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followed by a coasting phase to Earth. In a nod towards a forecasting scheme, we consider only Earth-directed CMEs use
kinematic measurements only from the Heliospheric Imagers aboard both STEREO spacecraft, treat each spacecraft separately
to increase the event statistics, analyze the measurements in a data-assimilative fashion and intercompare them against three
popular localization schemes for single viewpoint observations (fixed-¢, harmonic mean and self-similar expansion. For the 21
cases, we obtain the best mean absolute error (MAE) of 6.4+1.9 hours, for the harmonic mean approximation. Remarkably, the
difference between predicted and observed ToA is < 52 minutes for 42% of the cases. We find that CMEs continue to decelerate
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Key Points:

e We approach the inner heliospheric propagation of coronal mass ejections as a two-phase
behavior of deceleration followed by coasting

e The lowest mean absolute ToA error is 6.4 hours for a sample of 19 events for harmonic
mean technique

e Our data-assimilative approach indicates reasonable forecasts with a mean lead time of
31 hours
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Abstract

Despite the ability to image coronal mass ejections (CMEs) from the Sun through the inner
heliosphere, the forecasting of their Time-of-Arrival (ToA) to Earth does not yet meet most
Space weather users’ requirements. The main physical reason is our incomplete understanding of
CME propagation in the inner heliosphere. Therefore, many ToA forecasting algorithms rely on
simple empirical relations to represent the interplanetary propagation phase using, mostly,
kinematic information from coronagraphic observations below 30 solar radii (Rs) and a couple
rather implying assumptions of constant direction and speed for the transient. Here, we explore a
different, yet still empirical approach. We replace the assumption of constant speed in the inner
heliosphere with a two-phase behavior consisting of a decelerating (or accelerating) phase from
20 Rs to some distance, followed by a coasting phase to Earth. In a nod towards a forecasting
scheme, we consider only Earth-directed CMEs use kinematic measurements only from the
Heliospheric Imagers aboard both STEREO spacecraft, treat each spacecraft separately to
increase the event statistics, analyze the measurements in a data-assimilative fashion and
intercompare them against three popular localization schemes for single viewpoint observations
(fixed-o, harmonic mean and self-similar expansion. For the 21 cases, we obtain the best mean
absolute error (MAE) of 6.4+1.9 hours, for the harmonic mean approximation. Remarkably, the
difference between predicted and observed ToA is < 52 minutes for 42% of the cases. We find
that CMEs continue to decelerate beyond even 0.7 AU, in some cases.

Plain Language Summary

Solar eruptive phenomena like the coronal mass ejections (CMES) are able nowadays to affect
almost every aspect of human activity in space or on the ground and human life. The early and
valid prediction of the impact of these events on Earth is one of the most important open research
fields. We propose a new way to use data from heliospheric imagers (HIs) onboard STEREO
spacecraft which observe the area between the Sun and the Earth. In all previous published
works where utilized data from HIs the CME propagation assumed as a constant speed
movement. In our work we track CMEs in the inner heliosphere and we apply a simple and at the
same time realistic scenario for their propagation. We assume that all CMEs, after their eruption
from the solar atmosphere, are accelerating (or decelerating) to some distance, followed by a
coasting phase to Earth. We found the lowest mean absolute error (MAE)between the predicted
and the observed arrival times of CMEs to Earth was 6.4 hours for a sample of 19 cases. This
value is almost 3.5 hours lower than the MAE which occurs from the approach of constant speed
movement.

1 Introduction

The Coronal Mass Ejections (CMESs) are solar eruptions of great interest as their interplanetary
counterparts (ICMEs) trigger the most intense geomagnetic storms (see e.g. Tsurutani and
Gonzalez, 1997; Richardson et al., 2006; Zhang et al., 2007; Paouris and Mavromichalaki, 2017a;
Paouris et al., 2021a and references therein). CMEs are primarily observed by white light
coronagraphs like the Large Angle and Spectroscopic Coronagraph (LASCO; Brueckner et al.,
1995) aboard the Solar and Heliospheric Observatory (SOHO; Domingo et al., 1995) and the Sun
Earth Connection Coronal and Heliospheric Investigation (SECCHI) instruments (Howard et al.
2008) aboard the Solar TErrestrial RElations Observatory (STEREO) mission (Kaiser et al., 2008).
The STEREO mission inaugurated a new era in Heliophysics research by offering the unique
opportunity to simultaneously observe the same CME, with identical instrumentation, from two
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vantage points along the full Sun-Earth line. This capability drove a large amount of research and
technique development to estimate the properties of CMEs (angular width, linear speed, mass,
propagation direction, etc.) based on multi-view point observations (see e.g. Mierla et al., 2008;
Howard & Tappin, 2008; Temmer et al., 2009; Lee et al., 2015; Jang et al., 2016; Vourlidas et al.,
2017; Balmaceda et al., 2018).

The SECCHI payload includes a Heliospheric Imager (HI), consisting of two cameras (Eyles et
al., 2009). The inner camera (HI-1) field of view (FOV) extends from 4° to 24° and is centered at
14° elongation from Sun center. The outer camera (HI-2) FOV extends between 18.7°-88.7°
centered at 53.7° from Sun center. This instrument can observe a CME from a distance of 15 up
to 330 solar radii (Rs), approximately. Taking radial slices from combined HI-1 and HI-2 running-
difference images along a given position angle (PA) and then stacking them as a function of time
results in time-elongation maps, or so-called J-maps (see e.g. Sheeley et al., 1999; 2008; Barnes et
al., 2019 and references therein). Any outward propagating structure is easily spotted in J-maps as
a bright ridge. The tracking of a feature, e.g. the CME front, in J-maps provides the elongation
angles as a function of time. the most important questions for space weather forecasting are: when
will the CME arrive and how strong the impact will be. The answers to these are provided by three
quantities: the Time-of-Arrival (ToA), the Speed-on-Arrival (SoA) and the magnitude of the
southward component of the ICME magnetic field (see e.g. Vourlidas, 2019; Paouris et al.,
(2021Db), hereafter referred to as P21). Here we focus mainly on the ToA and partially on the SoA
issues.

Several methods have been developed to derive the propagation direction and speed of the transient
under various geometric and kinematic assumptions. The two most common assumptions are that
the CME propagates (1) at a constant speed and (2) along a fixed radial direction in the FOV of
the HI.

