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Abstract: The dependence of Interplanetary Coronal Mass Ejections” (ICMEs) transit speed on the
corresponding Coronal Mass Ejections’” (CMEs) initial speed is investigated. It is shown that the
transit speed and transit time depend not only on the CME’s initial speed, but also on the longitude of
the solar source. The longitudinal dependence of the expected transit speeds and times are obtained
from the analysis of 288 CMEs, associated with solar flares, observed from 1995 to 2020. A model,
estimating the transit and maximum speeds, as well as the time of arrival of an ICME to Earth,
based on the initial CME speed and the longitude of the associated solar flare has been created. It
is shown that taking into account the longitude of the solar source in addition to the initial CME
speed significantly improves the quality of the model, especially for events in the central part of the
solar disk (E10°~W10°). The simplicity of the described model makes it accessible to a wide range of
users and provides opportunities for further improvement as the statistics and the number of input

parameters increase.

Keywords: interplanetary coronal mass ejections; propagation; CMEs; interplanetary space;
prediction of ICMEs

1. Introduction

Coronal mass ejections (CMEs) are typical manifestations of solar activity that lead to
the formation of interplanetary disturbances, which are also recorded on Earth. The arrival
of such interplanetary disturbances is often associated with geomagnetic storms [1-5]; thus,
the transit speed and time of arrival estimations of interplanetary coronal mass ejections
(ICMESs) constitute important aspects for accurate space weather forecasting.

There are plenty of works devoted to the study of CME solar source position, observed
velocities, propagation conditions in interplanetary space and their arrival to Earth. Different
properties of CMEs are discussed in Zhang et al. [5], Michatek et al. [6], Wang et al. [7],
Gopalswamy [8], Gopalswamy et al. [9], Richardson and Cane [10], Wu and Lepping [11], Chi
et al. [12], Hess and Zhang [13] and other papers. The longitudinal dependence of CME
occurrence was studied by Hildner et al. [14] for 110 CMEs observed by the Skylab laboratory
from white light coronagraph data. The estimation of CME velocities from the data of various
coronagraphs has been carried out for several decades (for example, in [15-17]), and in more
recent works by Gopalswamy et al. [9], Yashiro et al. [18], Wang et al. [19], Chi et al. [20].
In particular, the authors established threshold values for the observed CME velocities, pointed
out the existence of projection effects in coronagraphs and proposed a formula for estimating
the ICME speed from the initial parent CME speed. However, a number of authors point
out that the correct estimation of ICME velocities is often complicated by the existence of
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difficult conditions in the heliosphere due to other interplanetary disturbances, interaction
with the background solar wind (SW), etc. For example, Cane et al. [21] and Wang et al. [22]
showed that the ICME transit speeds recorded from the Earth only weakly correlate with
CME speeds. Gopalswamy et al. [23], using the observed relationship between CME speeds
near the Sun and in the solar wind, determined the effective acceleration acting on a CME and
found a linear relationship between this effective acceleration and the initial CME speed, and
then proposed an empirical model to predict the arrival of a CME at 1 AU [24]. Later, Vr$nak
and Zic [25] also showed that the ICME transit time depends not only on the initial CME
speed, but also on the background SW speed. Various authors further noted that the predicted
arrival time of an interplanetary disturbance is in better agreement with the observed arrival
time when no projection correction is applied to the CME speed measurement (according to
the SOHO/LASCO coronagraph data). The projection effects of coronagraphs and methods
for their correction are discussed, for example, in Michatek et al. [6], [26], Temmer et al. [27]
and [28]. It is believed that for limb events (>>70°), projection effects practically disappear,
while for central events the correction to the determined speed is ~20% [6]. Other authors
report that projected speeds of non-halo CMEs are 1.5-2 times higher than those of non-halo
CMEsfrom regions located close to the solar disk center (e.g., [26]). Moreover, the issues
of assessing the projection correction of CME speeds on time-of-arrival (ToA) prediction
performance are discussed in the paper by [29].

