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Abstract: Solar wind (SW) disturbances associated with coronal mass ejections (CMEs) cause sig-
nificant geomagnetic storms, which may lead to the malfunction or damage of sensitive on-ground
and space-based critical infrastructure. CMEs are formed in the solar corona, and then propagate to
the Earth through the heliosphere as Interplanetary CME (ICME) structures. We describe the main
principles in development with the online, semi-empirical system known as the Space Monitoring
Data Center (SMDC) of the Moscow State University, which forecasts arrival of ICMEs to Earth. The
initial parameters of CMEs (speeds, startup times, location of the source) are determined using data
from publicly available catalogs based on solar images from space telescopes and coronagraphs.
After selecting the events directed to Earth, the expected arrival time and speed of ICMEs at the L1
point are defined using the Drag-Based model (DBM), which describes propagation of CMEs through
the heliosphere under interaction with the modeled quasi-stationary SW. We present the test results
of the ICME forecast in the falling phase of Cycle 24 obtained with the basic version of SMDC in
comparison with results of other models, its optimization and estimations of the confidence intervals,
and probabilities of a successful forecast.

Keywords: solar wind; space weather forecasting; coronal mass ejections; interplanetary coronal
mass ejections; high-speed solar wind; Drag-Based Model

1. Introduction

Since the discovery of solar wind (SW) in 1960s [1,2], it was discovered that transient
anomalies of the SW stream associated with solar eruptions may cause disturbances in
the near-Earth space due to the release of considerable energy from SW to the Earth’s
magnetosphere. These disturbances can be harmful to modern on-ground and space-based
technical systems due to their high sensitivity, complexity, and global interrelationship.
The main task of the space weather forecasting system is to warn about the appearance
of significant SW disturbances in near-Earth space and beyond, in order to prevent the
malfunction or even destruction of sensitive technological systems on Earth and in space.
Online tools based on the data of regular solar observations can provide the information
needed to protect these systems from probable geomagnetic effects in advance of two to
five days.

Regular observations of the SW parameters by dedicated spacecraft reveal the SW
disturbances as enhancements of the magnetic field strength, flow speed, density, and
composition of the SW plasma. Commonly, (see, e.g., [3,4] and the references therein), in
near-Earth space the SW disturbances are considered in relation to three basic types of SW:
(1) High-speed streams (HSSs) associated with coronal holes (CHs); (2) Slow, inter-stream
SW (SSWs); and (3) Transient flows associated with coronal mass ejections (CMEs) of two
types—magnetic clouds and ejecta, revealed in the heliosphere as interplanetary coronal
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mass ejections (ICMEs). In addition, there are other important, shorter-time SW features
as shocks, magnetic stream interface regions (SIRs), co-rotating interaction regions (CIRs),
sheaths (plasma density enhancements), and heliospheric current sheets. The mentioned
features have specific signatures [4—6], although, due to the interaction of different streams
in the heliosphere, some signatures may be only partly expressed or fully absent [7,8].

When the SW irregularities approach Earth, they may disturb the magnetosphere,
sometimes causing geomagnetic storms. The strongest geomagnetic disturbances are
associated with one, or a sequence of, CMEs. According to the data presented in the catalog
of the Space Research Institute, Moscow, described in [4], in the period 1976-2000 (solar
cycles 21-23) the largest geo-effectiveness was observed for CMEs (magnetic clouds with
sheaths)—61%, for CIR and ejecta with sheaths —20-21%, for sheaths alone—15%, and
ejecta without sheath—8%. Some other results from the statistical analysis of the CME
geo-effectiveness in different phases of the solar activity can be found in [9-13].

Since the efforts of modeling the CME magnetic structure are not currently enough
successful [14-17], a reliable forecast of the SW geo-effectiveness is currently possible only
from the in-situ measurements of SW parameters at near-Earth orbit. The task of the
online CME forecasting system is to provide a warning of the CME arrival time and speed
at the L1 point within the reasonable waiting interval of 12-24 h. When the forecasted
CME arrives to L1 and the in-situ SW measurements confirm its geo-effectiveness, the
alarm of the geomagnetic storm is issued with the clarified time of its appearance and
estimated significance.

Quasi-stationary SW streams (QSW) consisting of HSS and SSW are the most impor-
tant components of the interplanetary environment where CMEs propagate. SSWs with
velocities varying from about 250 to 350-400 km s~ ! and HSSs with velocities from about
400 to 900 km s~ ! constitute the background SW, which governs propagation of CMEs in
the heliosphere by accelerating or decelerating them. Therefore, modeling of QSW is an
important part of the ICME prediction.

At present, there are several models for predicting the parameters of QSW. Quite
often, empirical relationships are implemented that connect solar coronal or photospheric
parameters determined from magnetic field or radiation measurements to the speed of
QSWs at several solar radii (Rg,,), and then recalculate to 1 AU. The most well-known is a
semi-empirical Wang-Sheeley-Arge (WSA) model [18,19]. The WSA model is based on the
photospheric magnetograms and calculations of the magnetic field on the source surface in
the potential field source surface (PFSS) approximation.

A number of other empirical models predict QSW speed based on the analysis of
the parameters of CHs; the regions of open configuration of the photospheric magnetic
field lines. Extensive CHs extended to low solar latitudes are the coronal sources of QSWs
observed in near-Earth orbit for several days, or even weeks [20]. Such models often use
images of the Sun in the extreme ultraviolet region of the spectrum (e.g., [21-24]). For long-
term modeling QSW, some of the models use the measured SW parameters in near-Earth
orbit obtained during previous solar rotations [25].

Simulation of the CME/ICME propagation by any model embraces localization of the
primary CME source at the Sun; selection of the events directed to Earth and modeling a
passage of CME in the heliosphere taking into account its probable interaction with QSW
and other CMEs. Origination of CMEs in the solar corona is associated with spontaneous
eruption of the coronal plasma, which can be revealed from regular solar observations
by specific signatures such as coronal dimmings, expanding loop structures in the low
corona seen by extreme ultraviolet (EUV) telescopes, and expanding regions of density
enhancements seen by coronagraphs.