But how accurate are these assumptions? This is actually the question we want to answer here.
Regarding the fixed radial direction, several published works suggest that CME does indeed
propagate away from the Sun in a constant propagation direction. On the other hand, several
phenomena which may affect the propagation direction have been identified, such as latitudinal
and longitudinal deflections (Byrne et al., 2010; Isavnin et al., 2013; Kay et al., 2013; 2015), non-
uniform expansion in the lower corona (e.g. Nieves-Chinchilla et al., 2012) and CME/CME
interactions (Lugaz et al., 2012). These analyses report that these phenomena take place close to
the Sun (d < 10 Rs). It appears, therefore, that the CME propagation along a fixed radial direction,
especially for distances d > 50 Rs (approximately the HI-1 FOV center), should be a reasonable
assumption.

On the other hand, the assumption of CME propagation at constant speed within the HI FOV is
rather weak. It is generally assumed that CMEs reach their final speed at radial distances below
20-40 Rs (Vrsnak et al., 2004; Vrsnak et al., 2013). However, other works suggest that the
acceleration of slow CMEs and the deceleration of fast CMEs continues for greater distances, even
as far as the Venus orbit (0.72 AU = 155 Rs). In particular, Gopalswamy et al. (2001) found an
acceleration cessation distance of 0.76 AU. Manoharan et al., (2001) studied an Earth-directed fast
halo CME occurred on July 14, 2000 associated with a X5.7 solar flare. Using data from many
instruments created the speed profile of the CME as a function of the heliocentric distance. They
found a two-level deceleration: 1) a slow decrease of the CME speed from launch to 100 Rs and
2) a rapid decrease at larger distances (r > 100 Rs) from the Sun. Reiner et al., (2007) studied a
sample of 42 fast and very fast ICMEs (mean Viasco = 1600 km/s) and their associated shocks
observed during solar cycle 23. In all cases they found a deceleration cessation distance greater
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than 0.27 AU (r = 58 Rs) with a mean value of 0.65 AU (r = 140 Rs). Liu et al., (2013) studied
three ICMEs and found that the rapid deceleration occurs over a relatively short timescale
following the acceleration phase. The rapid deceleration lasts about 5 to 10 hours and the cessation
distance is between 40 and 80 Rs from Sun center. Winslow et al., (2015) used data from the
MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft,
to investigate ICMEs around orbit Mercury (0.31-0.47 AU). In a sample of 61 ICMEs, they found
that the speed decrease is possible to occur everywhere between Mercury’s orbit and 1 AU. Wood
et al., (2017) studied a sample of 28 ICMEs and they found that the CMEs reached their final
speeds at distances ranging from 4.8 Rs up to 198.7 Rs while almost 40% of the events reached
the final speed at heights of 65 Rs. They noted that it is likely that many CMEs still exhibit some
degree of deceleration at 1 AU. Recently, Paouris et al., (2021a), examined the scenario of a more
effective deceleration in the interplanetary medium. This scenario was tested with the Effective
Acceleration Model (EAM) and the Drag Based Model (DBM). In particular, they estimated, for
a sample of 16 fast ICMEs, the distance where the initial CME speed becomes equal to the
corrected speed from the EAM model. It was possible to calculate these distances, for 11 cases,
resulting in a mean cessation distance of 0.72 AU (r = 155 Rs. They presented, for the first time,
to the best of our knowledge, a comparison of the performance of three different CME propagation
models in estimating of the Time-of-Arrival (ToA) of CMEs to 1 AU; namely, an empirical data
driven model (EAM - Paouris and Mavromichalaki, 2017b), a drag-based ensemble model
(DBEM — Dumbovic et al., 2018) and an MHD analytical model (WSA-ENLIL+Cone model —
Mays et al., 2015) using the same CME/ICME sample and the same statistical metrics. The
performance of the DBEM model improved significantly when greater values for the drag
parameter were used. The optimal drag parameter was larger than the values used in Dumbovic et
al., 2018 (i.e. 0.1 x 10" km™) by a factor of 2.1-4.8. Calogovic et al., 2021, also showed that the
optimal drag parameter value is in higher by a factor of 3 compared to Dumbovic et al., 2018. This
underestimate of the drag parameter indicates a stronger deceleration of the ICMEs in the
interplanetary medium (see Paouris et al., (2021a) for details).

All previous approaches (Sheeley et al., 1999; 2008; Kahler and Webb, 2007; Rouillard et al.,
2008; Lugaz et al., 2009; Lugaz et al., 2010; Davies et al., 2012; Barnes et al., 2019; Méstl et al.,
2011; Mostl and Davies, 2013; Mdstl et al., 2014) assumed constant propagation and speed to fit
the measured elongation angles as a function of time. The best-fit values of direction and speed
were then obtained by the minimum standard deviation of the residuals (see Lugaz 2010). Mostl
et al., 2014 mentioned that the inclusion of a more realistic approach which will take into account
the deceleration into the geometrical single-spacecraft fitting methods will further improve the
accuracy of predicting CME arrival times and speeds instead of the current assumption of constant
speed. This is the motivation behind this paper.

We take the following approach. We transform the observed elongation angles versus
time, a(t), into radial distances versus time r(t) via techniques such as: a) the Fixed —Phi (FP)
approximation (Sheeley et al., 1999; 2008; Kahler and Webb, 2007; Rouillard et al., 2008), b)
the Harmonic Mean (HM) approximation (Lugaz et al., 2009), and c) the Self-Similar Expansion
(SSE) approximation (Lugaz et al., 2010; Davies et al., 2012; Mdstl and Davies, 2013). We then
assume that all CMEs could accelerate or decelerate up to a distance from Sun and then they
coast at a constant speed. Applying simple kinematic equations, we estimate the ToA at 1 AU
utilizing the previous techniques. We call this the two-phase kinematics and present our
methodology in the next section (Section 2). The impact of this approach on the ToA as well as
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the Speed-on-Arrival (SoA) of the ICME at 1 AU are presented in Section 3. In Section 4, we
present our conclusions and a discussion on the results.

2 Data Sources and Methodology

2.1 Events for analysis

We want to test the effect of the assumptions of constant speed and constant propagation angle on
ToA estimates, using the HI observations. We are going to assume that CMEs accelerate (or
decelerate) from the Sun up to a certain distance in the inner heliosphere. Beyond that distance,
the CMEs propagate at constant speed until they reach Earth. Similar approaches for CME
kinematics have been presented before (see e.g., Reiner et al., 2007; Wood et al., 2017). We refer
to this profile as “two-phase” kinematics. We apply this approach to a sample of 13 CMEs/ICMEs
observed by a combination of SOHO, STEREO-A (ST-A), and STEREO-B (ST-B). Here, we
apply our technigue using data from only the STEREO/HIs. The SOHO coronagraph data provide
constraints on the CME direction and ensure that we are dealing with Earth-directed events.

