the context of CME kinematics
(Burkepile et al. 2004; Vr$nak et al. 2007; Temmer et al. 2009;
Liu et al. 2010a; Shen et al. 2013; Davies et al. 2013), masses
(Vourlidas et al. 2010) and morphologies (Liuetal. 2010b;
Savani et al. 2011a,b; Vourlidas et al. 2013; Kwon et al. 2015).
The Thompson scattering projection effects can result in an
overestimation of the CME size and an underestimation of the
CME velocity. The effects on the mass determination depend
on the chosen approach and are discussed in more detail in
Sect. 3.3. These Thomson scattering effects become extreme for
the so-called “halo events”. The term “halo” refers to CMEs that
exhibit a circular or elliptical white-light morphology encircling
the Sun (Howard et al. 1982). The halo appearance generally
implies that the event is directed along the Sun-observer line
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Fig. 1. Evolution of STEREO spacecraft separation from the first catalogue event, over the STEREO opposition phase to the last event. The shown
minimal STEREO separation (MSS) angle o is defined as the minimal angular distance between both STEREO satellites (STEREO Science

Center; https://stereo-ssc.nascom.nasa.gov/where/).

and most likely arise from the CME-driven shock (Kwon et al.
2015). We adopt the term “disk events” to characterise events
originating from close to an observer’s solar disk centre,
propagating along the Sun-observer line towards or away to the
observer. The kinematic and morphological characteristics of
disk events, such as the height, width and propagation speed
suffer from severe projection effects. These projection effects
have been assessed via multi-viewpoint geometrical modelling
(Thernisien et al. 2009; Liewer et al. 2011; Temmer et al. 2009;
Lee et al. 2014).

With the launch of NASA’s Solar TErrestrial Rela-
tions Observatory (STEREO) mission in the October 2006
(Kaiser et al. 2008) long-term multi-viewpoint observations of
CMEs have been made possible. The STEREO mission con-
sists of two nearly identical spacecraft. The STEREO-A orbit
is closer to the Sun than the STEREO-B orbit, which results
in STEREO-A pulling further ahead of Earth and STEREO-B
falling successively behind Earth at a rate of about 22.5° per
year. Each spacecraft carries the Sun-Earth Connection Coronal
and Heliospheric Investigation (SECCHI; Howard et al. 2008)
payload that consists of one extreme ultraviolet (EUV) full disk
imager, two coronagraphs — COR1 and COR2, and two helio-
spheric imagers — HI1 and HI2. In this work, the white-light
images of the SECCHI/COR2 coronagraphs are used for the
geometrical modelling as well as for the CME mass determi-
nation. The CME mass is derived from the total electron con-
tent which is estimated from the CME brightness. It requires
the consideration of the CME geometry as well as the direc-
tion of propagation. Vourlidas et al. (2010, V10, hereafter) dis-
cuss extensively the methodology, caveats, and historical back-
ground of mass measurements. They specifically exclude halo
events from the analysis, to avoid significant mass overestima-
tions resulting from projection effects for single viewpoint mea-
surements. The objective of the present study is to analyse the
reliability of CME mass-determinations in the context of projec-
tion effects using multi-viewpoint measurements. To achieve this
goal, we combine multi-viewpoint geometrical modelling with
mass-determination and compare the mass results for disk and
limb events to identify possible sources of mass overestimation.
Our approach is also used to provide important CME parameter
correlations between the CME mass and the initial CME speed
close to the Sun. Such correlations are important to estimate
CME masses in real-time, in order to make reasonable assump-
tions in CME prediction models, such as the DBM or WSA-
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ENLIL plus Cone Model (Odstr¢il & Pizzo 1999; Odstrcil et al.
2004; Mays et al. 2015). For instance, in the DBM the CME
deceleration increases inversely with the CME mass.

The paper is organised as follows: In Sect. 2, we present our
measurement methodology in detail. This includes event selec-
tion criteria, image processing, application of geometrical for-
ward modelling and the CME mass determination technique. We
use an example event to demonstrate the methodology. In Sect. 3,
we provide a statistical analysis of the data set. The results are
discussed in Sect. 4 and compared to previous single-viewpoint
studies. We conclude in Sect. 5.