Coronal dimmings, localized regions of reduced emission in extreme ultraviolet and
soft X-rays, are interpreted as density depletions due to mass loss during the CME expan-
sion in the lower corona (e.g., [6-8]). Dimmings provide important information on the
initiation and early evolution of CMEs before they appear in coronagraphs. The formation
and properties of dimmings were studied in many publications (see, e.g., [26-30]. The
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relationship between the parameters of the dimming regions and the associated CMEs
have been analyzed in several studies (e.g., [31-33]). All of the necessary information about
dimmings starting from May, 2010 has been gathered by Solar Demon software [34], which
automatically detects and characterizes dimmings in a semi-automatic way by analysis of
the images obtained by the Atmospheric Imaging Assembly EUV telescope at the Solar Dy-
namic Observatory (SDO/AIA) in the 21.1 nm band. Detections are performed both in near
real-time on quick-look data, as well as on synoptic science data to generate event catalogs.

The developing CMEs appear in the coronagraph’s field of view (above ~2 Rg,) as
expanding plasma structures accelerate or decelerate in the upper corona [35-37]. Analysis
of coronagraphic images [38] enables the determination of the speeds and masses of CMEs.
However, it only gives expansion speed in projection to the plane-of-sky. The radial
component of the CME speed can be restored from the expansion speed in the frames of
some geometrical models, like the cone model or the “Ice-cream” model [39,40]. However,
most of the geo-effective CMEs moving towards the Earth are wide, and according to the
cone-type model, Earth-directed speed does not differ significantly from the expansion
speed [39].

The ICME kinematics in the heliosphere depend on the CME speed, mass, and size as
well as on the background (ambient) SW density and velocity. To describe the propagation
of CMEs/ICMEs in interplanetary space, the Drag-Based Model (DBM, [41-49]) is widely
used due to its simplicity and low computational cost. This model assumes that from a
certain distance from the Sun (typically, at R > 20 Rgyy), where the Lorentz and gravity
forces become negligible, the CME dynamics are governed by magnetohydrodynamic drag
produced by the interaction of the CME plasma with the interplanetary ambient SW. The
application of DBM for modeling CME propagation in the heliosphere is considered in
recent publications [49-52].

The aim of the current research is to consider the modeling approaches and their
realization in the developing online forecasting Space Monitoring Data Center (SMDC)
system for the forecast of the SW disturbances associated with the ICMEs near the Earth,
based on the data of regular solar observations accumulated in the available databases. We
describe the basic approaches used in the SMDC realization and the results of its application
on the events in 2015-2017. In Chapter 2 (Data and Methods) we consider the data sources,
principles of the forecasting procedure, and a choice of the input data and the model
parameters. In Chapter 3 (Results) we describe the results of validation of the basic SMDC
system, their comparison with the results of other models, optimization of SMDC using the
ensemble approach, and estimations of the confidence intervals of successive forecasts. In
Chapter 4 (Discussion) we analyze the probable causes of missing and false predictions,
and consider possibilities to adjust the SMDC according with current solar conditions. The
final remarks are given in Conclusion.

2. Data and Methods
2.1. Main Principles of SMDC and Sources of the Input Data

Until now, efforts to create a full-scale digital or physical operational model to pre-
dict geomagnetic storms with sufficient accuracy based on the currently available solar
observations were not successful enough. The main cause is that the evolution of the SW
magnetic structure in the upper corona and in the inner heliosphere is poorly understood
due to the lack of direct observations (the investigations of the Parker Solar Probe and
Solar Orbiter missions inspire good hope). Additionally, the propagation of SW streams in
the corona and heliosphere takes place in sufficiently different conditions, so it cannot be
described by a single physical model. Under these circumstances, the best method is to
divide the whole task into several successive parts: the coronal part, the heliospheric part,
and the geomagnetic part, which have different space and temporal scales. The coronal part
extends in distance from 0.1 to ~20 Rg,, from the Sun with a duration of several hours to
half of a day, the heliospheric part—extends in distance from 20 to 215 Rg, with a duration
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of 1 to 5 days, and the geomagnetic part—from 10 to 1 Rg,¢, from the Earth with duration
from ~2 h to 1 day [53].

In the coronal part, optical observations of the coronal structures by space telescopes
and coronagraphs provide data about the appearance and formation of SW streams, which
further propagate in the heliosphere. Near the Earth, typically in the L1 point, measure-
ments of the temporal profiles of the SW plasma and magnetic field parameters allow the
forecasting of the following geomagnetic effects with high reliability. Thus, the most critical
element for the determination of the onset time of geomagnetic effects associated with
CME:s is the heliospheric part, where propagation of the SW disturbances may be modeled
using the initial data obtained from the coronal observations, taking into account their
probable interaction with the streams from other solar sources.

Thus, the online forecasting system that is under development should contain two
parts. The first, coronal part is based on regular images from SDO/AIA [54], available from
the Joint Science Operations Center (JSOC) database (http:/ /jsoc.stanford.edu (accessed
on 20 September 2022)), and from The Large Angle Spectrometric COronagraph (LASCO)
onboard the Solar and Heliospheric Observatory (SOHO) [55]). The CME data obtained
from the LASCO images are presented in the automatically processed Computer Aided
CME Tracking (CACTus) LASCO CME catalog (https://www.sidc.be/cactus (accessed
on 20 September 2022)) and in the Coordinated Data Analysis Workshop (CDAW) cata-
log (https:/ /cdaw.gsfc.nasa.gov/CME_list (accessed on 20 September 2022)). A detailed
comparison of the CACTus and CDAW data for the solar cycles 23 and 24 is given in [56].