Each CME in the HIGeoCAT catalog (Barnes et al., 2019 ; https://www.helcats-
fp7.eu/catalogues/wp3_cat.html) was analyzed with the geometrical-fitting techniques of FP, HM
and SSE, independently for each STEREO/HI. Thus, we can also treat those observations as
‘separate events’ to increase our sample to 21 cases. The selected CMEs are presented in Table 1.
The first three columns show the LASCO CME onset date, time and linear speed, the fourth
column marks the ST-A/-B availability of HI data, and the last two columns show the magnitude
and the heliographic latitude and longitude of the associated solar flare.

Table 1. CME onset time and the associated solar flares used in our study.

CME onset (LASCO) STEREO A/B Solar Flare

Date Time Linear speed HI Magnitude Heliographic

(km/s) availability? coordinates
03/04/2010 10:34 668 A/B B7.4 S25W03
15/02/2011 02:24 669 A/B X2.2 S20W10
07/03/2011 14:48 698 Only ST-B M2.0 N11E21
07/03/2011 20:00 2125 Only ST-A M3.7 N30wW48
04/08/2011 04:12 1315 A/B M9.3 N15W39
11/04/2013 07:24 861 A/B M6.5 NO7E13
21/06/2013 03:12 1900 Only ST-A M2.9 S14E37
29/09/2013 20:40 1179 A/B b N20W30
07/01/2014 18:24 1830 Only ST-A X1.2 S15W10
25/02/2014 01:09 2147 A/B X4.9 S15E77
02/04/2014 13:36 1471 A/B M6.5 N12E53
18/04/2014 13:09 1203 A/B M7.3 S18W29
07/12/2020 16:24 1407 Only ST-A C74 S23wW11

a: If data from both HI cameras are available then we set the indicator “AIB”. For unique data availability we
note which of STEREO-A or -B was available.
b: This CME is associated with an active region with known coordinates.
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2.2 Geometric Techniques

The availability of heliospheric imaging from the two vantage points of STEREO satellites led to
the development of many techniques based on the time-elongation profiles to estimate the speed
and the direction of the CME in 3D space. The Fixed-Phi (FP) approximation (Sheeley et al., 1999;
2008; Kahler and Webb, 2007; Rouillard et al., 2008) treats the CME as a relatively compact
structure (point source) moving along a fixed radial direction.
The radial distance using the FP is given by the equation:

dse -Sine
==~ (1

sin(a + @)
Where dsc is the spacecraft-sun distance, a, is the elongation of the CME front, and ¢ is the
Observer-Sun-CME angle.
The Harmonic Mean (HM) method (Lugaz et al., 2009) assumes that the CME is represented by a
circle anchored at the Sun expanding along a fixed radial direction, which results in
2y -sina

1+sin(a + @)
Finally, the Self-Similar Expansion (SSE) approximation (Lugaz et al., 2010; Davies et al., 2012)
assumes the CME as an expanding circle which propagates radially but with a fixed half-width (2).
The radial distances are calculated by the equation:

Oy -sina-(1+sin 4) 3
5 sinA+sin(a +p) )

The equation reduces to the FP and the HM equations for the cases of A = 0° and A = 90°.
The three approximations (FP, HM and SSE) have been used extensively (Sheeley et al., 1999;
2008; Kahler and Webb, 2007; Rouillard et al., 2008; Lugaz et al., 2009; Lugaz et al., 2010;
Davies et al., 2012; Barnes et al., 2019; Mostl et al., 2011; Mostl and Davies, 2013; Méstl et al.,
2014) under the two basic assumptions of constant propagation direction and constant speed.
Equations (1), (2) and (3) estimate the CME radial distance as a function of the measured
elongation angle. First, under the assumption of constant speed, the radial distance r is replaced
by the product Vt, where V is the constant speed and t is the time. Then, the distances are
inverted to elongation angles (Appendix I). We refer to these as the “theoretical profiles”. The
measured elongation-time profiles from the HI data, are then fitted to these theoretical profiles.
Since there exist many possible solutions of pairs (¢, V), the pair that minimizes the standard
deviation of the residual is selected as the best fit (Barnes et al., 2019). A comprehensive
analysis on the accuracy as well as the limitations of these methods is presented in Lugaz (2010).

FP

r.HM

2.3 Proposed Methodology

Equations (1)-(3) indicate that the necessary parameters for the transformation from elongation
to radial distance are: the heliocentric distance of the observer (dsc), the observed elongation
angle (a), the Observer-Sun-CME or exit angle (¢) and the half-angular width of the CME (/).
We obtain these parameters for each CME as follows:

e Weuse A =33.75° for all cases. As we argued in P21 and in Vourlidas et al. (2017), the
widths of CME can be bounded by the typical widths of flux-rope (F-Type) and the loop
(L-Type) CMEs, as these two types represent the two projections of a typical flux-rope
CME. Under the assumption that L-Type (F-Type) CMEs are CMEs face-on (edge-on),
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we use 94° as the upper limit and 41° as the lower limit for the angular width (see P21 for
details). In the SSE approximation we use the average of the two upper and lower limits
(33.75°) as the half-width.

The distance between the observer and the Sun (dsc) is available through the SPICE
routines in IDL for a given date and time.

The elongation-time measurements are taken from the HIGeoCAT catalog
(https://www.helcats-fp7.eu/catalogues/wp3_cat.html). A detailed description of
HIGeoCAT is given by Barnes et al., 2019. The arrival times for HIGeoCAT CMEs were
obtained from the ARRival CATalog (ARRCAT,; https://www.helcats-
fp7.eu/catalogues/wp4 _arrcat.ntml). ARRCAT lists predicted arrival time and speeds of
CMEs at various spacecraft and planets with the STEREO heliospheric imager
instruments, between April 2007 - September 2014. These arrival times calculated with
the SSE approximation (with A = 30°) from Mdstl and Davies (2013). We also use the
Space Weather Database of Notifications, Knowledge, Information (DONKI) to search
for associations between the CMEs and solar flare activity.