There are also several works related to the study of the longitudinal dependence of the
CME source with the corresponding ICME speed and time of its arrival to Earth. Ref. [21]
showed the locations of geoeffective solar events are in longitude of
E40°-W40°, but later, ref. [7] showed the range of the longitude distribution shifts to
the west (E40°-W75°) for the Earth-encountered frontside halo CMEs. Ref. [18] on the basis
of SOHO/LASCO coronagraph data and GOES Soft X-ray (SXR) measurements, which
showed that the speed distributions of flare-associated events for disk (heliolongitude
0-30°), intermediate (30-60°) and limb events (60-90°) are very similar, but their average
projected speed increases for limb events due to projection effects. Ref. [30] found that
the difference between the predicted and observed times of ICMEs arrival increases with
increasing heliolongitude of the CME source. Ref. [31] calculated that the average width
and speed of limb events are higher than those of disk events, and the average acceler-
ations are maximal for intermediate events. while ref. [32] found that for CMEs over
2008-2014, the mean speed, mass and kinetic energy showed a direct proportionality with
heliolongitude, in which limb events had the highest velocities, the largest masses and
the highest kinetic energies. At the moment, many different models of ICME propagation
in interplanetary space have been developed, taking into account the initial position of
the solar source, the CME initial speed, and other factors. These include, for example, the
model proposed by [33], which has since been refined (see e.g., [34]); the ENLIL model,
and other MHD models e.g., [35-42]; the Shock Arrival Model (SARM) [43]; the Effective
Acceleration Model [44]; the Drag-Based Ensemble Model (DBEM) [45,46].

There are plenty of works devoted to the ToA assessment calculated using different
models, especially in recent years. For example, Ref. [47] showed that the existing models
are generally able to predict CME-shock arrival times within, on average, 10 h, but with
standard deviations often exceeding 20 h. Ref. [48] gave similar results for assessment
WSA ENLIL+Cone simulations (273 events). Ref. [46] reported that the DBEMv3 perfor-
mance with mean absolute error of 17.3 h was obtained based on the evaluation of 146
CME-ICME pairs. Ref. [49] showed the average absolute ToA error of the IPS-based MHD
forecast is approximately 5.0 h, which is one of the most accurate predictions that has ever
been validated. Suresh et al. [50] calculated the Earthward speed of the shocks using the
Empirical Shock Arrival (ESA) model and found that the mean absolute deviation of the
predicted IP shock travel time from the observed travel time is about 6.1 h. We have tried
to make maximum use of the solar data that accompanies CME generation in order to
estimate the transit speed of the corresponding ICME as quickly and accurately as possible,
as well as the arrival time of this interplanetary disturbance to the Earth, since this is a very
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important factor for the accurate prediction of the state of space weather in the near-Earth
space. The ToA can be accurately estimated by analytical MHD models; however, empirical
solutions, such as those mentioned above and the current investigation, give ground to
instant estimations, which greatly facilitate space weather prognosis. Therefore, the goal of
this work is to create a model that utilizes solar data (such as the initial CME speed and the
position of its source on the solar disk), and leads to estimates of the transit speed, ToA and
the maximum speed of the corresponding ICME in the near-Earth space. We do not expect
that our model would be superior, for example, to the MHD-models, but we wanted to have
an additional tool that is easy to use in the daily practice of our Space Weather Prediction
Center and that can complement the more respectable existing models. The simplicity of
the created model provides a number of advantages, for example: data availability, short
computing time and no need for high computing power give forecasters an early initial
window for predictions that can be narrowed with more complex sophisticated model
runs; the input parameters of the model can be easily corrected when/if new refined data
appear; the model will inevitably improve as new events are observed and the statistics
expand; the empirical nature of the model allows us to count on the inclusion of some new
parameters in the future. In addition it can be expected that the dependencies revealed in
our study will be useful in cases where there were no coronagraph observations and/or
solar wind data.