Information concerning the onset time and location of the CME-associated dimmings
are taken from the Solar Demon catalog (http://solardemon.oma.be, [34] (accessed on
20 September 2022)). The Solar Demon website contains a summary of the dimmings,
providing the start, peak, and end time of the dimming, the latitude and longitude of its
barycenter, the intensity change over time, details about the nearest active region, and the
area of the dimming for each event. The parameters of dimmings taken from Solar Demon
are used for preliminary filtering of the events in order to distinguish the Earth-directed
CMEs. The details concerning the event selection are considered below.

The time and speed of the appearance of the selected CME-associated flows in the
coronagraphic images are used in the second part of the prediction procedure—modeling
of the CME propagation in the heliosphere. For this purpose, we used the basic version of
DBM [41-44] founded on the equation for the drag force acceleration:

= 1w |-, 0
where v is the CME velocity and w represents the ambient SW speed (in km s71), v (in
km~1) is the drag parameter (see e.g., [42,45,46]). The online version of the DBM is available
at the site https://oh.geof.unizg.hr/DBM /dbm.php (accessed on 24 October 2022). The
initial parameters for simulation include: the time and speed of the CME-related flows
at the distance R = 20 Rg,, (T20, V20), the speed w of the background SW, and the drag
parameter y. The typical error of the DBM method in its basic form can be estimated as
+10 h (in time) and +50 km s~ ! (in speed) [47,48]. These errors depend on uncertainties
in the measured initial CME speed, in the speed of ambient SW along the path of CME
in the heliosphere, and unknown drag coefficient. Typically, the values of 7y are taken in
the range from 1 x 1078 km~! (in the cases of bright massive CMEs in the fast solar-wind
environment with low density) up to 2 x 10~7 km ™! (in the cases of low-density CMEs in
the SSW [44,46]).

To validate the prediction results, we compared the predicted arrival time and speed
of ICMEs with the measured values using two main databases: the Richardson and Cane
ICME list (https:/ /izw1.caltech.edu/ACE/ASC/DATA /level3/icmetable2.html (accessed
on 20 September 2022)). [57], hereafter the R&C list) based on the data of the Advanced
Composition Explorer (ACE, [58]), and the catalog of solar events of the Space Research
Institute, Moscow, Russia (SRI, http://www.iki.rssi.ru/pub/omni (accessed on 20 Septem-
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ber 2022), [59]), based on the OMNI data (https:/ /omniweb.gsfc.nasa.gov (accessed on 20
September 2022)). We compared a quality of the SMDC forecasts with the results of other
semi-empirical and numerical prediction models presented at the CME Scoreboard site of
NASA Coordinated Modeling Center (CCMC, https:/ /ccmc.gsfc.nasa.gov/scoreboards/
cme (accessed on 20 September 2022)).

2.2. Identification of the CME Sources and Selection of Events for Analysis

We determined the initial parameters of a CME for the SMDC system using the
CACTus data [60]. However, the total number of events in the CACTus database (i.e., in
2017 year it contains 369 events) is much greater than the number of ICMEs in the R&C
list (in 2017—9 events). CACTus contains many narrow events with an angular width
(da) less than 20 degrees (57% of all events for 2017). Such narrow CMEs are more likely
associated with the non-geo-effective ICME-like structures or enhancements of the slow
SW in contrast to the wider geo-effective CMEs [61]. Thus, it is necessary to apply the
preliminary selection of the CMEs directed to the Earth with considerable geo-effectiveness
propagating in the ecliptic plane and having significant angular width.

This selection can be applied after the determination of the CME sources as an impor-
tant part of the CME propagation modeling. The coronagraphic data do not contain the
necessary information about the CME direction, because the events propagating toward
the Earth are indiscernible from those moving in the opposite direction. Such selection can
be provided by using multi-coronagraph observations, but such data are available only
for special periods (i.e., by using the instruments onboard the Solar TErrestrial RElations
Observatory, STEREO-A and B spacecraft for 2008-2013). To address this issue, one could
use information about dimmings that are observed in the solar corona as a result of eruption
as being indicative of the CME source on the Solar disk. For this purpose, we used a special
CME selection algorithm, which includes the application of four filters based on both the
CME parameters and the characteristics of the CME-dimming correspondence.

Step 1: CME merging

The CACTus software, in some cases, detects a series of separated CME-like events.
To avoid ambiguity, we merge all events starting simultaneously (within £ 50 min) with
overlapping angular parameters. Then, we compare all merging events by their angular
width (da) and position angle (pa). The position angle pa is defined as the angle between the
north (0 degrees) and the center of the CME angular profile, measured counterclockwise
in the picture plane. If one of the CMEs is sufficiently wider than the others (e.g., halo or
partial halo), we select this one. In the other case, the temporal parameters of the merged
CMEs are defined as follows: CME start time: t_start = MIN(f_start_i), CME end time:
t_end = MAX(t_end_i), CME duration: dt = t_end—t_start, where t_start_i and t_end_i are the
values of start and end times of the individual merged CMEs. The da value of the merged
CMEs is determined by the uttermost points of the total angular profile, the pa-value—by
its middle point.

Step 2: Angular CME filter

After the CME merging, we remove narrow events depending on their position angle.
We regard events as equatorial if their pa is in the range of (60, 120) or (240, 300) degrees,
the other events we regard as polar. Finally, we select the equatorial CMEs with da > 30°
and the polar CMEs with da > 60°.

Step 3: CME-dimming correspondence

Dimmings are observed in the solar corona earlier than CMEs reach the coronagraph
field of view, and this time delay depends on the CME velocity and geometry. According
to statistical and case studies, this time delay constitutes from several minutes to a few
hours depending on the CME and instrument parameters. Harrison et al. [8] analyzed the
LASCO data for CMEs and the CDS instrument onboard SOHO for dimmings in 15-80 nm
spectral range. They found the minimum time delay of 40 min and maximum of more than
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3 h. In SMDC we assume that the dimmings should be observed in less than two hours
earlier than the CME start time.