Finally, we adopt two methods to estimate the Observer-Sun-CME angle, ¢: (1) we use
the ¢ angle from the HIGeoCAT catalogue for each one of the three approximations; (2)
we assume the CME is propagating radially above the flare location (see P21); hereafter
referred to as the flare-site assumption. In this case, the ¢ angle is the heliographic
location (¢pnare) Of the flare relative to the the spacecraft). Hence, we test our ToA
predictions with four different ¢. We choose to include the estimation of ¢ from the flare
location because of its potential utility in a CME propagation forecasting tool. On the
contrary, the HIGeoCAT ¢ parameter is derived after all the HI data become available
and the fitting is performed. This process is not compatible with a real-time application.
Critical angles and projection effects. The trigonometrical nature of equations (1)-(3)
may lead to unphysical distances for certain critical angles. We count those cases as fails
(F). For example, as the sum a+¢ approaches 180° in the FP approximation, eq (1)
approaches infinity. In the HM approximation, infinity occurs when the sum a+¢ in the
denominator of equation (2) approaches 270°. This situation can occur under the flare-
site assumption for 60° elongation angle and direction ¢ of 210° (¢ is the sum SCangle +
|priare|, @s described before). For the SSE approximation, this situation arises when sin\ =
- sin(a+g) or the sum a+¢ = 180° + 1 = 213.75°, where 4 in our work is always equal to
33.75°. We came across these unphysical results with angles ¢ from both the HIGeoCAT
catalogue and the flare-site assumption. Hence, angles close to the critical angles could
potentially lead to unphysical results (i.e., unreasonably high accelerations or SoAs) and
thus each prediction should be examined carefully. Another important caveat is the effect
of projection on the transformation of elongation angle to radial distance. Sheeley et al.,
1999, report that when a transient is propagating away from the sky plane there is an
additional contribution to the apparent acceleration, even if the transient propagates at
constant speed.

Once we have these values, we are ready to fit the kinematic profile.

r(t)= Clti—dz +Cyty o +C5 (4)

Equation 4 represents the 2" order polynomial fit we apply to the distances (r) vs. time
(t) for the first phase of the accelerating (or the decelerating) movement of the ICME
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which is bounded to the radial distances di and d2. Then, from the distance d> up to 1 AU
we assume constant speed. The factors ci (i = 1 to 3) are calculated by the polynomial fit.
In particular, the acceleration (or deceleration) of the ICME is equal to 2.0 x c; and the ¢
represents the theoretical initial speed of the ICME at time to = 0. Finally, cz is the radial
distance at time to = 0.

e To simulate a real-time forecasting process, we treat the HI observations as real-time
data. The forecasting algorithm (HeRPA — Heliospheric Reconstruction and Propagation
Algorithm) begins when at least three elongation-time measurements become available.
We use equations (1)-(3) to obtain the radial distance profile for each of the three
geometrical assumptions. Then, we apply equations (4) to obtain the acceleration (or
deceleration) of the CME. This estimate is referred to time t. We repeat the procedure as
additional distance-time measurements become available. This updated acceleration is
referred to time t+1. The process continues for all the available points N (N is the total
number of radial distances vs. time). The result is the acceleration profile. Positive values
indicate acceleration while negative values indicate deceleration. We demonstrate the
procedure with an example in the next section.

3 Case Study of August 4, 2011 CME

The event on August 4, 2011 is an appropriate example as the HeRPA algorithm resulted in neither
the best nor the worst results. The CME was observed by SOHO, ST-A and ST-B. It appeared in
the FOV of LASCQO/C2 coronagraph on August 4, 2011 at 04:12 UT and was accompanied by a
GOES M9.3 solar flare, peaking at 03:57 UT, from AR11261 (N15W39). This was an Earth-
directed CME with a linear speed of 1315 km/s, according to LASCO CME catalogue. The CME
arrived at Earth on August 5, 2011 at 17:20 UT and triggered a severe geomagnetic storm with
maximum Ap index of 179 nT on August 5 (21:00 — 23:59 UT) and minimum Dst index of -115
nT on August 6 (03:00 — 03:59 UT). The average transit speed of the CME was 1135 km/s. This
rather high transit speed is likely due to a previous event that affected the background conditions
in the interplanetary medium clearing the path for this CME. The preconditioning of interplanetary
space described in Temmer et al., (2017).

ST-A and -B were separated by 167°, at the time of the CME launch. The estimated CME
directions from the HIGeoCAT database are plotted in the top panels of Figure 1. The propagation
direction (angle ¢) for each geometrical method and the radial direction from the associated solar
flare are represented with colored arrows: blue for FP, black for HM, red for SSE and orange for
flare-based direction. The direction ¢ for radial propagation from the flare site is obtained by the
sum of the Spacecraft-Earth separation angle (SCangle = 100° for ST-A, SCangle = 93° for ST-B) and
the flare longitude (+39°) as follows: grija = SCangiela - |@fiare] = 100° - [+39°| = 61°, and ¢rLs =
SCangle|g + |@fiare]| = 93° + |[+39°| = 132° for ST-A and -B respectively.

The bottom panels of Figure 1 show the radial distances as a function of time for each geometrical
method using the time-elongation profiles from ST-A (left) and ST-B (right) with the same color
code for FP, HM and SSE as in the top panels.

We see that the CME direction as estimated by the geometric approximations is inconsistent
between ST-A and -B, indicating that projection effects may be affecting the measurements. This
is especially true for the HM approximation. The HM-based direction using ¢ from HIGeoCAT
lies close to the Sun-spacecraft line leading to unphysical SoA speeds and early predictions (black
points in middle row, Figure 1). This is expected. The gum for both cases (ST-A and -B) has a
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large angle of 159° and 170° respectively, indicating that the CME is moving away from the
spacecraft, and that creates an additional apparent acceleration, as discussed in subsection 2.3.
The bottom row of Figure 1 contains the radial distances as a function of time estimated under the
flare-site assumption. It is remarkable that all the geometrical approaches (FP, HM and SSE) are
providing identical results for ST-A (bottom left panel). The explanation lies in the value of ¢ria
= 61.3°. For this angle all trigonometrical functions in equations (1) - (3) have nearly the same
ratio for a given elongation angle. For ST-B (bottom right panel) we see that the slope of the points
from FP approximation leads to nonphysical SoA and an early prediction as a result of the angle
@rL + a. This angle is the sum of gr s = 131.9° and the elongation angles a varying from 5.7° up
to 33.6°. As mentioned before in section 2.3 as the sum a+¢ approaches 180° in the FP
approximation, Eq (1) approaches infinity.
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directions (¢) for August 04, 2011 CME for FP (blue), HM (black) and
SSE (red) approximations for STEREO-A (top row - left) and -B (top row - right). The radial
direction of the associated M9.3 solar flare is also indicated (orange arrow). The radial
distances, and their errors, as a function of time for FP (blue), HM (black) and SSE (red)
methods, utilizing the ¢ directions from HIGeoCAT database are presented in the second row,
and using the flare-site assumption in the third row, for STEREO-A (left) and STEREO-B (right)
respectively.
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As described in section 2.3, we treat each event as a real-time case. We calculate the acceleration
(or deceleration) of the CME from a 2" order polynomial fit (Equation 4) starting always from the
first three points and we are repeating the calculations adding one radial distance at a time up to
the last available point. The resulting kinematic curve for the August 4, 2011 CME, for ST-B and
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the HM approximation using ¢ from flare site, is presented in Figure 2.
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Figure 2. The time-acceleration (top panel) and distance-acceleration (bottom panel) profiles
for the August 04, 2011 CME using time-elongation data from ST-B, the HM approximation and
o from flare site. The deceleration phase lasts up to a distance of 182.9 Rs approximately (points
within magenta dashed vertical lines) and then we assume that the ICME is moving with an
almost constant speed. The two-phase kinematics approach gave a ToA error of -0.16 hours and
a SoA of 895.8 km/s. The actual arrival time was 10 minutes later than our prediction and the
maximum speed was about 700 km/s. The second vertical magenta dashed line indicates the
transition from the deceleration phase to the movement with almost constant speed which
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minimizes the ToA error. The vertical grey dashed line corresponds to the actual arrival time of
the ICME at 1 AU. The red vertical lines on each point indicates the calculated error for the
acceleration.