2. Methodology
2.1. Event selection

We model 122 CME events, which occurred between January
2007 and December 2013, using data from the SECCHI/COR2
coronagraphs. The STEREO satellite geometry for the observed
events is presented in Fig. 1. All events are assembled in the
Coronal Mass Ejection Kinematic Database Catalogue (Kin-
Cat). As part of the more comprehensive HELCATS catalogue
(Harrison et al. 2016), KinCat is cross-linked via a unique iden-
tifier (ID) to other sub-catalogues. This includes catalogues of
heliospheric observations, in situ and automated coronagraphic
detections as well as source regions and low coronal events. The
full HELCATS catalogue' and the KinCat catalogue” are acces-
sible online.

spaceskip2.3pt plus 1pt minus 1ptln addition to kinematic,
geometric and mass parameters, KinCat also provides animated
fitting sequences, height-time profiles and the STEREO observ-
ing geometry for each event. It is based on the first multi-
viewpoint CME catalogue, compiled at the University of Got-
tingen. The catalogue contains 1060 events from 2007 to 2011
and a subset of 263 events was selected based on subjec-
tive clear visibility and assembled in the “Best-of” list. From
this list, 243 events were modelled (Bosman & Bothmer 2012;
Bosman et al. 2012) with GCS modelling technique developed
by Thernisien et al. (2006) at the point in time of their clear-
est visual appearance. Starting from the 243 events, we compare

' https://www.helcats-fp7.eu/catalogues/wp3_kincat.

html
2 http://www.affects-fp7.eu/helcats-database/
database.php
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them with the Rutherford Appleton Laboratory Heliospheric
Imager (RAL-HI) event-list which contains over 1000 entries
within the relevant time period. This step ensures that our events
can also be used for more comprehensive studies which follows
the purpose of the HELCATS project. As a result of the com-
parison, 109 events out of 243 events were matched with the
HI list. The list is extended by another 13 events between 2012
and 2013. These events are associated with Earth-directed CMEs
and are chosen from the HELCATS linked catalogue called
LINKCAT (Kilpua et al. 2017) which connects heliospheric and
in-situ CME observations. All of our events are isolated, well-
defined CME events and we have not observed any obvious signs
of interactions with other events within the COR?2 field of view.

2.2. Data processing

We start with the COR2 Level-0.5 FITS images, which
are obtained from the NASA Goddard Space Flight Center’.
Level—0.5 FITS images are already aligned to the ecliptic north.
They are further processed to Level-1.0 FITS images via the
IDL SolarSoft routine secchi_prep.pro. The resulting images
are normalised by the exposure duration, the correction of
on-board image processing, the subtraction of the CCD bias,
the conversion to the physical units of mean solar brightness
(MSB), vignetting and flat-field corrections and other optical
distortion corrections (Howard et al. 2008). Then a suitable pre-
event image, generally the last image prior to the appearance
of the CME in the particular coronagraph’s field of view, is
subtracted from the CME images to remove the background
corona. In order to avoid visual signatures of coronal stream-
ers and other CMEs, it can sometimes be reasonable to sub-
tract an earlier image instead (see V10 for details). We then
apply Thomson scattering theory to Level—1.0 FITS images to
create so called “mass images”. This translation of the images
from the unit of MSB to grams per pixel is realised with
the make_mass_£fits.pro routine of the Solarsoft library. The
exact procedure is described in Savani et al. (2013). Details and
issues arising in the CME mass calculations are described in
V10. For completeness we provide a brief summary below.

Obviously, all CME white-light observations are projec-
tions of the 3-dimensional CME structures onto the POS of the
observing instrument. Two basic geometrical approximations are
traditionally applied that result in a lower limit estimate of the
CME mass:

1. All CME material is confined onto a 2-dimensional plane
along the direction with the longitudinal angle ¢ away from
the POS.

2. The plane is assumed to be positioned on the POS (¢ = 0°).

V10 analysed the consequences from both assumptions and
showed that the POS assumption yields a lower limit mass esti-
mation. The underestimation increases with the CME width and
reaches a factor of two for a CME with 60° angular width. In
this work, we call this approach “POS mass determination”. V10
also numerically analysed the results of the applied scattering
theory for the case where ¢ is equal to the actual longitudinal
CME propagation angle away from the POS. They found that
this improves the accuracy of the mass measurements relative to
POS mass determination up to a propagation angle of ¢ = 60°.
From there on, the CME mass becomes exponentially overesti-
mated with increasing ¢. In the case of a CME propagating at
¢ = 80° (disk event) and possessing a width of 60°, the CME
mass could be overestimated by about a factor of five. For that

3 ftp://stereoftp.nascom.nasa.gov/pub/

reason, this approach can be used to determine an upper limit
of the CME mass, in particular for disk events. In this study,
we call this approach “directional mass determination”. Previ-
ous stereoscopic mass studies by Colaninno & Vourlidas (2009),
Bein et al. (2013) and de Koning (2017) are not combined with
geometrical modelling. They use an inverse approach by com-
paring the mass results in dependance of the unknown propaga-
tion angle ¢ for each coronagraph and deliver the correspondent
mass result to that angle. In this study ¢ is determine from geo-
metrical modelling, which is a very established method for this

purpose.