2. Data and Methods

To study various ICME parameters, we used the CME database (according to the
data of SOHO/LASCO coronagraph, linear speed (initial CME speed in the plane of the
sky)-https:/ /cdaw.gsfc.nasa.gov/CME_list/. Data on interplanetary (IP) disturbances that
have reached the Earth are collected in the Forbush Effects and Interplanetary Disturbances
Database (FEID, http:/ /spaceweather.izmiran.ru/eng/dbs.html) created at ZMIRAN. The
FEID contains data on the main characteristics of the interplanetary (IP) medium (SW
speed, temperature and density, interplanetary magnetic field (IMF) value, plasma S, etc.),
cosmic rays and geomagnetic activity (i.e., Dst and Kp indices) during interplanetary
disturbances; solar sources for as many interplanetary disturbances as possible (these
include the parameters of parent flares—magnitude, position, timing, data on filament
eruptions, etc.); various accompanying parameters and products of the initial data, lead-
ing to a comprehensive database of IP disturbances. The beginning of an event in the
FEID is considered to be the arrival of a shock wave (usually identified by sudden storm
commencement) or abrupt changes in SW and IMF parameters. SW and IMF parame-
ters are taken from the OMNI database (https://omniweb.gsfc.nasa.gov/), list of shock
waves—http:/ /isgi.unistra.fr/data_download.php, flares—https:/ /www.ngdc.noaa.gov/
stp/space-weather/solar-data/solar-features/solar-flares /x-rays/goes/xrs/ .

An important part of this study is the selection of events and the identification of
solar sources. Each event was considered many times with the involvement of all available
sources of information including: daily movies SOHO (https:/ /soho.nascom.nasa.gov/
data/realtime/mpeg/), SDO (https://sdo.gsfc.nasa.gov/data/dailymov.php), STEREO
(https:/ /stereo-ssc.nascom.nasa.gov/beacon/beacon_secchi.shtml), ICME catalogues (e.g.,
https:/ /izw1.caltech.edu/ACE/ASC/DATA /level3/icmetable2.htm, http:/ /www.iki.rssi.
ru/omni/catalog/), other sources of solar data (for example, solarmonitor.org) and mod-
els (for example, https:/ /iswa.gsfc.nasa.gov/IswaSystemWebApp/, https:/ /www.swpc.
noaa.gov,/ products/wsa-enlil-solar-wind-prediction). For each interplanetary disturbance
recorded in the vicinity of Earth, an analysis was made of the available solar and inter-
planetary data for previous days taking into account the speed and time of registration
of this disturbance on Earth.The solar source identification process for the FEID events
is detailed, for example, in [51,52]. Nevertheless, a reliable determination of the solar
flare-CME-ICME relationship is by no means always possible (more precisely, even quite
rarely), and in our study we used only those events where such a relationship was estab-
lished reliably. For the period under study (1995-2020) the FEID database includes 3381
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interplanetary disturbances but only 288 events were included in the final sample. This
number of events was used because only those for which there is complete confidence
in the “flare-CME-ICME" relationship, and the full set of accompanying data (the initial
CME velocity and the heliolongitude of its source), were selected. This severely limits
the sample, since not all CMEs have associated flares (for example, a rather slow solar
filament eruption), and some of the central CMEs for which associated flares are visible on
the solar disk may not be identified in coronagraph data. In addition, the FEID database
also contains a lot of events associated with the impact on Earth’s high-speed streams
(HSS) from coronal holes, and it should also be noted that many events have mixed sources
(e.g., a combined impact of several ICMEs or ICME + HSS) which did not allow them
to be used in this research. Note that for events far in longitude (outside 60° E-W), our
estimates will be inaccurate due to the small number of such events in the sample. We
should note that the longitude of the associated flare may in some cases differ significantly
from that of the gravity center of a CME but we hope that based on the work by [6] and our
observational experience that, in general, the longitudes of the flares will be fairly close to
the CME mean longitudes and one can rely on them. A complete list of events with the
characteristics of CME, associated flare and corresponding IP disturbance is available at
http:/ /spaceweather.izmiran.ru/papers/2022/CME_Catalogue.pdf.

Figure 1 depicts the distribution of the initial CME speeds (Vj) included in the sample
under study, depending on the sine of the parent flare longitude absolute value—sin¢. The
dependencies of the ICME speed on its parent solar data turned out to be symmetrical for
eastern and western hemispheres; therefore, the absolute values of ¢ were initially used
in this study. Additionally, the distribution (see Figure 1) turned out to be quite uniform
(in comparison to the similar distribution of 1} versus ¢), despite the imbalance of events’
numbers, with the majority being recorded at central coordinates rather than the limbs.
Therefore, eventually, sing was used instead of ¢.
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Figure 1. Distribution of the initial CME linear speeds depending on sin¢ for 288 events.