The CME decelerates (first phase) from the first HI-1 observation, at a distance of d; = 24.5 Rs,
to the distance of d> = 182.9 Rs. We apply Eq. (4) on the available r(t) points to obtain the
deceleration of 5.3 m/s2. Beyond that distance we assume that the ICME is moving with constant
speed (second phase). The distance d is obtained by minimizing the ToA error. The ToA error is
defined as At = tpredicted — tobserved. ldeally the selection of d2 should lead to ToA error of 0. This
two-phase kinematics methodology estimates the arrival of the August 4, 2011 CME on August 5,
2011 at 17:10, which is 10 minutes earlier (i.e. -0.16 hours) than the actual arrival time. The
procedure of the two-phase kinematics which is the core of the HeRPA algorithm is presented
graphically in Figure 3. Furthermore, the estimated SoA was 896 km/s while the maximum
observed ICME speed (in the sheath) was 700 km/s. This analysis repeated also for the FP and
SSE approximations for ST-A and ST-B. The results for this ICME are presented in Table 2.

CME: 04/08/2011 04:12, ST-B ($ruuse)
| di: 245 Ry,
| SoA: 895.8 km/s (d2: 182.9 Ry,
a: =53 m/s’

)

JM/(

[

d2 ToA

Y

U 1

2011/08/04 08,/05 2011,/08/06

00:00 00:00 00:00

Figure 3. An example of how HeRPA algorithm actually works for the August 4, 2011 CME.
The radial distances as a function of time obtained from Eq. (2) utilizing ¢ from flare site for
HM (black) approximation. The two vertical magenta dashed lines indicates the first phase of
the deceleration of the ICME between di (24.5 Rs) and d» (182.9 Rs) distances. The 2" order
polynomial fit (Eq. 4) applied on the available points and indicated with the orange curve. The
second phase where the ICME is assumed to move with constant velocity from d» up to 1 AU is
represented by the green straight line. Finally, the grey dashed vertical line represents the
actual ToA of the ICME at Earth and the yellow horizontal line represents the calculated
distance of 1 AU (in Rs).
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Table 2. Estimated ToA errors (4t) and SoA (V) for propagation directions from HIGeoCAT (¢w) and the flare-
site assumption (¢r) for both spacecraft ST-A and ST-B for FP, HM and SSE approximations for the August 4,
2011 CME. The cases where unphysical accelerations and/or speeds-on-arrival occurred are indicated as failures
(F) of the algorithm and does not take into account for the statistical analysis but we still provide the values for
clarity.

o At \Y/ di d2 a o At \Y/ d: d2 a
%) hours)y (kmis) (Rs) (Rs) (i) PFC) (hours) (kmis) (Rs) (Rs) (mis?)

STEREO-A HI

FP 109+2 -7.53 1332 169 572 -24 61.3%1 -0.32 1027 170 69.1 -81

HM 15943 '1(7#;34 28:2)4 241 765 -05 613+ 018 1011 162 716 -84

SSE 131#2 -11.68 1549 192 594 -42 613+l 026 1006 165 717 -8.8
STEREO-B HI

FP 116+3 970 1363 262 1772 -42 131.9+2 '1(9#)39 2(1F7)2 331 975 -315

HM 17044 '2(?:'?8 2(2%9 382 1745 -101 131.9+2 -016 896 245 1829 -53

SSE 140+3 -12.77 1490 285 1956 -55 131.9+2 -7.17 1179  26.0 1663 -7.2

The results based on the HIGeoCAT directions (pH) overestimate of the event kinematics with
increased SoA speeds and early ToA predictions ranging between -8 and -13 hours. Furthermore,
the HM approximation fails, for both ST-A and ST-B, due to the large angles of 159° and 170°,
respectively. The flare-site assumption gives the best ToA results for both ST-A and ST-B. For
ST-A, the absolute ToA error is less than 20 minutes for all approximations. For ST-B the FP
approximation fails (F) as expected from the right plot of the third row of Figure 1 where the slope
of the blue points indicates a high SoA and as a result of an early prediction. The SSE
approximation gives an early prediction of -7 hours while the HM approximation gives the best
overall ToA prediction of just 10 minutes error. For this case, we obtain a SoA of almost 900 km/s
which is the closest value to the maximum observed speed of 700 km/s.

The first impression from this analysis is that the flare-site assumption appears to improve
significantly the ToA estimation with errors of the order of minutes. This is the first time, to the
best of our knowledge, where a methodology implementing HI observations and single-spacecraft
geometrical techniques, results in ToA errors below an hour.

A possible reason for the good ToA performance using the ST-A data with the flare-site
assumption is the elimination of the projection effects. In P21 we showed that projection effects
for CMEs associated with solar flares at longitudes beyond 60° are negligible, especially for CMEs
with true angular widths close to the upper limit of 94°. For this case study, the Spacecraft-Sun-
CME angle is 61.3°. Thus, the point tracked in the j-maps is likely the CME front (or a point close
to it). Furthermore, this CME has a true angular width of 107° according to the MVC catalogue
(Vourlidas et al., 2017) and this value is very close to our upper limit of 94° (P21).

On the other hand, the ST-B results, based on HIGeoCAT, are poorer. For the flare assumption,
the results are mixed: the FP approximation fails; the HM gives a good prediction; the SSE gives
an early prediction of 7 hours. In this case, ¢ = 131.9° and the CME is assumed to propagate away
from the ST-B in a direction where projection effects are important. Thus, it is possible the
assumed observed apex point to be actually a point in the flanks of the CME. This could also
explain why the HM approximation performs better in contrast to the other methods as the HM
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direction in this case (for ST-B) is away from the radial direction of the flare (see Figure 1, top
row, right panel), so closer to the observed point (i.e. in the flanks and not at the assumed apex).

