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Abstract

In space weather, to study the impact of Earth-directed coronal mass
ejections (CME) in our terrestrial environment, one of the most important
parameters is the propagation speed of these disturbances. We present an
improvement of the 3D CME Geometrical Propagation-Expansion Descrip-
tion (3D-CGPED) model developed in previous work to increase the sam-
ple that we can use in CME arrival time predictions. This 3D model esti-
mates the arrival time of Earth-directed CMEs at Earth by including a 3D
geometry for the CME propagation and expansion in interplanetary space.
Since the 3D-CGPED model computes the expansion of the CME based on
the radial distance of the CME front, only travel times for CMEs with well-
defined shapes seen by coronographs can be estimated. In the present work,
we found an empirical relationship between the expansion angle of CMEs
with well-defined shapes and the start-to-peak SXR fluence of their associ-
ated flares. We applied this relationship in the 3D-CGPED model to obtain
the expansion angle for 8 CMEs with an irregular shape. We found similar
window errors in arrival time predictions compared to the previous work.
This result allows us to complement the 3D-CGPED model to include not
only regular shapes but also irregular ones for CMEs observed by corono-
graphs in future works.

Keywords: sun; coronal mass ejections; CME’s; solar flare; radio waves.

Resumen

En clima espacial, en el estudio de los efectos terrestres de las eyecciones de
masa coronal (CME) dirigidas a la Tierra, uno de los parámetros más impor-
tantes es la rapidez de propagación de estas perturbaciones. En este art́ıculo
presentamos una mejora del modelo 3D CME Geometrical Propagation-
Expansion Description (3D-CGPED) desarrollado en un trabajo anterior
para aumentar la muestra que podemos usar en las predicciones de tiempo
de llegada de las CMEs. Este modelo 3D estima el tiempo de llegada a
la Tierra de las CMEs al incluir una geometŕıa 3D para la propagación y
expansión de la CME en el espacio interplanetario. Dado que el modelo 3D-
CGPED calcula la expansión de las CMEs en función de la distancia radial
del frente de una CME, solo se pueden estimar los tiempos de viaje para las
CME con formas bien definidas vistas por los coronógrafos. En el presente
trabajo encontramos una relación emṕırica entre el ángulo de expansión de
las CMEs con formas bien definidas y la fluencia SXR de inicio a pico de
sus destellos asociados. Aplicamos esta relación en el modelo 3D-CGPED
para obtener el ángulo de expansión para 8 CMEs con forma irregular.
Encontramos ventanas de errores similares en las predicciones de tiempo
de llegada en comparación con el trabajo anterior. Este resultado nos per-
mite complementar el modelo 3D-CGPED en trabajos futuros, para in-
cluir no solo formas regulares sino también irregulares, de CMEs observadas
por coronógrafos.

Palabras clave: sol; eyeccción de masa coronal; CME’s; erupción solar; ondas de radio.
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1 Introduction

Space weather studies the relationship between the solar activity and its impact
in the interplanetary medium. For Earth’s environment, one of the principal aims
of space weather is to forecast the travel time of Earth-directed coronal mass
ejections (CMEs) until they arrive to Earth, because these magnetic structures
can reach the Earth and cause geomagnetic storms. CMEs are observed remotely
by coronographs such as the Large Angle and Spectrometric Coronograph exper-
iment (LASCO) [1] of the Solar and Heliospheric Observatory (SoHO) and the
instruments on-board STEREO mission [6], and recently by the instruments of
the Parker Solar Probe (PSP; [7]) and Solar Orbiter [12] missions. Based on ob-
servations and theoretical modeling, different techniques have been developed to
get an advance warning of the arrival of these magnetic disturbances (e.g., [2], [8],
[18], [20], [16], [10], [17], [19], [3], [11]).

One of the most relevant CME properties to be known to forecast the arrival of
CMEs is the propagation speed. Even though spacecrafts allow us to obtain speed
measurements, they are not always in a position where the angle with respect
to the Sun-Earth line is convenient to provide CME observations with minimum
projection effects. In [13] and [14],the authors obtained empirical relationships
to estimate the CME initial propagation speed based on radiative proxies to be
applied in an empirical propagation model [9] to obtain the CME arrival times at
1 AU. These estimations were improved in a recent work [15] by including a 3D
geometrical model (3D-CGPED) in the arrival time prediction procedure.

Given that the 3D-CGPED model requires the distance of the CME front as
an input to calculate the expansion angle of CMEs in the interplanetary space
λ (wich will be defined in detail in the next section), and some CMEs present
irregular shapes in coronographs (either because they are intrinsically irregular, or
because of the viewing perspective), in the present study we pursue an empirical
relationship to estimate λ based on Soft X-ray (SXR) emission from the associated
flares. In section 2 we present an overview of the geometrical model 3D-CGPED
developed in the recent work [15]. Section 3 shows the procedure to obtain the
correlation between the CME’s expansion angle in the interplanetary space and
SXR start-to-peak fluence of the related flare. The application of this relationship
to determine ICME arrival time at Earth is presented in section 4. Finally, the
results and conclusions are shown in sections 5 and 6, respectively.