2.83. Graduated cylindrical shell model

We apply the Graduated Cylindrical Shell (GCS) model
(Thernisien et al. 2009) as our geometrical modelling method to
COR2 images to derive their 3D size and direction as a function
of height. The model represents a simplified geometric proxy to a
magnetic flux rope topology. This CME topology has been sug-
gested by many authors (e.g. Chen et al. 1997; Vourlidas et al.
2000; Cremades & Bothmer 2004). Recently, Vourlidas et al.
(2013) have shown that it applies to at least 40% of all CMEs.
It was further suggested that the absence of such a structure
can likely be traced back to observational effects (Gopalswamy
2013). The shape of the model is reminiscent of a hollow crois-
sant and the basic geometry consists of two cone shaped legs,
separated by twice the half angle @ and the leg height h. The
circular annulus in the middle of the tube section is given by
a(r) = kr, where r is the distance from the solar centre to a point
of the outer edge of the shape and « is the aspect ratio. The ori-
gin of the model is rooted at the solar centre. Its main axis enters
the solar surface at a point given by longitude ¢, latitude 6. The
rotation along the main axis is described with the tilt angle 7.
In the full set of GCS parameters it is common to substitute the
leg height /2 with the apex height A.pex. The GCS modelling is
performed with the rtsccguicloud.pro routine in the SEC-
CHI analysis tree of the IDL SolarSoft distribution. The routine
enables us to adjust the wire grid simultaneously onto the white-
light CME structures in both COR2 coronagraphs. The projec-
tion of the shape is plotted over each coronagraph image with
respect to the STEREO satellite configuration, as demonstrated
with the sample event in Sect. 2.5.

2.4. Geometrical modelling

The GCS model is applied to the full COR2 observation
sequence which later will be also used to derive CME speeds.
Further, the events from the original list are fitted at the height of
their individual best white-light visibility. For our analysis, we
define a reference height at which the CME properties are com-
pared to each other, in order to reduce evolutionary effects of
the CME parameters. Vourlidas et al. (2000, 2010) showed that
the majority of CMEs reach a steady-state above about 10R.
On the other hand, our observations are restricted to the FOV of
the SECCHI coronagraphs (2.5 - 15 Rs) and the 15 min cadence.
This cadence diminishes the guaranteed observation range in the
worst case to around 12 R, for a CME which expands along
the POS with a speed of 2600km s™!. Sachdeva et al. (2017)
showed that CME acceleration largely ends within 5 R, for fast
events (900 kms™'), and between 12 and 50 R, for slow events
(<900kms™"). The study of Liu et al. (2016) has even shown
that the speed of slow CME:s is nearly invariant at heights above
20-30 R,. Consequently, we can maximize the comparability of
our events by choosing the latest guaranteed observation height
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of 12 R, as our reference height. In the following we present our
GCS modelling:

In the first step, the six GCS parameters are iteratively
adapted until a best visual fit of the data is achieved for both
STEREO COR?2 coronagraphs. Images from the SOHO/LASCO
coronagraphs, positioned along the Sun-Earth line, are used to
confirm the direction of the CME if it is seen as halo in both
STEREO satellites. In the next step, we alter the fitting between
the first and last COR2 image pairs for a few times. Gener-
ally, this approach is helpful to separate the main CME shape
from unambiguous parts and shock features, which both are
frequently observed in coronagraph white-light images of very
intense events (Vourlidas et al. 2013, 2009). In the last step, the
CME parameters are adapted to the reference height.

A sensitivity analysis by Thernisien et al. (2009) evaluates
the average deviation of each parameter:

Ap =4.3°,A0 = 1.8°, Aa = +13°/-7°,
Ak = +0.07/-0.04, Ay = 22°, Ahypey, = 0.48 Ro.

Equally, we have also estimated the errors of these parame-
ters in our data set, based on the modelling result of the first and
second author for a similar subset of 15 events. The averaged
error Axg of each GCS parameter x yields:

A¢0 = SO,AQ() = SO,AQ’Q = 100,
Ak = 0.025, Ay = 30°, Ahypey = 0.5 Ro.

These values are in good agreement with the sensitivity anal-
ysis. Nevertheless, it has to be stated that the largest uncertainties
for fitted GCS parameters arise from the misidentification of the
CME shape, for example by the unintentional fitting of the CME
shock or not separating the CME front from other coronal fea-
tures. This might produce errors on a much larger scale which
are difficult to quantify.

2.5. Combined geometrical modelling and mass
determination technique

We use the event of July 12, 2012 to illustrate our combined
geometrical modelling and mass determination technique on a
pair of SECCHI/COR?2 images. On this day, the STEREO space-
craft were 125° apart, which enables a reasonable geometrical
modelling of the CME white-light shape. The described GCS fit-
ting approach is used to derive the initial geometric parameters.
Figure 2 displays the projection of the geometrical grid in both
SECCHI/COR?2 images. The grid is created with the following
fitting parameters for the reference height of 12 R:

¢=8,0=-12°,a = 34.4°,
k =0.46,y = 90°, and hgpex = 15.6 Ro.