We also check the correspondence between the CME and dimming parameters. To
make this examination, we compare the angle in the picture plane between the direction
from the center of the solar disk to the dimming geometric center and direction to the
north (counting counterclockwise) with the CME pa angle. If these angles match within
90 degrees, then the dimming—CME correspondence is established. If several suitable
dimmings appeared, we select the event closest in time to the CME start time.

Step 4: Filtering of the limb events

At this stage, we deselect all CMEs with sources that are located at the limb or on
the opposite side of the Sun. For this purpose, we examine whether the average R_dist
parameter of the dimming in Solar Demon (the distance of the dimming geometrical
center from the center of the Solar disk divided on the solar radius) is less than 1. If
R_dist > 1, it means that the dimming is observed above the limb, its source is located on
the limb or on the opposite side of the Sun evidently not directed to the Earth, so this event
should be deselected. The results of application of the described filters are summarized in
Table 1. The events passed the Step 4 filter we select for further processing, naming them as
predicted events.

Table 1. The number of events passed each step in the selection algorithm in the periods of 2015, 2016
and 2017.

Number of Events for Year 2015 2016 2017
CACTus (initial) 1730 922 580
Step 1 1505 854 555
Ratio 1, % 87 93 96
Step 2 341 188 134
Ratio 2, % 20 20 23
Step 3 144 42 30
Ratio 3, % 8 5 5
Step 4 82 22 14
Ratio 4, % 5 2 2

2.3. Modeling of the Background SW in the Heliosphere

The speed values of the background QSW, those of the initial parameters for DBM,
were obtained using the SMDC empirical model of QSW (SMDC QSW) [23,62]. The model
uses the parameters of coronal holes calculated from solar images from the SDO/AIA
telescope at the wavelength of 19.3 nm providing a forecast of the hourly values of the
QSW speed in the heliosphere up to 1 AU.

The areas of coronal holes are determined using a threshold algorithm for analyzing
solar images. The QSW speed is modeled from the areas of coronal holes calculated from
the region of the solar disk located near the central meridian (+20° in longitude and 440°
in latitude), according to the formula:

V(S,1) = Vinin + A-S(t)" @)

where S(ty) is the dimensionless relative area of CH situated within the zone distinguished
by latitude and longitude at the time moment ¢j on the image in the 19.3 nm band; V,,;,
is taken equal to 300 km s~! (the minimum speed calculated by the forecast algorithm in
the absence of HSSs from CHs); A and « are the algorithm dimensionless parameters that
are selected by minimizing modeling errors; t is the time of QSW arrival to the near-Earth
orbit based on the speed forecast. In this model, the time of QSW propagation from the
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source surface to 1 AU is computed by ballistic model, where the QSW movement in the
heliosphere is assumed to be uniform and radial. The QSW speed is calculated at several
points of the heliosphere: 20 Rgyn, 65 Rgyn, 115 Rgyn, 165 Rgyn, and 215 Rgyy, (1 AU) and can
be used as an input parameter for DBM to simulate the ICME arrival time and speed. The
forecast of QSW at 1 AU is posted in real time on the website of the Space Weather Analysis
Center of the SINP MSU (https:/ /swx.sinp.msu.ru/weather.php?lang=en (accessed on 20
September 2022)) [63]. The database of forecasts of the SW velocity starting from 2010 is
also available from the SINP data analysis and visualization service (a screenshot is given
in Figure 1) (https://swx.sinp.msu.ru/tools/davisat.php?gecm=1&lang=en (accessed on 25
August 2022)).

800

600 3
)

400

2022_08_08 2022'08-12 2022'08-1 62022_08_20 2022_08_24 2022_08_28

Figure 1. The picture represents measured (blue line) and on-line forecasted by the QSW model
(red line) velocities of the SW at the L1 Sun-Earth point from page at the SINP MSU site (https:
/ /swx.sinp.msu.ru/weather.php?lang=en (accessed on 25 August 2022)).

In the paper [62], we compare our QSW forecast results with the results of models
used by other scientific groups for the 24th solar cycle. Data for comparison were taken
from papers [21,64] for the periods 2011-2014 and 2011-2018, respectively. For the period
20112018, the correlation coefficient (CC) between the measured in-situ by ACE, and
predicted by our model QSW velocities, is 0.44, and the root-mean square error (RMSE) is
96 km s~ 1. These results of the QSW velocity forecast are comparable with the results of
other empirical and semi-empirical models presented in the papers cited above. It should
be mentioned that the forecast quality becomes worse for all models during the solar cycle
maximum compared to the periods of rise, decline, and minimum. Thus, for the period
2011-2014, the CC value drops to 0.34, while the RMSE value increases to 98 km s~ 1.

2.4. Modeling of CME Propagation in the Heliosphere by DBM

As it was mentioned in the Introduction, propagation of CMEs in the heliosphere can
be modeled with the use of DBM, which is valid from the distance of 20 Rg,, from the
Sun up to the Earth. The initial parameters of a CME for this modeling are the time and
speed at 20 Rgyp,, which can be obtained from the LASCO coronagraph images processed
by CACTus. Because the CACTus database provides the CME parameters from 2 to 6 Rgyp,
those are extrapolated to 20 Rgy, in assumption that the CME moves with constant speed
between the distance of the first appearance (~5 Rgyp) to the final distance of 20 Rgyp,.
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In SMDC, we use the basic version of the Drag-based model, which offers the following
solutions for the CME distance from the Sun r(t) and its speed v(t) [44]:

r(t) = j:%ln(li’y(vo —w)t) + wt 4 1y, 3)

Vg —w
u(t) =w+ e E—TL 4)
where w is the background SW speed (in km s 1), rg = 20 Rgyn (=1.39 x 1077 km) and v are
the CME speed (in km s~ 1) at the g, 7y is the drag parameter (in km™1), t is the simulation
time step equal to 1 h, “+” and “—" related to different modes of motion: deceleration
(vp > w) and acceleration (v < w) respectively.