4 Results

We used STEREO/HI data to extract the kinematic profiles of 13 CMEs and derive their ToA and
the SoA at 1 AU. The FP, HM and SSE methods were applied in this work as single-spacecraft
geometric-fitting techniques to obtain the radial distances of the CME leading edge as a function
of time. When a CME was observed by both ST-A and ST-B it was treated as two independent
events. Taking this into consideration our sample of 13 CMEs/ICMEs consists of 21 independent
events.

All the information from our analysis is provided as a supplementary material. For each case we
provide: the date and time of the onset of the CME from LASCO coronagraphs, the ¢ angle (from
HIGeoCAT and the flare-site assumption), the ToA error (in hours), the SoA (in km/s), the
distances d1 and d (in solar radii), and finally, the acceleration (or deceleration).

We calculate for each case basic statistical metrics which have been used also previous published
works for the issue of the ToA (see e.g. Riley et al., 2018; Verbeke et al., 2019; Paouris et al.,
2021a; P21). These metrics are the median, the mean error (ME), the mean absolute error (MAE)
and the root mean square error (RMSE). All the metrics for each case utilizing ¢ angles from the
HIGeoCAT catalogue as well as from the flare site are presented in Table 3. The standard errors
are calculated by a simple bootstrap method with replacement for 10° runs.

The analysis revealed several interesting results. Unsurprisingly, perhaps, the assumption of
deceleration (or acceleration) is a better representation of the real CME kinematics in the inner
heliosphere as suggested by the improved MAE values. For example, using the same geometric
technique (SSE), the HeRPA-based ToA predictions show an improvement of almost 3.5 hours
against the ARRCAT predictions, which are made under the assumptions of constant direction and
speed.

Table 3. Basic statistical metrics for ToA (in hours) for each geometrical technique utilizing the ¢ angle
from HIGeoCAT and flare-site assumption (last two columns). For comparison we also present the
metrics for ToA using the predicted arrival times from ARRCAT (third column) under the assumption of
constant speed movement with the SSE approximation.

ARRCAT o from HIGeoCAT 0 fron;itFeLARE
FP - -1.0£2.5 -7.316.0
Median HM - -12.7+5.2 -0.3£2.7
SSE -2.145.7 -5.843.5 -0.9+4.1
Mean Error FP - -4.7+2.1 -10.5+3.4
(ME) HM - -11.2+2.9 -5.7+2.1
SSE -3.615.0 -6.8+2.2 -6.8+2.4
FP - 6.9+1.8 11.1+3.2
“é??ﬂf}ﬁj‘,;'ge HM i 13.0+2.4 6.4+1.9
SSE 11.5+3.4 9.0+1.7 8.1+2.1
Root Mean FP - 10.4+2.0 16.1+3.2
Square Error HM - 16.4+2.4 10.6x+2.2
(RMSE) SSE 14.9+3.5 11.7+1.8 12.2+2.2
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Furthermore, we see that our method tends to early predictions (see also Figure 4), i.e. the ICME
arrived later than the predicted ToA for all cases, resulting from the overestimation of the radial
distance, which leads to higher accelerations and/or higher speeds-on-arrival and hence to early
arrivals. When the ¢ propagation directions used by HIGeoCAT we see a much better performance
for FP approximation (MAE of 6.9+1.8 hours), while for the ¢ directions from the associated flare
site we see the best overall performance for HM approximation with an MAE of 6.4+1.9 hours.

We can understand the difference in the performance by considering the propagation directions of
the 21 cases for the FP, HM and SSE methods relative to the spacecraft. One should always keep
in mind that we use geometric techniques so, it is very important to take also into account the
positions of ST-A and ST-B spacecraft for each case. The mean angular separation from all events
for the FP, HM and SSE methods is <grp> = 88.1°, <psse> = 103.4° and <gpnm> = 120.7°,
respectively, when using the HIGeoCAT ¢ angles and the mean <g> utilizing the flare-site
assumption is 108.1°. Taking into account that in Equations (1) — (3) we can see that the sum (a+¢)
can to reach angles close to the critical angles (as described in section 2.3) for the SSE and HM
approximations in HIGeoCAT leading to unphysical results. This is the reason we see more
failures of our algorithm for FP approximation when the ¢ from flare site is used, the percentage
of the failures raised from 9.5% (HIGeoCAT) to 38.1 % (flare-site). This logic explains the
decrease of the failures for HM from 19.0% (HIGeoCAT) to 9.5% (flare-site). From our point of
view, the angles above explain two important observations: (1) the better performance of the FP
approximation, in contrast to HM and SSE, when using the HIGeoCAT angles, and (2), the
improvement in the results from HM and SSE when the ¢ direction is obtained from the associated
solar flare.

The propagation direction from the flare site offers the best overall performance. After we exclude
the cases with unphysical accelerations and velocities, due to the projection effects or the critical
angles, the remaining 50 predictions from all of the geometric techniques (FP, HM and SSE) result
in absolute ToA errors below 5 hours in 28 cases (56%). In only 8 cases (16%) we get absolute
errors greater than 20 hours. Figure 4 shows the error distribution for all successful cases for ¢
from HIGeoCAT (top panel) as well as ¢ from flare site (bottom panel). If we focus on the cases
where the absolute errors are below 5 hours, as these cases are more important from space weather
point of view, we clearly see the superior performance of our HeRPA algorithm while for ¢ from
flare site, 21 cases has absolute errors less than 52 minutes (inset in the Figure 4 bottom panel).
For 17 of these events, the best performance comes from the HM and SSE approximations.
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Figure 4. Difference between prediction and observed arrival times (4t) and their distributions
of a bin of 5 hours for the 55 successful applications of our algorithm for HIGeoCAT (top panel)
and 50 for flare-site (bottom panel). The geometric techniques of FP, HM and SSE are
indicating with blue, black and red colors. The superior performance of our algorithm when the
o direction is obtained from the flare site (bottom panel) is obvious. In particular, 28 (56%) of
these events have an absolute error < 5 hours with 21 of those having an absolute error At <
52 minutes. For the same range of error < 5 hours for HIGeoCAT (top panel) we see a wider
distribution without any remarkable performance.
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Our algorithm is motivated by the need for a near real-time tool to exploit HI data from off Sun-
Earth line viewpoints, such as the likely ESA mission to L5 (Pulikinnen et al., 2019). The L5
mission provides the unique opportunity to observe Earth-directed ICMEs from an observer angle
of 60° with respect to Sun-Earth line where the projection effects are negligible for these events,
as we showed in P21.