At this point, we create the mass images required for
the directional mass determination. Savani et al. (2013) deter-
mined the CME mass density for a single event from
SECCHI/COR2 images with this approach. In their study, the
propagation direction in the corona was estimated by the prop-
agation throughout the entire inner heliosphere via the fixed-¢
J-map technique (Sheeley et al. 1999) from SECCHI/HI-1 and
HI-2 observations. In our study, we can derive the CME propa-
gation direction ¢, and ¢ in relation to the POS of STEREO A
and B directly from our GCS modelling result. This step requires
to transform the source region coordinates from HEE coordi-
nate system by the respective STEREO satellite longitude. If
one assumes a radial propagation of each CME from its active
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COR 2B: 12.07.2012 18:39

COR 2A: 12.07.2012 18:39

Fig. 2. GCS model fitted onto the coronagraph images of SEC-
CHI/COR?2 B (left panel) and COR2 A (right panel) for the CME event
on July 12,2012 at 18.39 UT.

Fig. 3. GCS fitting on a sequence of COR2 A (fop panel) and COR2 B
(bottom panel) images of the STEREO/SECCHI coronagraphs for the
July 12, 2012 event from 16:54 to 18:24 UT.

source region (Reiner et al. 2003; Cremades & Bothmer 2004;
Kahler & Vourlidas 2005), the modelled GCS flux rope source
regions can be considered as approximations of the real source
regions. For the calibration of the images, we consider the posi-
tions of the GCS modelled source regions and transpose them
to the correspondent SECCHI/COR?2 perspectives. In Fig. 4 we
give an overview of the event distribution on the solar disk
observed from Earth and from both STEREO/SECCHI COR2
perspectives, determined by our GCS modelling. We want to
emphasise that the absence of central backside events along the
Sun-Earth line is a result of the event selection requiring the
association with a SECCHI/HI CME.

Events are classified based on their minimal angular propa-
gation distance away from the observed POS. For ¢ < 60° we
classify them as limb events and for ¢ > 60° as disk events.

In the following, we determine the CME masses from the
STEREO images. The applicability to SECCHI/COR2 images
and cross-calibration with the SOHO/LASCO mass images has
been confirmed by Colaninno & Vourlidas (2009). To determine
a CME mass, the region containing the CMEs white-light emis-
sion, commonly termed region of interest (ROI), has to be
defined. One advantage of our method is that we can benefit
from our geometrical fitting results and define the ROI by the
enclosed projection of the correspondent GCS grid as shown by
Savani et al. (2013). The integration over the ROI in the mass
images yields a mass value. For a sequence of mass images
we apply the previously modelled GCS shape and expand it
self-similarly to the correspondent height (Fig. 3). The fitted
height values are used for the height-time profile in Fig. 5 (top),
from which we derive the apex speed at 12 R;. Based on the
error propagation of the CME apex height, we derive that the
height measurements correspond to a relative velocity error of
Av/v = 6%. In Fig. 5 (bottom) the mass-height profile of the
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current example is displayed. V10 suggested that the mass and
energy properties of CMEs are reaching a constant plateau above
~10 R if the POS mass determination approach is used. This
is mostly, but not always the case for the directional method
used in this study. Thus, we extrapolate the absolute CME mass
M, from the mass-height series. We use the fitting function
from Colaninno & Vourlidas (2009), which considers that CME
masses can only be detected when a CME has overcome the
occulter field of above 2.5 R, in COR2:

M(h) =

Mo(1 - exp(=h)/H), ey

where H is a fitted normalisation height and M(h) the detected
CME mass at the apex height &.

3. Results

We present the statistical results of the GCS modelling and impor-
tant parameter correlations to identify projection effects. This is
followed by the presentation of the CME mass results, which are
further analysed in terms of mass overestimations and causes.
We demonstrate that the event selection criteria created an rep-
resentative data-set which can reproduce known correlations to
the monthly sunspot number (SSN). Further, the correlations to
SSN have a useful application when it comes to comparing dif-
ferent data-sets. In the last part, we regard the mutual param-
eter correlation and analyse if the mass of a CME can be best
estimated from the CME kinematic or the CME morphology.

3.1. Morphology and kinematics

In the GCS model, the CME morphology is characterised by the
aspect ratio and the half angle. We present distributions of the
CME morphology together with the velocity distribution, which
are derived from our data-set, in Fig. 6. All three distributions
are basically reminiscent to a log-normal distribution, which is
in this context also a typical parameter distribution in larger data-
set (e.g. in V10). However, the CME velocities are closer to
satisfy such a log-normal distribution than the two others. We
obtain the averaged values of (vypex) = 629 km s7h (k) = 0.405
and (@) = 22.0° for all 122 events.