According to the recommendations in [44], in the basic version of SMDC the drag
parameter was set to the constant value specific for the different ranges of the CME speed:
v =1x 1078 km~! for vy > 1000 km s7%; 2 x 1078 km~! for vy € [500,1000] km s~ !;
5x 1078 km~! for vy < 500 km s~!. The speed w of the ambient SW is provided by
the QSW model described above as a function of time in 4 space intervals 20-65 Rgyn,
65-115 Rgyn, 115-165 Rgyn and 165-215 Rgyy, assuming to be constant inside their bound-
aries. When the CME, in its modeled motion, enters the next interval, the value of w in

DBM changes to the corresponding value of the modeled QSW.

2.5. Scheme of Basic SMDC Forecasting System

The whole SMDC forecasting process is shown at the Figure 2. All necessary data are
updated every day: the CACTus database has a quick look catalogue that is updated every
6 h, the Solar Demon Database also has the quick look page that is updated every 3 min.
Thus, our selection method is available to run every 6 h to search for potentially significant
CMEs. The startup CME time and speed are taken from the CACTus database after four-
step filtering. Then, the initial parameters for DBM at 20 solar radii are determined in
assumption of the uniform CME motion. The ambient SW speed w is calculated according
to the QSW model taking the minimum value of 300 km s~! in the cases where no CHs are
present at the solar disc.

All data from the external sites are automatically uploaded to the SMDC servers several
times a day (presumably once every 6 h). After receiving fresh data, the forecast calculation
program starts and the results appear at the web page of the CME forecast, which will
then be created on the SINP MSU space weather website (https://swx.sinp.msu.ru/index.
php?lang=en, accessed on 24 October 2022) in the section “Applications/Heliosphere”.
This page contains information about the latest CMEs that meet the requirements of our
selection method and the prediction of the speed and time of arrival of these CMEs into the
Earth’s orbit. The whole calculation process runs on a personal computer quite fast; for
example, it takes 2 min to process all the data for 2015.


https://swx.sinp.msu.ru/index.php?lang=en
https://swx.sinp.msu.ru/index.php?lang=en

Universe 2022, 8, 565

9o0f21

CACTus CME Solar Demon EUV images
Database :‘JJ Dimming Database 19.3 nm (SDO)
(LASCO) (SDO)
every 6 h every 3 min update il

Event selecting using filtering Calculating QSW
(four steps); speed forecast using
Required CME parameters from the areas of coronal
Cactus: V_.CME, T start holes (every 1 h)

I

Uniform motion to 20 Rs

DBM run

DBM input
parameters

R, =20, 65, 115,165 Rs

Ty
Vg

w }'4_

DBM output: CME arrival Time and
Speed at the Earth

Figure 2. Scheme of the basic SMDC forecasting system. V_CME and T_start are the CME parameters
obtained from the CACTus database, Rs is the solar radius, Ry is the distance to which the DBM input
parameters are recalculated. Ty and vy are the CME parameters at 20Rs, w is the ambient SW speed, y
is a drag parameter.

3. Results
3.1. SMDC Test Results for 2015-2017 in Comparison with the ICME Catalogs and the CCMC
Scoreboard Results

The period of 2015 was chosen due to the number of CMEs and geo-effective events.
Since 2016, the number of CMEs has decreased, however, during the period 20162017
there were a large number of HSSs, so we learned how our system performs under different
conditions. For adjusting and testing the algorithm of SMDC, we compared our results for
2015 with the observed data presented in the R&C list [57], which contains 29 events for
that year. We also added 19 events indicated in the CCMC Scoreboard list [65] marked as
reached the Earth. We compared the appearance time of the ICME coronal source indicated
in the mentioned databases and considered that the ICME events should coincide within
one hour. In the cases where the ICME source was absent in the R&C list, we consider the
ICME events in these two bases as identical if their start times coincide within 24 h. After
merging, we obtained 34 ICME events in total. We used the ICME time parameters from
the R&C list for the events that were indicated there, or from the CCMC Scoreboard list for
events that were not in the R&C list.

Finally, we added events from the SRI solar events catalog selecting only the CME-
associated types of SW: Ejecta, MC, Shock + Sheath + Ejecta, Shock + Sheath + MC, which



Universe 2022, 8, 565

10 of 21

constitute, in total, 33 events of these types indicated in the SRI catalog [59]. There were
both unique events (that are indicated only in the SRI catalog—11 events) and events that
started within 24 h of events that we already selected from the R&C and CCMC Scoreboard
ICME lists (22 events). For these unique events, we used the time parameters from the
SRI catalog, and for others we used parameters that we obtained during the previous step.
Thus, we concatenate ICME events from three sources of information—R&C List, CCMC
Scoreboard list and SRI catalog, which gives 45 ICME events in 2015. Hereafter, we will
name them as the indicated events, or the events from the merged ICME list.

We evaluated the efficiency of our event selecting method in terms of “hit”, “miss’
and “false alarm” events. Hit events are those that we have predicted and that have been
indicated and presented in the ICME merged list. Misses are the events that we have not
predicted, but were indicated in the ICME merged database. False alarm events are events
being predicted but not indicated in the ICME merged list.