If we focus on the events where the SCange is less than 95° then our methodology provides good
results for a “wider” L5 scenario. This is the first time where the MAE is less than 1 hour
(0.96%0.52 hours for HM) for a small sample of 7 events of a total of 21 where the SCangie ranges
between 57° and 95°. The direct comparison of all the statistical metrics are indicating that HeRPA
algorithm gives very good results if the flare-site assumption is used. In particular, there are two
cases with SCangle Very close to the ideal angle of L5 scenario (i.e. 57° and 67° respectively) where
the At in both cases is less than 50 minutes. The above analysis shows the potential for accurate
space weather forecasts, in terms of ToA, of a future L5 mission. The statistical metrics are
presented in Table 4.

Table 4. Basic statistical metrics for ToA (in hours) for each geometrical technique utilizing
the ¢ angle from HIGeoCAT and flare-site assumption for events with spacecraft’s separation
angle with Earth less than 95°.

¢ from HIGeoCAT o from FLARE site

FP -1.04+2.86 -0.51+1.41

Median HM -2.47+3.32 -0.16+0.52

SSE -3.22+3.56 -0.41+0.91

FP -2.06+1.96 -1.07+1.44

Mean Error (ME) HM -2.96+2.48 +0.46+0.61
SSE -3.55+2.27 -0.66+1.18

FP 3.95+1.49 2.45+1.12

'\éerar‘grA(tl\’AsoA'E;e HM 5.24+1.74 0.96:0.52
SSE 5.56+1.59 1.99+0.94

Root Mean Square FP 5.58+1.46 3.68+1.31
Error (RMSE) HM 6.75+1.96 1.68+0.80
SSE 6.98+1.60 3.19+1.18

5 Discussion and Conclusions

In this work we investigated the reliability of the transformation of elongation angles to radial
distances under only the assumption of constant propagation direction. We treated the CME speed
as variable, in contrast to previous works (Sheeley et al., 1999; 2008; Kahler and Webb, 2007;
Rouillard et al., 2008; Lugaz et al., 2009; Lugaz et al., 2010; Davies et al., 2012; Barnes et al.,
2019; Mostl et al., 2011; Mostl and Davies, 2013; Mdstl et al., 2014) which also used single
spacecraft geometric techniques. We find considerable improvement in the prediction of the arrival
time of the CMEs by taking into consideration their deceleration in the interplanetary space and
the location of the source region in contrast to previous methodologies based on constant direction
and speed. A sample of 13 CMES/ICMEs analyzed independently for ST-A and/or ST-B
observations resulted in a set of 21 uniqgue CME/ICME events with a mixture of slow and fast
CMEs. This mix allowed us to test our method across a rather representative CME sample.
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For each CME, we compare our results using two different values for the propagation direction;
the angles provided by the HIGeoCAT catalogue and the angle resulting from the assumption of
radial propagation from the flare site. Then, for each propagation direction, we transform
elongation to radial distance, directly from the equations (1)-(3) for the FP, HM and SSE
approximations, respectively.

Finally, we fit the resulting distance-time data with a two-phase kinematic profile (CME
accelerating or decelerating, up to a distance d1, then coasting to 1 AU with constant speed). We
simulate a data-assimilation scenario where HI measurements are added in time, as the event
progresses, by starting the fitting procedure with the first three measurements and updating the fit
one measurement at a time until the last available HI measurement. For each point, we make a
prediction for the ToA and SoA at Earth.

The first finding from our analysis is that a variable CME speed (along a constant propagation
direction) leads to better ToA estimates. Our assumed two-phase kinematic profile is consistent
with past findings (Wood et al. 2017; Sachdeva et al. 2017; Colaninno et al. 2013) that indicate
that CMEs continue to evolve beyond the typical coronagraph fields of view (i.e., beyond 15-30
Rs). Hence, heliospheric imaging observations are of considerable value in future space weather
observing architectures.

We should not lose sight of the fact, however, that CME speed and direction are highly coupled
the methodologies discussed here. They cannot be decoupled with single viewpoint observations
or even dual viewpoint ones, as projection effects become quite important when dealing with the
long lines-of-sight through the CMEs at these heliocentric distances. This issue seems partially
responsible for the poorer performance when HIGeoCAT propagation directions are used. The
directions are derived under the assumptions of both constant speed and direction for the CME
apex. However, it has been shown (e.g., Liewer et al. 2011; Colaninno et al. 2013) that as the CME
expands, projection effects tend to move the (projected) apex to the flanks of the event. This
apparent motion registers as a deceleration that will couple into a direction/speed bias when both
of these quantities are held constant. o

Our second finding is that the flare-site assumption provides better ToA estimates than the
HIGeoCAT ¢ directions, with an MAE of 6.4+1.9 hours. This can be seen in Figure 4 where 21
cases have an ToA error below 52 minutes. Figure 5 shows the effectiveness of the flare-site
assumption from a geometrical point of view. The ToA error for the flare-site based HM and SSE
approximations lie close to At = 0 when the SCangie is less than 100°. These statistics are
encouraging for our ‘real-time’ approach since the HeRPA algorithm can be applied soon after the
first three HI images are obtained (assuming, of course, that an associated solar flare is detected
from the Sun-Earth line).
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Figure 5. Difference between prediction and observed arrival times (4t) as a function of the
spacecraft angle (SCangle) With respect to Sun-Earth line for FP (left panels), HM (middle
panels) and SSE (right panels) approximations utilizing ¢ directions from HIGeoCAT (top row
panels) and from flare-site assumption (bottom row panels). It is obvious that for SCangle < 100°
the majority of the points are lying on the line At=0 indicating almost an ideal performance of
our algorithm especially for the HM and SSE approximations when the ¢ angle is utilized by
the flare-site assumption in contrast to the ¢ from HIGeoCAT. For SCangle > 130° the points
are scattered as it was expected due to the importance of the projection effects. At the bottom
right corner in every plot the percentage of the failures of our algorithm is also presented.