To investigate possible projection effects, we correlate all
three parameters in Fig. 7 and further categorise each event based
on its appearance as limb or disk event — accordingly to our pre-
vious definition. The parameter fits result in:

@ = 27.6(£6.6)x + 10.8(+2.8), )
a = 1.11(x0.26) X 10 2v,pex + 15.0(£2.0), 3)
k= 1.7(20.3) X 10 %0 pex + 0.30(£0.02), 4)

with @ in [deg], k without dimension and v,pex in [km s

We notice that in Fig. 7 (top) CMEs seen as disk event in
both telescopes tend to have a much large « than the other events
in the reference period. Also in Fig. 7 (bottom) all derived « val-
ues for disk events are above the linear fitting curve. Therefore,
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we investigate the occurrence of projection effects by compar-
ing the morphology of the 8 disk event, which all occurred in
2011, to all 59 events of that year. We notice that they are com-
parable in terms of their half angle (@201 = 25° Vs. @gisk both =
27°) but not in terms of their aspect ratio (ky0;; = 0.45 vs.
Kdiskboth = 0.71). It appears that « is significantly overestimated
for disk events, which may be partly driven by the higher average
speeds (1050 km s™') compared to the 2011 sample (710kms™")
in addition to projection effects.

3.2. CME mass results

In this section we show the results of our CME mass determina-
tion — averaged from both coronagraphs. In 3 out of 122 cases
we have only obtained CME masses from COR 2A as COR 2B
images were intentionally avoided, due to overlapping with
coronal features, such as secondary CME:s, solar event particles
or coronal streamers. At first, we present the overall distribu-
tion of the logarithmic masses in Fig. 8. According to V10, the
mass distribution of CMEs should generally follow a log-normal
distribution which would result in a normal distribution of the
logarithmic masses.
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Fig. 7. Individual results of GCS fitted aspect ratio « and half angle «
derived for all 122 catalogue events. The events are classified by their
limb or disk appearance in each STEREO/SECCHI COR?2 instrument.

In our results, we notice a departure from such a normal dis-
tribution towards larger mass values — a first indication for the
mass overestimation of some events. To investigate this, we plot
the logarithmic mass results of all 119 events which have been
observed with both coronagraphs over the event dates in Fig. 9.
The events are classified by their limb or disk appearance in each
STEREO/SECCHI COR2 instrument. Further, we add the min-
imal STEREO separation (MSS) angle o between both COR2
instruments.

Obviously, the highest mass values are detected between
2011 and 2012. Two points are noteworthy to mention at this
phase, likely explaining these high values. First, the solar activ-
ity approaches a maximum around 2011-2013, which results
in generally more massive CMEs (Vourlidas et al. 2010, 2017).
Second, CMEs tend to appear with redundant projection shapes
in both COR?2 telescopes since the spacecraft are in opposition.
This configuration occurs when the MSS angle ¢ is close to 0° or
180°. As several of the more massive entries in Fig. 9 are from
CMEs seen as disk events in both telescopes, this suggests an
additional influence of projection effects leading to mass overes-
timations in such cases.
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3.3. Mass overestimations

Since we do not know the 3-dimensional electron distribution
within a specific CME, we assume that it is equivalent to its
2-dimensional projection, as stated in Sect. 2.2. However, the
2-dimensional projection changes with the observed propaga-
tion direction and as consequence also the determined mass
values. We compare the propagation direction away from the
POS for each coronagraph in Fig. 10 with the determined mass
values to investigate if the CME masses of disk events are over-
estimated by such a geometrical effect. For a single spacecraft
study with the SOHO/LASCO coronagraph, covering over 7000
CME non-halo events, V10 found that the majority of CMEs
masses lie in the range of 10'*~10'® g. Therefore, CME masses
bigger than 10'63 g are excluded from our further analysis, due
to an expected mass overestimation. This applies to eight events.
We further notice that the statistical mass overestimation of disk
events at angle of ¢ = 80° away from the solar centre reaches
an average factor of three. At the same time we see a clustering
of the CME masses of disk events with a likely additional over-
estimation of about a factor of ten or more, which is way above
the maximum error of a factor of five as derived by V10. There-
fore, the projection effects on the CME alone are insufficient to
explain such large mass values.

A possible explanation for the usually high mass values
could arise from additional brightness contributions of other
coronal features. We present an illustrative example for such a
case with the CME event on September 22, 2011. This CME
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Fig. 10. Logarithmic CME masses for 122 events are measured in
COR 2A (top panel) and 119 events in COR 2B (bottom panel) against
the angular distance ¢ of their propagation direction away from the
POS.

is seen as disk event in the opposing STEREO coronagraphs
(Fig. 11, top). At least two intense streamers appear within our
ROI, which is defined by the green GCS fit, and contribute to
the overall brightness. Our mass determination yields a value of
3 x 10'7 g, the highest mass value of the KinCat. We compare
our obtained mass values of this event to the mass value in the
SOHO/LASCO CME Catalogue. The SOHO/LASCO C3 coro-
nagraph is positioned at ¢ = 0 and observes the event perpen-
dicular to both COR2 coronagraphs. The C3 images (Fig. 11,
bottom) suggest that a northern pre-existing streamer increases
in brightness and is deflected towards the POS of COR2 corona-
graphs during the eruption. Obviously, such streamers can not be
removed with a difference imaging approach. For comparison —
from the LASCO perspective, the northern streamer is largely
outside of the ROI used in the mass calculation and contributes
less to the overall brightness. The reported mass for this event
is 2.1 x 10'% g, but with some uncertainty due to the presence
of a shock. However, the northern streamer can not be excluded
from the COR2 ROI, which results in a total mass increase of
1.4 orders of magnitude.