2 Review of the geometric model for CME propagation

In this section we present an overview of the 3D-CGPED described in detail in [15],
which is used to describe CME propagation and expansion in the interplanetary
space from CME speed estimated by using radiative proxies ([13] and [14]).
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In the 3D-CGPED model, the CME’s geometry is modeled by using a time-
changing surface: the CME’s front is an ellipsoid and the back of the CME is a
paraboloid (see Figure 1), with a radial symmetry along a straight line which is
determined by the flare source location at the solar surface.

Figure 1: 3D-CGPED geometrical model representation. The CME’s front is shown
as the 3D surface in black and the 3D surface in red indicates the CME’s back.
The location of the centroid is indicated by a red arrow. The expansion angle λ is
formed between the blue lines, one of them is the propagation line.

As the CME’s flare source coordinates are at the solar surface, we obtain an
unit vector u⃗, which defines a straight line through the Sun center. The CME’sfront
moves along this straight line, which is given by the propagation vector

v⃗p(t) = (RS un + dist(t))u⃗,

where RS un is the solar radius and dist(t) is the distance to the CME’s front from
the solar surface at time t calculated following the procedure by [13] and [15].

In order to describe the surface that models the CME, we fix the time t > 0,
and considered a positive real number a < dist(t) such that the vector Ct = v⃗p(t)−au⃗
is placed between the solar surface and the CME’s front.

From Ct to v⃗p(t) the surface behaves as an ellipsoid with centroid at Ct and radial
symmetry along the propagation line. The ellipsoid semi-axe on the propagation
line has length a. The other two semi-axes will have length b.

From Ct to the CME’s flare source on the solar surface, the geometrical surface
of the model is assumed to be a paraboloid with radial symmetry along the prop-
agation line and the vertex at the CME’s flare source. Both parts of the surface
will intersect in the normal plane to u⃗ through Ct.
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Figure 2: 3D-CGPED identification of the position of a point P. If Earth is at point P
outside of the CME’s surface then its coordinates in S t satisfies that left side of equations
2.1 and 2.2 are > 1 and > 0, respectively. If P is inside the CME’s surface, these numbers
will be ≤ 1 or ≤ 0, respectively.

At Ct, we placed a new coordinate system S t = u⃗, v⃗, w⃗). See [15] for the details
about these unit vectors.

With S t, the CME’s surface is described at time t by the equations:

x2
0

a2 +
y2

0 + z2
0

b2 = 1, x0 ≥ 0; (2.1)

and

−
x0 + dist(t) − a
dist(t) − a

+
y2

0 + z2
0

b2 = 0, x0 ≤ 0. (2.2)

In the 3D-CGPED model, for each CME, a is assumed as half of the distance
reached by the CME’s front observed by coronographs.

On the other hand, b will be depending on time, it is given by

b = (dist(t) − a) tan(λ),

where λ is called the expansion angle of the CME at the time it is first seen
by coronographs. As it is explained in detail in [15], λ depends on the radial
distance of the CME’s front observed at that time. Because of that, only travel
times for CMEs with a regular shape seen by coronographs can be estimated with
this model.

Now we can determine, for any point in space P (see Figure 2), if it is in-
side the surface of the CME or not, at a specific time t by checking if the S t
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coordinates of P allow the equations for the ellipsoid or paraboloid, yield less
than 1 or 0 (respectively).

Assuming that the Earth is located at P, the first t for which this relationship
is satisfied indicates that the CME has arrived at Earth.

3 Correlation between CME expansion angle and soft
X-ray fluence of the related flare

Figure 3: CME’s front for two different CMEs: (a) CME with a regular shape and
(b) CME with an irregular shape.

As was presented in the section above, the 3D-CGPED model uses not only
the CME but also the associated flare parameters to determine the arrival time of
the respective interplanetary coronal mass ejection (ICME) at Earth. This model
applies CME parameters to estimate λ. Since one of the most important param-
eters is the radial distance of the CME’s front at a certain time seen by corono-
graphs, only CMEs with a regular shape (as it is shown in Figure 3.a) were taken
into account. In our previous work, we found λ for 45 events listed in Table 1 in
[15].

In the present study, we use the obtained data for those 45 events to correlate
the expansion angle of CMEs and their respective start-to-peak fluences obtained
from the soft X-ray flux data by the Geostationary Operational Environmental
Satellite (GOES) satellite (see [4]) in the 0.1-0.8 nm channel.
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Figure 4: Logarithmic plot for λ and ϕsp. The solid line represents the linear fit obtained
by the least squares (LS) method.