Finally, our methodology allowed us to compare the lead time of the ToA prediction against the
ToA error. We show that relationship for 11 cases of the HM approximation, which has an absolute
error At of less than 1 hour (Figure 6). We study also the CME distance when the prediction is
made against the error, to provide a sense of the location of the CME in the inner heliosphere. We
see that the ToA accuracy varies considerably from case to case. Only a handful of cases show a
reduction of the error with decreasing lead time, which would correspond to the expected trend for
the ideal case. All cases start with considerable overpredictions (negative At) indicating that the
speed derived from the earlier measurements are too high, therefore CMEs decelerate considerably
in the HI FOVs. This trend is reversed, for most cases, as more measurements become available
but the error remains within 10 hours, with the exception of cases 04/08/2011 ST-A and
29/09/2013 ST-A. The underprediction points to projection effects discussed earlier. It appears
that, at larger elongations, the observer follows a point on the CME front that it is not directed at
Earth. This is particularly obvious for 04/08/2011 ST-A where according to the measurements the
event is at 150 Rs but the CME has actually arrived at Earth. Clearly, we will be unable to make
concrete advances in ToA accuracy without first reigning in projection effects at large elongation.
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Figure 6. Time-of-Arrival error vs. lead prediction time in hours before arrival for 11 cases of
HM approximation utilizing the flare site assumption. These events have all a best ToA error
less than 1 hour.

One way to test the reliability of the explanation provided above is through the attempt to minimize
the projection effects. The projection effects depend on the direction of the CME relative to the
observer. The best way to minimize projection effects is to observe a CME in quadrature or, at
least, from angles above 60° (see P21).

We examine the December 7, 2020 CME. The CME is associated with a C7.4 class solar flare
erupted from AR12790 at 16:32 peak time, with heliographic coordinates S23W11. The
perspective of ST-A is ideal for this case, as the spacecraft observes from an angle of about 68.5°,
assuming that the CME is propagating radially from the flare site. Using the flare-site assumption,
we obtain good ToA estimates for all three geometric techniques. The best ToA arises from the
HM approximation which predicts 50 minutes earlier arrival. The SoA is 634 km/s compared to
the observed speed of 493 km/s. Looking at Figure 7, we see that the angle from the HIGeoCAT
FP approximation is closely aligned to the flare site direction with the other directions less than
20° to the west. So, we would expect that HIGeoCAT-based prediction will provide similar levels
of accuracy. Indeed, the HIGeoCAT FP approximation error is -1.04 hours. However, the other
two approximations result in -5.6h (HM) and -5.8h (SSE) with SoA of 715 and 723 km/s,
respectively. Clearly, the HIGeoCAT-based directions underperform the flare-site approximation
across the three techniques considered here.
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Figure 7. Propagation directions (¢) for December 7, 2020 CME for FP
(blue), HM (black) and SSE (red) approximations for STEREO-A. The
radial direction of the associated C7.4 solar flare is also indicated (orange
arrow).

A way to validate our flare-site assumption is to compare the flare-based propagation angle ¢
against the same angle derived by a multiview triangulation technique. Several such techniques
exist and are based on the assumption that either both ST-A and ST-B track the same point of the
CME front (e.g. Liu et al., 2010a; Liu et al., 2010Db) or that they track different points on the tangent
of a circular CME cross section anchored the Sun (Lugaz et al., 2010). We use the harmonic mean
triangulation (HMT) technique presented in Lugaz et al., 2010 as it seems more realistic.
Unfortunately, the technique has its limitations and only one of the events in our list (out of eight
possible) resulted in reasonable ToA. In particular, five cases occur when the STEREO spacecraft
are beyond 120 deg from Earth. In these extreme viewing conditions, the fundamental assumption
of Lugaz et al., 2010 that the tracking points lie on the tangent of the CME envelope may break
down. The two spacecraft are almost surely tracking the opposite sides of CME flanks which may
propagate independently at these distances. In another two cases, the ST-A and -B spacecraft are
in opposition and hence provide symmetric views of Earth-directed events. In this situation, the
two views reduce to a single view effectively and the triangulation provides unreliable results. We
are left with triangulation results for the April 3, 2010 CME only. The direction from the HMT is
-13.6°+£2.9° while the longitude of the associated solar flare is +3°. The CME direction as it is
calculated with the HMT technique results to a reasonable angle close to our flare-site assumption.
This provides further support that the flare-site assumption may be a better representation of the
CME direction than the single viewpoint derived directions from HIGeoCAT.

Concluding, our methodology offers a new way to assess the ToA issue using data from
heliospheric imagers. HeRPA algorithm is able, in principle, to perform the ToA analysis as soon
data become available. This approach should be useful for operational spacecraft at the Lagrange
points. Finally, we hope that such a service will be useful for space weather forecasting purposes
in addition to the safety precautionary measures for manned space missions to Moon and Mars.
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Appendix |

Interpretation of elongation angles

The elongation angle, and eventually radial distance depends on the propagation angle ¢ in
different ways for the three approximations. So, the same propagation angle ¢ could result in very
different distance estimates. We proceed by rewriting the equations (1) — (3) with elongation angle
a expressed as a function of the dimensionless parameter p = r/dsc, where r is the radial distance
and dsc is the spacecraft-Sun distance. The equations for FP, HM and SSE are:
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where ¢1 = [(1.0 + ¢3)/p] — cos(gsse), C2 = sin(psse) and ¢3 = sin. In our analysis 4 is equal to 33.75°
for all cases (see section 2.3). The elongation angle as a function of the dimensionless parameter
p = rldsc is plotted in the next figure for ¢ of 30°, 60°, 90°, 120° and 150.
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Figure 8. Elongation angle as a function of the dimensionless parameter r/dsc
for FP (blue), HM (black) and SSE (red) approximations for five different
propagation direction angles ¢ of 30°, 60°, 90°, 120° and 150°. The vertical
orange dashed line indicates the 1 AU distance. The curves of 120° and 150°
are represented with dots and dashes for better visual identification.

We focus on the consistency of the 1 AU distance as derived by the three approximations. For
relatively small ¢ angles (e.g., 30° or 60°), the distance of 1 AU has small differences for the
elongation angles among the FP, HM and SSE approximations. For larger ¢ angles the distance
of 1 AU has much larger differences between the FP, HM and SSE methods. In particular, for ¢
of 120° (dotted curves in Figure 8) we take an 1 AU correspondence elongation angle of 30° for
FP, 41.3° for HM, and 37.3° for SSE. Plots similar to our Figure 8 presented also by Sheeley et
al., 2008; Lugaz, 2010 and Davies et al., 2012. Sheeley et al., 2008 plotted the elongation angles
as a function of the dimensionless parameter p. Lugaz, 2010 plotted the elongation angles as a
function of time, since CME launch, for FP and HM methods assuming a constant transient
speed of 400 km/s and a fixed distance of 0.975 AU. Davies et al., 2012 plotted the elongation
angles as a function of time (since CME launch) for FP, HM and SSE methods assuming a
movement with a constant speed of 400 km/s.
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