3.4. CME correlations

Before we regard the individual parameter correlation, we like
to proof that our data-set can reproduce the known and more
basic correlations to the solar cycle. Ivanov & Obridko (2001)
have shown that the cycle variation of the average CME width
and average CME velocity are associated to the cycle variation
of the large-scale solar magnetic field for solar cycle 22. It was
further stated, that fast CMEs make the primary contributions
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Fig. 11. Top panel: GCS modelling of the CME event on September 22,
2011, observed with the STEREO COR 2A (left panel) and STEREO
COR 2B (right panel), which are positioned at ¢, = —97° and ¢, = 104°
in HEE. Bottom panel: same event observed with the LASCO C3 coro-
nagraph. During the eruption, a pre-existing coronal streamer increases
in brightness and is deflected towards solar north pole — close to the
POS of both COR2 coronagraphs.
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of Belgium, Brussels.

in these statistics. As far as the CME mass is concerned, V10
have shown their dependence to the activity of solar cycle 23.
By investigating solar cycle 24, Wang & Colaninno (2014) also
stated that fast, wide and massive CMEs undergo a stronger solar
cycle correlation. Our data-set is biased towards bright and gen-
erally fast events, we therefore expect them to reflect the corre-
lation to the solar cycle activity very well.

In Fig. 12, we demonstrate this by using annually averaged
values of half angles, the apex velocities and CME masses of our
data-set together with the activity of solar cycle 24, represented
by SSN.

For the mass analysis, we have applied the same upper CME
mass limits as before to reduce influence of some question-
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able mass results. We derived the following linear correlations
between the annual average of the monthly sunspot number and
the annual averages of the CME mass, speed and GCS half angle
from Fig. 13 :

log,o(M) = 15.51(+0.02) + 0.0032(0.0004)SSN, 5)
Dapex = 328.3(£48.6) + 6.1(+0.9)SSN, (©6)
@ = 14.7(x1.3) + 0.15(0.02)SSN, 7

with @ in [deg], vapex in [km sl and M in [g]. Such connec-
tions of CME event properties to the SSN may also be useful
for the comparison of different CME data-sets. All three param-
eters largely correlate as expected with the SSN. Only in 2013
we see that the average half angle and the average CME mass
descends in contrast to the CME speed. This is likely a result
of the different event selection criteria for the years 2012-2013.
Also, the low event count during a very active solar period makes
the results of this phase likely less significant. However, these
statistics are in agreement with the (Vourlidas et al. 2017) statis-
tics, which are based on a much larger sample of COR2 events.
Our higher speed average is likely a result caused by our event
selection towards brighter and generally faster CMEs.

We now continue by presuming a mutual dependency of the
CME speed and width to the CME mass. Since the latter is usu-
ally the most difficult to measure in near real-time, the outcome
could lead to useful applications in CME forecasts. In Fig. 14 we
plot the average CME masses for all 122 events from the Kin-
Cat against the CME apex speed and the CME half angle. We
have applied the same upper CME mass limits as before. The
two linear parameter fits result in:

®)
©))

10g10(M) = 3.4(20.6) X 10 v pex + 15.479(+0.044),
log,o(M) = 8.71(x1.82) x 102 + 15.380(£0.065),

with a in [deg], vapex in [km s_l] and M in [g]. As the majority of
the excluded events with masses above 10'6 g are also identical
with the 8 disk events of our data-set, it is noteworthy, that we
have at the same time excluded possible large uncertainties in the
velocity and the half angle values caused by projection effects.

4. Discussion

First of all, we like to point out the advantages of the data-
set created by our combined method. It provides the two most
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important CME parameters in the context of CME arrival anal-
ysis with the DBM-the CME mass and the CME speed in the
direction of Earth. As the latter, is only provided indirectly, we
want to explain how to derive this value from our data-set.

In Fig. 15 we expand the fitted GCS shape self-similarly
in the Heliocentric Earth Ecliptic (HEE) coordinate system to
1 AU, which allows to analyse if the CME is Earth-directed
and which part of it will potentially impact Earth. If only the
slower flank and not the CME apex is directed towards Earth,
the apex speed can be a very inaccurate proxy for the Earth-
directed speed. Instead, the speed component towards Earth can
be derived from the data-set by
Vearth = (hearth/hapex) Dapex» (10)
where hgpex is the apex height, heaqn is the height in Earth-
direction and v,pex is the initial apex speed. CME propagation
models, as the DBM, can now be applied and their results can be
compared to in-situ measured CME signatures at L1.