3. Results
3.1. Relation between the ICME Transit Speed and the CME Initial Speed

It is well known that the initial CME speed (V}) largely determines the transit speed
(Vi) of the corresponding ICME (the ratio of 1 AU to the propagation time of an ICME
from the Sun to the Earth (see e.g., [34], and references therein). Figure 2 illustrates such
a relation for the 288 events used in this study. It can be seen that there is a relationship
(cc =0.64 £ 0.04), but with some scatter. This is due to the fact that all CMEs are different,
i.e., some of them are strongly decelerated, while others are accelerated in the solar corona,


http://spaceweather.izmiran.ru/papers/2022/CME_Catalogue.pdf

Universe 2022, 8, 327

50f 15

and they may also interact with other ICMEs, high-speed streams (HSSs) from coronal
holes (CHs), the heliospheric current sheet (HCS), etc. It is worth noting that the connection
between the transit and initial CME speeds are not completely linear, as has been shown
in [23,26]. Moreover, [53] showed that CMEs with similar initial velocities have the differ-
ences in their transit times up to several days. In our work, we want to check the linearity
of the ICME transit speed on CME initial speed dependence and also examine whether a
dependence on longitude exists.

2000 *
1800
1600
1400
1200
1000
800
600
400

Vtr’ km/s

1000 2000 3000
Vo, km/s

Figure 2. The relation of the initial CME speed (V) and the transit speed of the corresponding ICME
(Vi) for 288 events.

3.2. Speed’s Longitudinal Dependence

The non-linearity of the relationship between the initial and the transit CME/ICME speeds
mentioned above is apparently explained by the fact that in the range of low velocities there
exists both ICMEs that decelerate and slow down together with those that accelerate. On top
of that, it has been shown that some very slow CMEs (with an initial speed of 150-200 km/s)
are not distinguished according to the coronagraphic data, but could be recorded at Earth with
a speed of 350400 km/s [23,54]. Thus, for the central zone there is an artificial depletion in
slow CMEs, since many of them fall into the “stealth” or problematic category (the CMEs that
can be observed but there is no signature on the solar disk or are invisible for coronagraphs as
they become very rarefied by the time they can be registered at the edge of the coronagraph
screen but then hit the Earth, (see e.g., [20,55,56])).

The dependence of the transit speed of an ICME (V) on the initial speed of the
corresponding CME (V)), taking into account the possible non-linearity for low-speed
CMEs, can be represented as:

_ Vc VO < Vc
V”_{ A+BVy, Vo>V, M

where V is the cut-off speed.

We plotted the dependences of V;, on Vj for different ranges of absolute longitudes:
¢ < 8° (Figure 3a) and 15° < ¢ < 24° (Figure 3b), the horizontal part of the graph in the
figures reflects the non-linearity of the dependence. It is worth adding that we could try to
choose a more complex dependence to describe this non-linear effect, but since it is observed in
a very narrow range of velocities, the number of events that would allow a reliable identification
is not adequate, and thus we decided to stop at the simplest dependence.
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The correlation coefficient turned out to be cc = 0.91 £ 0.06 for 57 interplanetary
disturbances in Figure 3a and cc = 0.81 & 0.08 for 52 interplanetary disturbances in Figure 3b.
Note that without taking into account the non-linear dependence the correlation coefficients
were 0.88 £ 0.06 and 0.77 % 0.09, respectively. Comparing the figures allows us to conclude
that the dependence of the ICME transit speed on the initial CME speed changes with
longitude: with an increase in the absolute value of longitude, the slope of the curve
becomes much smaller, and the value of the regression coefficient (B) decreases from
0.8 &+ 0.06 (Figure 3a) to 0.4 £ 0.06 (Figure 3b). It should be assumed that the non-linearity
in the range of low velocities is significant only for central events. This is due to the fact
that slow events simply “disappear” for large longitudes, since for them, the projection
effects are much less pronounced.