We consider that the event is predicted successfully (the hit event or predicted posi-
tively event), if it has the same coronal source as one from the ICME merged list. In 2015,
there were 45 detected ICME events, and 17 of those 45 had identified coronal sources
according to the CME databases (see Section 2.2). We positively predicted 14 of these
17 events (the hit rate is 82%), and for 100% of the predicted events the time error lies in
the range of £48 h. In the range of 24 h, hits were 64% of all events and in the range of
+12 h-43% of events. If the coronal source of an ICME was absent in the ICME catalogs,
but this event was positively predicted with an error of less than +48 h, we considered
such event as a hit event with an unknown coronal source. In 2015, there were 28 events
with unknown coronal sources in the ICME catalogs. We could predict 17 of them within
the accuracy of £48 h, which means a 61% hit rate. The time error lies in the range of 24 h
for 59% of the predicted events and in the range of +12 h for 41% of the predicted events.
We created the ICME list combined from the R&C list, CCMC Scoreboard data, and SRI
catalog for 2016 and 2017 in the same way as for 2015, and obtained the forecast results
for 2016-2017 according to the method described above including the selection algorithm
and models.

For the cases in which there were no events in the ICME merged list with the start
times within 48 h around the predicted arrival time of the CME, we treated this CME as a
false alarm event. In the opposite case, when there were no predicted events near the start
time of ICMEs within +48 h, we considered this event as a miss. The results for the entire
first set can be seen in Table 2.

7

Table 2. Numbers of the hit, miss and false alarm events predicted by the SMDC system in 2015-2017.
The number of the predicted events corresponds to the sum of the hit and false alarm events from
Table 1. obtained after the Step 4 filter. The percentage of the number of hits, misses and false alarms
to the sum of all three values is indicated in brackets.

Number of Events 2015 2016 2017
predicted events 82 22 14
hit 38 (39.5%) 7 (14%) 8 (20%)
miss 14 (14.5%) 29 (57%) 26 (65%)
false alarm 44 (46%) 15 (29%) 6 (15%)

We also compared our results with the CCMC Scoreboard analysis. In the paper [65],
the authors compared the forecast results obtained with different methods and analyzed
the calculated result by averaging over all predicted times given with different models,
the so-called “Average of methods”. They showed that the “Average of methods” results
correspond to the most probable values of the time error obtained from the statistical
distribution of errors for all methods for the period 2013-2018.

Table 3 presents a comparison of probabilities of the positive prediction with certain
accuracy (within £12 h, £24 h and +36 h) in different years with the basic SMDC system
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and with CCMC Scoreboard “Average of methods”. The scoreboard presents better results
in 2015, but in 2016 the SMDC is more accurate. In 2017, the probabilities to reach an
accuracy within 12 h are similar for these methods. The mean error (ME) for the whole
period 2015-2017 is equal to 5 h for the SMDC and —9 h for the “Average of methods”.
Figure 3 shows that the SMDC time error distribution is more symmetric. At the same time,
the root-mean-square error (RMSE) is lower for “Average of methods”: 22 h compared with
28 h for SMDC.

Table 3. Probabilities of the ICME forecast (in % of the observed hit events to all predictions) within
the confidence intervals dT. of the arrival time for 2015-2017 obtained by the basic SMDC and
published by CCMC Scoreboard “Average of methods”.

Year 2015 2016 2017
dT., hours <12 <24 <36 <12 <24 <36 <12 <24 <36
SMDC, % 42 61 83 43 57 71 40 40 60
Scoreboard, % 52 81 95 29 64 71 40 60 100

Number of
events (%)

| oml ml

[-62;-36] [-36;-12] [-12;12] [12; 36] [36; 62] hours

Figure 3. Distributions of the ICME arrival time errors for the events of 2015-2017 predicted by
SMDC (the white bars) and CCMC Scoreboard (the gray bars). The y-axis shows the percentage of the
observed hit events depending on the time error within the interval in hours marked on the x-axis.

Table 4 shows the probabilities of the ICME speed forecast for 2015-2017. Better results
were obtained for the year 2016, while the errors of speed predictions were the largest in
2017. To evaluate the error in the arrival speed, we compared the difference between the
predicted speed of the ICMEs from the merged database with the SW proton speed from
the OMNI database averaged over 24 h after the ICME start time.

Table 4. The probabilities of the ICME forecast (in % of the observed hit events to all predictions)
within the confidence intervals 4V of the arrival speed for 2015-2017 for the basic SMDC.

dV,, kms—1 <40 <80 <120 <160
2015 19 51 68 81
2016 29 43 86 86

2017 0 0 40 80
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3.2. Optimization of the Prediction Algorithm and Estimation of the Confidence Intervals

After analysis of the SMDC testing results, we carried out ensemble simulations using
a similar prediction algorithm in order to minimize errors and estimate the probabilities of
successfully forecasted (hit) events within different confidence intervals. For simulation,
we selected 17 ICMEs from the R&C list in the period 2013-2015 (Table 5). The criteria for
this selection were: appearance of evident dimmings and the indication of the associated
CMEs in both the CACTus and CDAW CME databases. Some of the selected events are
partly coincide with the SMDC test events for 2015, but their processing was completely
independent including the determination of the CME solar sources.

Table 5. Identification of solar origins for the selected ICMEs in the period 2013-2015 by RDBM.