4.1. CME morphology

We have analysed the GCS morphology, represented by the val-
ues of k and «, of our modelling results. In Sect. 3.1 we have
shown that the results are consistent in the case that events are
seen as pure limb event in both coronagraphs or as a combina-
tion of disk and limb event. On the other hand, we noticed an
significant overestimation of « if the event is seen as disk events
in both coronagraphs. In such cases, the shape projection of disk
events appears as ellipse, where the semi-minor axis is defined
by « and semi-major axis by x and @. We want to emphasise that

Fig. 15. GCS-shape of the July 12, 2012 event propagated self-similarly
to 1 AU in the HEE coordinate system. The height of GCS front in the
main axis and in Earth-direction are included for illustration.

the fitting accuracy of x and « also depends on the rotation of the
GCS model and generally favours one or the other. The determi-
nation of the GCS model rotation can be extremely difficult for
disk events, especially without considerations of the orientation
of the source region. For that reasons, such overestimations of
the CME morphology might also affect the determined a values.
This can possibly account for some of the spread of data from
the fitting line.

There are three possible explanations for the general trend
of the larger measured morphology of disk events. First, if an
event appears as disk event in both coronagraphs, the instrument
separation needs to be very small or close to 180°. In this case
the perspectives are nearly redundant and the projection effect
are converging to the known effects for observations from only
one vantage point. Second, for larger « the projected GCS shapes
appear more circular, rather than elliptical. The fact that all eight
disk events are concerned, let us conclude that this a more gen-
eral phenomenon resulting from projection effects, due to which
modellers tend to overestimate k. This overestimation generally
leads to a more circular projected CME shape, rather than ellip-
tic, which may be a hint, that disk events heavily favour uninten-
tional additional fitting of CME shock features, which encloses
the regular CME shape. It has to be evaluated how the knowl-
edge of this effect and the shown « to a correlation in Eq. (2)
can contribute to a more accurate fitting of disk events. Last,
the presence of additional coronal features might also lead to an
overestimation of the morphology. Since, these results are
obtained under the presence of a very active corona, the influ-
ence of coronal features could partially contribute to this results.

4.2. CME velocity

We further compared the GCS modelling result for disk and limb
events to their velocity in Sect. 3.1. It was frequently discussed
that projection effects of halo events generally lead to an over-
estimation of the CME morphology and therefore to an under-
estimation of the CME speed (Gopalswamy et al. 2010). In the
work Yashiro et al. (2004), which is based on projected CME
speeds, it was reported that fast CMEs tend to be larger. How-
ever, the correlation was described as very weak. Generally, the
determined speeds of non-deprojection disk events is on aver-
age 25-50% slower as their deprojected speeds (VrSnak et al.
2007). Shen et al. (2013) compared projected and deprojected
CME speeds. They have shown that most full halo CMEs, orig-
inating within 45 degree away from the Sun-Earth line and pos-
sessing a projected speed slower than 900 km s~! suffer from large
projection effect in contrast to faster ones.
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In this work we regard deprojected CME speeds and the
shown velocity distribution in Fig. 6 seems to follow a typical
log-normal distribution. We have analysed the relation between
the CME velocity and the CME morphology. Our data has shown
that the CME speed correlates at least moderately with the
deprojected morphology (R = 0.34 for @ and R = 0.41 for «).
Even with the overestimation of the morphology, we have not
noticed a significant velocity underestimation of disk events,
which would be the consequence of known projection effects
for observations from only one vantage point. Likely, accurate
stereoscopic velocity measurements require a smaller separation
of both observing instruments than accurate measurements of the
morphology.

4.3. Mass determination

The mass results have been presented in Sect. 3.2. We already
mentioned, that V10 found that the majority of CMEs masses
lie in the range of 10*~10'®g, and for that reason consider
masses higher than 10'%3 g as suspicious. We have detected sig-
nificantly higher masses for eight CMEs — five of them were
seen as disk events in both COR2 instruments and two oth-
ers as disk events in COR2 B. We investigated the systemat-
ical overestimation of CME masses, based on our directional
mass determination method in Sect. 3.3. V10 stated that this
method improves the accuracy of the mass measurements rela-
tive to the sky plane assumption to about ¢ = 60°, but decreases
fast beyond that angle. At ¢ = 80°, this mass overestimation
reaches about factor five, based on hypothetical CME width of
2a = 60°.

We have presented the disk-limb mass distribution for both
COR2 coronagraphs and estimated the mass overestimation
based on the overall geometry. The statistical mass overesti-
mation of disk events at ¢ = 80° reaches an average factor of
three for the mass range of 10'°-10'6 g, If the eight events with
higher mass values are also included into the analysis, the over-
estimation reaches a factor of six. We conclude that geometrical
effects on the CME alone can not fully explain the largest mass
values of our data-set.