2000 (a ) 2000 (b)
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1600 1600

1400 1400

km/s

1200 1200
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Vi, km/s

1000 1000

800 800

600 600

400 028 & 400

500 1000 1500 2000 500 1000 1500 2000
Vo, km/s Vp. kmis

Figure 3. Dependence of the ICME transit speed on the parent CME initial speed for events with
absolute heliolongitude: (a) ¢ < 8°; (b) 15° < ¢ < 24°.

We should also note that for central events, the speed threshold (V) turns out to be
artificially overestimated; the revealed non-linearity was expected for lower speed values,
close to the quiet SW speed (400 km/s), but it turned out that it extends to a value of V,
~ 520 km/s. This value of the cut-off speed was obtained from the data: different values
were considered with a step of 10 km/s, and as a result, we settled on 520 km/s since the
smallest dispersions were obtained at different longitude intervals for this cut-off speed
value. A slightly better result could be obtained using average speeds, but we preferred a
continuous relationship.

For large longitudes, the discussed non-linearity is not observed due to the fact that
slow CMEs with a solar source far in longitude simply do not reach the Earth. Additionally,
if we are talking about powerful events, it can be argued that the non-linearity will not be
revealed, in particular for a sample of high-speed CMEs that created interplanetary shock
waves observed near the Earth.

The analysis performed allows us to state that taking into account the heliolongitude
of the solar source is important, as well as the non-linearity of the dependence of the transit
ICME speed on the initial CME speed for central events, and they should be included in
the parameters of the model being created.

3.3. Model for Estimating the ICME Transit Speed and Time from Solar Data

Based on the data described above, we found that for a fairly wide central range, the
cutoff speed remained unchanged at 520 km/s. For each interval of the sine of absolute
heliolongitude (using a running window with a width of 0.14 and a step of 0.01, up to
sing = 0.9 inclusive, there were 64 of them in total, as for some intervals there were less
than 10 events, these points were not used in the figure), a linear regression described
above (see Equation (1)) was made and the average values of sin¢ for each interval were
calculated, as well as regression and correlation coefficients. Their distribution depending
on the sine of the absolute heliolongitude of the solar source is shown in Figure 4.
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Figure 4. Distribution of the regression coefficients (a) and the correlation coefficients (b) depending
on sing.

The regression coefficients A and B (Figure 4a) change in a complex way, and it should
be assumed that this complexity is only to a small extent due to the fact that we use a limited
sample and there are statistical fluctuations. Large-scale changes in these parameters
(for example, a sharp increase in A values and a decrease in B values in the intervals
of 0-12° (0 < sing < 0.2) and 42°-60° (0.66 < sing < 0.86) are apparently explained
precisely by the peculiarities of the CME observation and the existence of projection effects
(firstly, a statistically underestimated CME speed on the limbs, and secondly, a statistically
overestimated speed in the central zone due to the lack of slow CMEs). It turns out that of
these two effects, the maxima are observed for one in the center, and for the other—close to
the limbs, they are superimposed on each other and when considering the distribution in
longitude give the complexity observed in the figure. Moreover, these features are partly
related to the shape of the ICMEs themselves, because they are not completely spherical,
the sphericity is necessarily violated, for example, for the central part of ICME the speed is
usually greater than at the edges.

As for the distribution of correlation coefficients (Figure 4b), the highest values are
observed in the central region (up to ~30° or sing < 0.5), where most of the considered
events are located, except for a small range of 12-18° (0.2 < sin¢ < 0.3) for which the
statistics turned out to be less. It should be noted that the created model is also most useful
for predicting the speed and time delay of interplanetary disturbances with a source in the
central zone. For the middle range (30-50° or 0.5 < sin¢ < 0.76), the correlation coefficient
decreases but still remains within the moderate relationship.

Our proposed model covers a wide range of longitudes from E60° to W60°, but outside
this limit there are not enough events to establish a more reliable relation; however, we can
still use the model for far events. In some rather rare events that originate from large solar
longitudes, we cannot exactly assess whether the IP disturbance reaches the Earth. However,
we can consider that the IP disturbance is less likely to be registered at Earth after the estimated
ToA. In our sample, there are 12 events with absolute longitudes greater than 80°, and in most
of them only the shock waves reached the Earth. Sometimes, such events produce magnetic
storms, but more often their geoeffectiveness is low. It is also important for predicting the state
of space weather environment.