# Tstart 1cme, UT Tro, UT T dimm,UT Liinm * 105, Lat, Lon,
(R&C) (y=0.2 x 107 km~1) (Solar Demon) DN s-1 deg deg
1 2013-03-17 15:00 2013-03-15 15:48 2013-03-15 06:04 —-1.26 8 -8
2 2013-04-14 17:00 2013-04-10 04:30 2013-04-11 07:00 —10.43 6 —16
3 2013-07-13 05:00 2013-07-09 03:19 2013-07-09 14:08 —6.97 17 -10
4 2013-08-23 20:00 2013-08-19 20:22 2013-08-21 03:22 —7.37 —16 —10
5 2013-10-02 23:00 2013-09-29 04:13 2013-09-29 21:22 —6.70 14 33
6 2014-02-16 05:00 2014-02-11 06:46 2014-02-12 04:24 —2.87 —13 7
7 2014-02-17 03:00 2014-02-12 12:55 2014-02-12 12:04 —8.42 5 25
8 2014-02-21 02:00 2014-02-17 18:22 2014-02-18 00:44 —7.89 —-25 -31
9 2014-04-21 07:00 2014-04-18 10:45 2014-04-18 12:46 —6.51 -21 35
10 2014-09-12 22:00 2014-09-10 16:13 2014-09-10 17:26 —12.94 16 -3
11 2015-03-17 13:00 2015-03-14 21:28 2015-03-15 00:48 —8.53 —-22 33
12 2015-04-10 13:00 2015-04-05 07:39 2015-04-06 18:42 —4.93 —15 —12
13 2015-06-23 02:00 2015-06-20 07:42 2015-06-21 01:40 —10.29 17 —16
14 2015-06-25 10:00 2015-06-22 12:04 2015-06-22 18:06 —5.48 17 7
15 2015-08-15 21:00 2015-08-12 03:40 2015-08-12 14:08 —2.63 —20 31
16 2015-11-07 06:00 2015-11-04 05:11 2015-11-04 13:42 —6.55 10 2
17 2015-12-20 03:00 2015-12-15 09:49 2015-12-16 08:04 —8.87 —12 1

Tstart icmMe—the start time of the selected ICME from the R&C catalog; T siym, Lgimm, Lat, Lon—start time, lowest
intensity and Stonyhurst central coordinates of the dimmings indicated in the Solar Demon database.

Based on our own experience and the results of the CME predictions by other mod-
els [49,65-69], we propose that the errors in the arrival speed and time predicted by DBM
are more critically defined by the accuracy of the difference between the CME speed and
speed of the ambient SW (dV = Ve -w) along the way from the Sun to the Earth, rather
than by the uncertainties in other input data as the CME start time and 1; it follows from
the quadratic dependence of the drag acceleration on 4V, whereas the dependence on other
parameters is linear. Furthermore, most of the prediction models consider CMEs as isolated
structures, for which the drag force depends mainly on their geometrical shape [67] or
variation of y in the lower corona [70]. However, it was found in [71] that the population
of single CMEs in 2010-2011 constitutes only about 52% of all events, the remaining 48% of
CMEs interact with other SW streams in the heliosphere. In any case, CMEs interact with
the ambient QSW, whose speeds may vary along the path from the Sun to the Earth. In the
optimization procedure, we used the SINP QSW model, which enables the simulation of
speed of the ambient SW along the heliosphere at any given time. Optimization of the drag
parameter is more difficult, because it depends on the interaction between the CME plasma
with the ambient SW (or other CMEs) in the heliosphere, so cannot be exactly known ahead.
Therefore, we used the ensemble of simulations with variable values of y and the modeled
QSW speed with correction coefficients adjusted to obtain the minimum prediction errors.
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To identify solar sources of the selected ICMEs, we tracked the ICMEs from the
Earth back to the Sun using DBM in the reverse order (the RDBM procedure). The whole
propagation range was divided into 4 subsequent spatial intervals in the reverse order
(215-165 Rgyp, 165-115 Reyn, 115-65 Rgyn, 65-20 Rgyn), and for each of them the arrival and
departure times and speeds of the CME flows were calculated using the DBM equation,
taking the drag acceleration term with the opposite sign. We calculated the ambient SW
speed values on these spatial intervals calculated from the QSW modeled data (the SMDC
website presents only the modeled speeds for 1 AU). It was found that the best agreement
in time between the modeled and measured ICME parameters was achieved by using the
QSW modeled speed with the correction coefficient 0.9, and by cutting its minimum value
to 350 km s~ L. It corresponds to the best agreement between the modeled QSW speed and
the measured SW speed in the slow SW according to the SRI catalog and the ACE data.
The drag parameter was taken equal to v = 0.2 x 10~7 km~!. As a result, we obtained the
supposed time (Trpo) and speed (Vryg) of the CMEs at a distance of 20 Rg,p, (hereafter Ryg)
from the solar surface, which then were extrapolated to the solar surface (Tro, Vro at Ro)
by taking the average speed equal to Vgy0/2 (in assumption of uniform acceleration of the
CME plasma between Ry and Ryp).

We determined the sources of eruption by dimmings closest in time from the Solar
Demon database, using that the dimming start time should be nearest in time to Ty and
its center was closest to the disk center as criteria. The centers of the found dimmings
were positioned within —25° to 17° in latitude and —31° to 35° in longitude, with the
lowest intensity in the dimming regions being from —1.24 x 10° to —12.9 x 10° DN's™ L.
The corresponding CMEs were present in the CDAW and CACTus catalogs; their first
appearance times differed from the dimming start time by less than 2 h. Parameters of the
solar sources for the selected ICMEs are shown in Table 5.

At the second step, we calculated the predicted arrival time and speed of ICME to
the Earth by the direct DBM in 4 spatial segments using the CACTus and CDAW times
and speeds extrapolated to Ry (see Ty, Vg in Table 6) as the initial data for the first
segment. For other segments, we used as the initial data the departure time and speed of
the previous segment.

Table 6. Parameters of the CME sources identified from the CACTus and CDAW databases.