Figure 4 shows the scatter plot between the logarithm of the CME expansion
angles at the moment of the LASCO first observation (λ) and the logarithm of
the start-to-peak fluence of the Soft X-ray bursts of the associated flares (ϕsp) for
these 45 events. A clear relationship between λ and the ϕsp is obtained as:

log λ = (1.49 ± 0.18) + (−0.11 ± 0.08) log ϕsp. (3.1)

We obtained a correlation of r = −0.30 ± 0.14 and a statistically significant re-
sult of p = 4.54 x 10−13. The value p is the probability of obtaining this or a
higher correlation coefficient (r) from a random sample of uncorrelated events.
The errors were calculated using a bootstrap method, where the correlation co-
efficient was calculated repeatedly a 1000 times for a random sample and, the
mean and standard deviation are quoted as the correlation coefficient and its
statistical uncertainty.

To find the statistical relationship between λ and ϕsp, we use least squares (LS)
linear fit method to determine a straight line of the form which can be observed in
light blue in Figure 4. This fit describes well the distribution of the sample, which
clearly shows a trend to obtain lower values for λ as the fluence (ϕsp) increases.
As a consequence, we can indicate that narrow CME expansion angles can be
observed for CMEs with higher initial speed because the value of ϕsp is related
with the initial propagation CME speed [13]. In the next section we apply this
correlation, to be used in the propagation 3D-CGPED model to infer the arrival
time at Earth.
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4 Application of the relationship as an input in the
3D-CGPED model in ICME arrival at Earth

In this section we apply the relationship found in the section precedent to infer
the expansion angle of CMEs based on the SXR bursts of the associated flares for
irregular CMEs (see Figure 3.b) observed by the LASCO experiment ([1]) of the
SoHO in the propagation 3D-CGPED model to infer the arrival time at Earth for
a selected sample of 8 events. These 8 events listed in Table 1 (see in [15]) were
discarded from the original sample because of their irregular shapes observed in
the LASCO images. In this previous study, the data selection included criteria
such as:

1. CME events with flare sources whose location were at solar latitudes between
−30◦ and 30◦, and heliolongitudes between −65◦ and 65◦.

2. Clear identifiable soft X-ray flux profile measured by GOES in the
0.1–0.8 nm range.

3. Well defined CME-ICME pairs reported in the literature and verified by
criterion of the drop in proton temperature by [5] in the data profile by the
WIND spacecraft.

4. CMEs with a regular shape observed by the LASCO as is shown
in Figure 3.a.

Table 1: Table of studied events: number of event (column 1), date (col. 2), LASCO
CME onset (col. 3), coordinates of the associated flare (col. 4), start time of the SXR
burst (col. 5), start-to-peak fluence of the SXR burst (col. 6), the value of λ infered by
the relationship 3.1 (col. 7).

N Date LASCO CME SXR parameters Estimated
onset Coordinates onset time ϕsp λ
[UT] [deg] [UT] [J m−2] [deg]

(1) (2) (3) (4) (5) (6) (7)
1 8 Jul 00 23:50 N18 W12 22:40 0.007479 53
2 7 May 02 04:25 S10 E25 03:30 0.003083 58
3 22 Jul 04 08:30 N04 E10 07:40 0.002524 60
4 14 Feb 11 18:24 S20 W17 17:20 0.001840 62
5 2 Sep 12 04:00 N04 W05 01:50 0.003945 57
6 13 Jan 13 12:00 N08 E04 11:14 0.007400 53
7 5 Jun 13 09:12 S28 W62 07:59 0.015358 49
8 2 Nov 13 04:48 S13 W14 04:41 0.000824 67
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Since 3D-CGPED model requires the heliographic distance of the CME’s front
observed by coronographs at one specific time (RS), which is the first sight of the
CME by the LASCO, some events were discarded. Inasmuch as the irregular shape
of CMEs is common, especially for Earth-directed CMEs, in the present work we
want to explore the possibility of using the relationship in Equation 3.1 as an
input in the 3D-CGPED model for discarded events due to an irregular shape of
the CMEs structure observed by the LASCO.

Table 1 contains the parameters of our studied sample of 8 events with these
features. This table includes the parameters for coronographic observation of
the CMEs (cols. 2-3), parameters of the related flare including the start-to-peak
fluence of the SXR burst (cols. 4-6). Additionally, we calculated individually, the
value of the expansion angle of the CMEs at the time of first sight by coronographs
(λ) by using Equation 3.1. Those values are listed in column 7.

The obtained results in travel time predictions are presented in the next section.