Since it was shown above that the ICME transit time and speed depend not only on
the initial speed of the parent CME but also on the longitude of the solar source, it is natural
to expect that in some events the expected transit speed and time will be close to previously
observed events with similar solar data: Vj and sin¢g. This means that we can use the events
that are already in our database, taking into account the identified links to determine the
expected transit speed and time of a new event averaging the available information in the
vicinity of the point under study. In this case, the contribution of neighboring points should
also be taken into account so that the nearest points have the largest weight. The transit
speed is calculated as follows:
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YLy Viw;
ZZI\L1 wi
where V; is the speed of i-th event in the vicinity, w;—the weight of i-th event in the vicinity,

N—the number of events in the vicinity. Wherein the weight of i-th event is defined as:

Vir (Vo, sing) = @

{ w; = 7s%+51%+53 So < Soc and [s,| < 0.4 3)
w; =0 for any other values of s, and s,

where sy=|(1 — V) /Vyi|, sp=(sinp — sin¢;), sinp—the sine of absolute heliolongitude of
the associated flare for event under study, V—the initial CME speed of the studied event,
sing; and Vy;—the sine of absolute heliolongitude of associated flare and the initial speed
of the i-th CME in the vicinity, syc = 1 for V < 300 km/s and s, = 0.5 for V > 300 km/s,
sp—a manually set value that defines the nearest vicinity where the weights barely change
(default is sg = 0.1).

The number of points actually participating in the determination of V}, will be different
but N = 288 taking into account expression (3).

The values of speed errors are calculated in the same way as the speeds themselves
(taking into account the weight) but instead of the speed value, the difference between the
predicted and observed transit velocities (in absolute value) is taken. For nodes evenly
spaced in speed (with a step of 50 km/s) and sin¢ (with a step of 0.02) the matrices of
expected values of transit speed and time and their statistical errors were calculated. To do
this, in each node, the values of transit speed were calculated according to Formula (2) and

ToA according to Formula (4):
1AU

‘Qr

Based on the calculated data matrices, we also obtained a contour representation
(Figures 5 and 6) of the expected values of the transit speed and the ToA of an ICME at
Earth depending on the initial CME speed and the heliolongitude of the source (associated
solar flare). Using these figures and the data on the initial CME speed and heliolongitude
of associated flare, one can estimate the interval of the expected transit speed and time of
the corresponding ICME (numbers indicated on the corresponding isolines).
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Figure 5. The relation of the expected ICME transit speed to the initial CME speed and the sine of
the associated flare absolute heliolongitude. Different colors indicate the gradation of the expected
transit speed in magnitude.
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The highest velocities are expected for the central events, while relatively low velocities
are observed over the entire range of longitudes. In general, it can be concluded that in order
to obtain the same transit speeds when comparing events with different heliolongitudes,
large initial CME velocities for large longitudes are required (applicable to the studied
sample of events). For example, for an ICME transit speed of 800 km/s, the parent CME in
the central zone (up to 20°) should have an initial speed of 1000-1100 km /s, and if the parent
CME is closer to the limb (>70°), then its initial speed should already be 1200-1400 km/s.
Or, conversely, if the initial CME speed is 1500 km/s, then in the case of a central source
the transit speed is expected to be about 1300 km/s, and in the case of a limb source it is
much less, about 800 km/s.

Similar reasoning is applicable to the comparison of an ICME ToA (see Figure 6).
The fastest ICMEs are recorded on Earth within about 30 h after solar flares (blue range), and
the slowest are more than 90 h (orange range). Although there are some unique events (for
example, October, 2003) for which the transit time turned out to be less than 20 h, there are
very few of them, so one cannot speak of statistically significant results of their assessment.
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sin (p

Figure 6. The relation of the expected ICME transit time to the initial CME speed and the sine of
the associated flare absolute heliolongitude. Different colors indicate the gradation of the expected
propagation time in magnitude.