We have shown an example for another relevant source of
mass overestimation due to the presence of a coronal streamer. In
this case the mass overestimation of the directional mass deter-
mination reached a factor of fourteen. We have also discussed,
that such sources of mass overestimation are most likely for disk
events during phases of high solar activity. The visual inspec-
tion of the eight overestimated events with the further help of
the LASCO C3 coronagraph, positioned close to Earth, con-
firmed that in seven cases the additional mass results from coro-
nal streamers (see example in Fig. 11, Sect. 3.3) and in one case
from the occurrence of another CME.

One can notice that an overestimation and misinterpretation
of the GCS shape was caused by streamers in two cases and by a
CME shock front in one case. We identified a relevant expla-
nation for the large mass values of our disk events with the
presence and brightness enhancement of overlapping coronal
streamers. From this example event we deduce that overlapping
structures can be a significant source of mass overestimation.
Such overlapping structures occur much more likely during the
solar maximum and they are also much more likely present for
disk events, as these exhibit larger areas in the observers FOV
compared to limb events. For that reason, we suggest to estimate
the CME mass of disk events based on their relation to other
CME parameter.
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4.4. Empirical correlations

In Sect. 3.4 we confirmed that the kinematics, morphologies
and masses of our observed CMEs correlate very well with the
solar activity cycle. Hence, the question arose if the kinematics
or morphology of a CME could be used to estimate the CME
mass. We presented both correlations and have shown that the
mass-velocity correlation coefficients of Eq. (8) is slightly supe-
rior (R = 0.41) to the one of the mass-half angle correlation
in Eq. (9) (R = 0.31). Moreover, we have discussed that errors
of the CME speed measurements are smaller compared to the
measurement of the CME morphology. Of course both are most
reliable if the CME is seen as limb event in at least one per-
spective. Thus, we recommend to use Eq. (8) when it comes to
empirical estimations of the CME mass. The advantage of this
result is that speed measurements can be used to derive the other
CME properties. Once applied to a CME propagation model, as
the DBM, they result in more accurate first estimations of the
terrestrial arrival of intense CMEs. These results might also be
valuable for setting observational constraints in space weather
prediction models such as ENLIL (Odstrcil etal. 2004)
and empirical models for predicting the parameters at LI
(Austin & Savani 2018).

5. Summary - conclusion

The objective of this work is to present a combined method
of geometrical modelling and CME white-light mass determi-
nation. The method has been applied to a set of 122 intense
events observed with STEREO COR2 roughly spanning over
solar cycle 24. We determined the three-dimensional flux rope
structure of these CMEs with the Graduated Cylindrical Shell
(GCS) model. We further determined the mass content of each
event based on the directional mass determination approach
under the consideration of the CMEs propagation direction. All
determined kinematic, geometric and mass parameters of the
122 events are gathered in the “KinCat” online catalogue. All
results are referenced to a fixed apex height of 12 R, to facil-
iate comparison among all events. Moreover, the annual aver-
age of all derived parameters are associated to the SSN to make
them comparable to other studies. To quantify the influence of
the geometry in the fitting results, we have separated our events
by their appearance as limb or disk events in the COR2 coro-
nagraphs. Within this study, we have analysed the applicability
of the presented method to disk events. Further, we investigated
if the CME mass can be empirically estimated from its connec-
tion to the CME kinematic. From the analysis of the catalogue
parameters, we obtained the following results:

1. The CME morphology of disk events can lead to an overes-
timation of the flux rope width up to a factor of two — at least
if coronal features are present.

2. The average morphology of the CMEs within our data-set
can be described with the GCS half angle @ and the GCS
aspect ratio « via:

a = 27.6x + 10.8.

3. The obtained CME speeds of disk events are less affected by
projection effects than the CME morphology. The latter can
be estimated for disk events from the CME speed via:

@ = 1.11 X 10 20pex + 15.0,
Kk = 1.7 X 10 *v,pex + 0.30.
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4. Projection effects lead to an average mass overestimation for
our applied mass determination approach. The overestima-
tion reaches a factor of three for disk events emerging at an
angular distance of ¢ = 80° away from the POS.

5. Mass overestimations of a factor of ten and more can result
from overlapping features. Such effects are more likely
present in disk events because they tend to occupy a large
range of position angles due to the observed geometry.

6. Finally, we propose that the following empirical correlation
between the CME masses and the CME speeds is most suited
to estimate the mass of intense CMEs from coronagraph
images:

10g,0(M) = 3.4 X 10 vypex + 15.479.

We conclude that for stereoscopic measurements of disk events,
the measurements of initial CME speed are the most reliable
ones and can be used to derive the CME morphology and mass
to make them quickly applicable in space weather forecasts.
However, for scientific purposes, such derived values should be
treated with caution.
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