5 Results

We have found estimations for the arrival time of time of the 8 studied events
by using their parameters listed in Table 1. Consequently, Table 2 contains the
arrival parameters for their correspondent ICMEs. This table displays the date
and onset time of the ICME arrival detected by the WIND spacecraft and verified
by the drop in proton temperature criterion [5] (cols. 2-3) and the predicted ICME
arrival by using the 3D-CGPED model (cols. 4-5).

Table 2: Table of studied events: number of event (column 1), date of the ICME detection
(col. 2), onset time of the ICME (col. 3), date of ICME arrival prediction (col. 4) and
onset time of the ICME arrival prediction (col. 5).

N Observed ICME arrival ICME predicted arrival
Date onset time Date onset time

[UT] [UT]
(1) (2) (3) (4) (5)
1 11 Jul 00 22:30 12 Jul 00 15:24
2 11 May 02 15:55 10 May 02 17:56
3 24 Jul 04 17:30 26 Jul 04 03:30
4 18 Feb 11 04:48 18 Feb 11 13:12
5 4 Sep 12 21:57 6 Sep 12 21:45
6 16 Jan 13 10:38 16 Jan 13 23:44
7 6 Jun 13 15:00 5 Jun 13 07:00
8 7 Nov 13 09:14 6 Nov 13 12:02
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Figure 5: Predictions on arrival time at Earth respect to the observations of the ICME
arrival at the WIND spacecraft. The horizontal black line at 0 corresponds to que ICME
observed arrival time. The two red lines represent the range between -20 and 20 hours
difference. The predictions are marked by black squares.

The difference in time between the observed and predicted arrival times is
shown in Figure 5. The numbers in the x-axis refer to the number of event in
Tables 1 and 2, while the y-axis contains the travel time errors with respect to the
observations (black line at 0 hours in the Figure 5).

We observe that 5 events perform between the ±20 hours window. Also, 3
events show an underestimation of the travel time: 2, 7 and 8 with an error of
−21.15 h, −32 h and −21.2 h respectively. Nevertheless, from the coordinates
of the associated flares in Table 1, we did not find a correlation with the loca-
tion of the associated flare. This is consistent with the result found previously
in [15]. This is consistent with the result found previously for SXR emission
proxy (see [13]). In previous work, the microwave emission associated to flares
was also used as a proxy (see[14]). Then, to explore if the trend found here is
also observed when a microwave proxy is used, a sample associated to microwave
emissions should be studied in a future work.

Also, we calculated the mean errors which are included in Table 3.
Compared with the previous work, we found a similar accuracy. Even though,
our sample in this study is smaller compared to the sample of events in [15], this
result indicates that the relationship for the estimation of λ can be used success-
fully when the CME shows an irregular shape in coronographs.

Additionally, in Figure 5 we notice that Event 5 shows the higher overestima-
tion in the arrival time (+47.8 h), while Event 7 presents the higher underestima-
tion in the predictions (-32 h). Regarding the initial speed for these two CMEs,
we noticed that Event 7 is associated to the higher speed and Event 5 with the
slower CME speed. Since 3D-CGPED model uses as an input the CME’s initial
speed estimated by using radiative proxies [13] and [14], this result indicates that it
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could be associated with the partitioning of energy during the development of the
associated flare. This confirms the result found in the previous work found in [15]
where differences between estimations of arrival time by using different radiative
proxies were found. This could be explained by the energy partitioning during the
flare development.

Table 3: Average differences between estimations and observations of ICME arrival at
Earth.

Proxy Mean error Mean absolute error
[h] [h]

(1) (2) (3)

3D-CGPED model with Equation 3.1 5.6 24.4

6 Conclusions

In this work, we have found an empirical relationship between the expansion angle
of Earth-directed CMEs (λ) in the interplanetary space and the SXR fluence of
their associated flares. We have used only CMEs with regular shape seen by the
LASCO and we found a negative correlation. Since the start-to-peak fluence is
directly related with the initial CME propagation speed (see in [14]), a negative
slope in the dispersion plot means that the angle λ decreases with higher initial
CME propagation speeds. Considering that the 3D-CGPED model calculates λ
from the high value of the CME’s front in coronographic images, a more regular
shape of the CME’s front is required. Nevertheless, in some cases, CME’s fronts
can show extreme irregular shapes. In those cases, the relationship found in this
study can be implemented in the 3D-CGPED model for ICME arrival time predic-
tions. Our results showed that the accuracy was similar to previous work which
demostrates that 3D-CGPED model can be implemented for both types of Earth-
directed CMEs: with regular and irregular shapes observed by coronographs.

Finally, we found that two events with the higher and lower initial propagation
speed were associated with an underestimation of the arrival time predictions. We
want to explore in future work if the same trend is observed by using microwave
emissions instead of SXR emissions or if the prediction improves. This future
work will help us to have a better understanding of the energy partitioning that
is potentially playing a role during flare development.
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