Let us give examples of using the isolines of the expected ICME transit time according
to Figure 6. For a CME with an initial speed of 1000 km/s with a source in the central zone,
the expected arrival time is about 50 h; for a similar CME with a limb source, it is 60-70 h.
Moreover, to wait for the Earth impact of an ICME, for example, within 30 hours after the
associated flare, the parent CME in the central zone should have an initial speed above
2400 km/s; as for the limb events, there are no similar arrival times recorded earlier.

We also obtained dependences of expected transit velocities (V;,) and ToA (T}) on
the longitude of the corresponding flare. From Figure 7a,b (as well as using contours) it is
possible to determine what the expected transit speed will be depending on the longitude
of the CME source and its initial speed.
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Figure 7. Dependencies of the expected transit velocities [V}] (a) and time of arrival ToA [T ] (b) on
the initial CME speed and longitude of the associated flare.

The features are explained by two factors that we have already mentioned. First, the
projection effect that leads, in particular, to artificial depletion by low-speed CMEs in the
central zone. This is because they often cannot be registered by coronagraphs and the
CME speed towards the Earth for central events is usually higher than in the picture plane.
Second, for events that emerge from the near limb zone, there is an overestimation of the
ICME transit speed and an underestimation of the transit time, because for such ICMEs,
their lower-speed flank, rather than the nose part, hits the Earth.

Using data matrices mentioned above, we have the ability to calculate the expected
ICME speed for any longitude and initial CME speed, in particular, for those points that
served as the main sample for the analysis. Figure 8a,b shows plots of the observed speed
in the events under study (V},) and the speed calculated by the model (Vs) for (a) all events
in the sample and for (b) events in the central part of solar disk with longitudes ¢ < 10°.
The correlation coefficient for the entire sample (288 events) is cc = 0.8 = 0.035, and for the
central events (63 events) is cc = 0.9 £ 0.055. Recall that the initial similar distribution had
cc =0.64 £ 0.04 (see Figure 2), so we can assume that we have significantly improved the
result. It can be seen that in Figure 8 the scatter of points is quite large (about £200 km/s),
and there is still a prospect for improvement.
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1400 1400

1200 1200

Vir, km/s
Vtr' km/s
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800

600 800 1000 1200 600 800 1000 1200
Vs, km/s Vs, km/s

Figure 8. The relationship between actually observed and model-calculated ICME transit velocities
for (a) the full sample; for (b) central events ¢ < 10°.

The average absolute deviation of ToA for the created model is 11.6 h (for 288 events).
Note that the average absolute deviation of ToA for the initial empirical relationship without
taking into account solar sources longitudes (see Figure 2) was 13.4 h.

The created model makes it possible to estimate not only the transit speed of ICMEs,
but also the maximum speed of such interplanetary disturbances near Earth (the maximum
speed of the ejecta in the period of the ICME passage observed in situ by spacecrafts).The
estimate of the maximum speed recorded in an event is based on the regression presented
in Figure 9. It has been established that the maximum speed in the events of the studied
sample correlates very well with their actual transit speed (cc = 0.89 % 0.027), so the
estimates can be considered reliable. This is important, since the estimate of the maximum
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speed in an event is significant for more accurate prediction of the space weather state and
disturbances power in the Earth’s magnetosphere.

1800 0
1600
1400
1200
1000

Vmax, km/s

800
600
400

500 1000 1500 2000
Vtr’ km/s

Figure 9. The relationship between the maximum and transit ICME speeds for 288 events under study.

The developed model is already being used in the daily practice of the ZMIRAN Space
Weather Prediction Center (http://spaceweather.izmiran.ru/eng/index.html). Figure 10
shows a screenshot of the working version of the program used to calculate the transit and
maximum speeds of an ICME, as well as the time of its arrival to Earth, which is based on
the model described here above.

Transit velosity, km/sec
612

359

CME velocity | 204 kmfs ‘ 485 2+ 63.2

heliolongitude |3 °

Delay, hours

CALCULATE | 85.6+11.2

Maximum velocity, km/sec
515

346

430.4% 42.4

Figure 10. Screenshot of the program for calculating the expected transit and maximum speed and
propagation time of ICMEs created on the basis of the described model.

The numbers shown in the figure correspond to the calculation performed for the
event of 13 May 2021 associated with the B1.3 flare at 18:07 UT which occurred in AR12822
(N18W03), and the subsequent eruption of the solar filament recorded in the corona-
graph data at 19:36 UT with the initial speed of 204 km/s. According to our calcula-
tions, the corresponding ICME should have reached the Earth’s orbit on 17 May 2021 at
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08:12 UT & 11.2 h, and the shock arrival according to the DISCOVR satellite data occurred
on 17 May 2021 at 15:46 UT, i.e., our estimation was satisfactory. Note that according to the
ISWA model (https:/ /iswa.gsfc.nasa.gov/IswaSystemWebApp/), the arrival of this ICME
into the Earth’s orbit was predicted earlier: on 16 May 2021 at 21:49 £ 7 h.

Our estimation of the maximum speed (430.4 & 42.4 km/s) for this event turned out
to be somewhat overstated in comparison with the actually observed maximum values of
the SW speed (370 km /s for the second half of 17 May 2021 according to OMNI, https://
omniweb.gsfc.nasa.gov/). The delay in the time of registration and the decrease in the speed
of this ICME can be explained by the fact that the Earth was in another SW disturbance in
the previous day. In the given example, the estimate of the transit speed turned out to be
satisfactory. However, it should be taken into account that, in the studied sample, only 22.2%
of events had an initial CME speed < 400 km/s, so our model is more adapted to estimating
CMEs of higher speeds. We also tried to find as an example a fast and powerful event.
However, at the moment in the used CME catalog (https://cdaw.gsfc.nasa.gov/CME_list/)
for the year of 2021, there are no events that could belong to the control group (fast central
CMEs that reached the Earth). A series of flares and subsequent CMEs suitable for these
conditions registered in May 2021 turned out to be difficult to separate from each other, so
the calculations for them have been considered unreliable.

4. Conclusions

We have reviewed and analyzed 288 CMEs registered with the SOHO/LASCO coron-
agraph, associated with solar flares and then observed in near-Earth space.

It is shown that the relationship between an ICME transit speed and the initial CME
speed is non-linear at low velocities, which confirms the results reported in previous works
(e.g., [23,24]). The revealed non-linearity is most pronounced for CMEs from the central
heliolongitudinal zone.

It has been established that ICMEs transit speed and time of arrival (ToA) depend
not only on the initial speed of the corresponding CME but also on the longitude of the
associated solar flare.

It is shown that the ICME transit speed in the studied sample of 288 events is closely
related to the maximum speed observed on Earth.

A model has been created that takes into account the solar data that accompany the
generation of CMEs: initial speed and heliolongitude of the source, which makes it possible
to estimate ICMEs transit speed and arrival time, as well as the maximum speed of the
interplanetary disturbance in near-Earth space. Accounting for the longitude of solar
sources significantly improves the quality of the model.

The results obtained are applicable in forecasting a state of space weather.

In the future it is planned to expand the statistics used in the model and carry out work
to improve the quality of estimates. Low-speed CMEs should be investigated separately.
Perhaps it is worth considering more carefully the events at different phases of the solar cycle,
since, for example, ref. [57] showed that at different phases of the solar cycle there is a dif-
ferent CME deflection resulting from the background solar magnetic field. It is also planned
to combine the created model with the model of the ICMEs arrival probability which will
improve our estimates for events with large longitudes of solar sources. Recall that all the
results obtained do not apply to all CMEs, but only to those that were reliably identified in
coronagraphic data and the corresponding ICMEs reached the Earth. Nevertheless, a wider
application of our model is also possible, for example, for solving the inverse problem:
estimating the initial CME velocities from the observed transit times, in cases where the
coronagraphic data were absent or unreliable. In addition, in this paper, we considered
those events for which the initial, transit, and maximum speeds were known, but there
are a lot of events for which we know only the transit speed (19th solar cycle events, for
example), and the relationships we identified can be used to estimate the CME speed and
the maximum SW disturbance speed. This is also a task for future research.
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