# TRrao, UT szig'l T2_cpaw, UT Vlz((;;l?,AlW T20_cactuss UT Vi’;lcsffus
1 2013-03-15 01:20 811 2013-03-15 10:06 1161 2013-03-15 10:14 1016
2 2013-04-10 22:30 429 2013-04-11 10:59 819 2013-04-11 11:25 809
3 2013-07-09 18:44 502 2013-07-09 22:05 290 2013-07-09 23:17 392
4 2013-08-20 12:32 478 2013-08-21 13:14 321 2013-08-21 11:01 513
5 2013-09-29 18:45 532 2013-09-30 00:53 1164 2013-09-30 02:26 767
6 2014-02-12 02:43 388 2014-02-12 14:17 494 2014-02-12 13:13 441
7 2014-02-13 07:08 424 2014-02-12 19:00 492 2014-02-12 17:08 653
8 2014-02-18 05:37 687 2014-02-18 05:34 712 2014-02-18 04:56 926
9 2014-04-18 19:55 844 2014-04-18 15:59 1245 2014-04-18 16:16 1080
10 2014-09-10 22:12 1290 2014-09-10 20:26 1119 2014-09-10 20:54 994
11 2015-03-15 05:44 935 2015-03-15 06:06 682 2015-03-15 05:20 982
12 2015-04-06 05:39 351 2015-04-07 02:50 450 2015-04-07 01:55 474
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Table 6. Cont.
VR0, Vao_ Vao_
# TRrao, UT K nf igl T20_cpaw, UT li(;n(;D,AlW T20_cactuss UT i’mcsff"s
13 2015-06-20 17:51 761 2015-06-21 04:51 1434 2015-06-21 05:12 1190
14 2015-06-22 21:42 804 2015-06-22 21:09 1147 2015-06-22 21:44 982
15 2015-08-12 18:39 516 2015-08-12 19:35 687 2015-08-12 20:09 624
16 2015-11-04 14:48 803 2015-11-04 20:09 701 2015-11-04 19:08 652
17 2015-12-16 05:02 402 2015-12-16 14:56 487 2015-12-16 13:43 716

T20_cacrus, V2o cactus, T20 cpaw, V2o cpaw -times and speeds extrapolated from the CDAW and CACTus data;
Tr20, Vr2o—those obtained by RDBM. All times in hours, speeds—in km/s.

To determine the optimal y-value, we fulfilled calculations with 7y changing from 0
to1l x 1077 km~!in 0.05 x 107 steps. Thus, for each y-value we obtained the modeled
arrival times and speeds for all selected ICMEs, which then we compared with the start
time and average speed of the primary ICMEs indicated in the R&C list. Figure 4 shows
the dependence of averaged (over all set of ICMEs) mean difference in time (dT) and speed
(dV) between the modeled and measured values as a function of .
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Figure 4. The time (dT) and speed (dV) difference between the modeled by the ensemble SMDC
arrival times and speeds of the ICMEs and start times and averaged speeds in the R&C catalog as a
function of y for the CACTus (the black lines and symbols) and CDAW (the red lines and symbols)
initial data. The dashed line corresponds to the optimal y-value.

As a result, we determined that in both cases of the CACTus and CDAW initial data,
the minimum differences dT, dV correspond to 7 = 0.3 x 107 km~! which can be regarded
as the optimal value for the given set of ICMEs. The same value was found in [68] using
the Probabilistic Drag-Based Ensemble Model (DBEM), where the stochastic ensemble
approach was applied for 146 ICME events from the R&C list (1996-2015).

Table 7 shows the calculated with 7 = ot values of the prediction errors ME and
MAE (mean absolute error) for the modeled with the ensemble SMDC arrival time dT and
speed dV averaged over the studied set of the events (hits) with the corresponding standard
deviations (SD).
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Table 7. Prediction errors ME, MAE and SD for the tested ICME set obtained with the ensemble
SMDC using the CACtus and CDAW data and 7yt = 0.3 x 1077 km™! in comparison with the
“Average of all methods” Scoreboard data (see Table 3 from [65]) and with basic SMDC.

CACTus CDAW Scoreboard Basic SMDC (2015)
Data Parameter
Value SD Value SD Value SD Value SD
ME(T), h —-0.09 124 1.6 14.1 —3.67 17.1 2.7 26.8
MAE(T), h 8.8 8.4 10.7 8.9 129 - 20.8 25.6
ME(dV), km s 1 0.94 472 0.35 41.8 - - 6.2 101.6
MAE(dV), km s~! 375 27.0 34.2 22.5 - - 82.3 100.1

% of events

100

80

40}

20}

The comparison of these results with those presented in the Scoreboard “Average of all
methods” (Table 3 from [65]) shows that the ensemble SMDC model provides a prediction
of the arrival time of the hit events with accuracy at the level, or even better than, the
“Average of all models” errors presented in the Scoreboard (the errors in speed are not
evaluated in Scoreboard). The accuracy of the ensemble SMDC in the ICME arrival speed
(ME(dV) and MAE(dV) values in Table 7) are sufficiently better than that found in [68] with
the DBEM v3 model: ME = 79.7 km s~!, MAE = 131.2 km s~ .

In order to estimate probabilities and confidence intervals of successful forecast (hits),
we analyzed the spreads of absolute values of dT and dV for all selected ICMEs obtained
with the ensemble SMDC model using the optimal v value. The results are presented in
Figure 5 and in Table 8. According to the Student’s ¢-distribution, the confidence level of
our results obtained on 17 events is 0.95.
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Figure 5. Probabilities of the ICME forecast obtained with the ensemble model for Yopt = 0.3 X 1077
km~1 as a function of the confidence intervals: (a) for the values |dT| < dT,, (b) for 1dV | < dVc. The
black lines correspond to the initial CACTus data, the red lines—to the CDAW data. The dashed lines
show the limits of the confidence intervals according to Table 8.

Table 8. Probabilities of the ICME forecast in % within the defined confidence intervals of arrival
time dT, and speed dV for the set of events of 20132015 obtained with the ensemble model for the
CACTus and CDAW initial data and 7y = 0.3 x 1077 km L.

dT., Hours dV,, kms—1
<12 <24 <40 <80
CACTus 59 94 65 94
CDAW 65 94 65 88

Confidence Intervals
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4. Discussion

According to Table 2, from 2015 to 2017 the numbers of hit and false alarm events
decreased, while the number of the miss events increased. The values in brackets also
show this (however, the difference between 2016 and 2017 is due to the small number of
events which, reduces the significance of averaging). This effect may be described by the
ratio between the number of the predicted events and the number of the events indicated
in the ICME merged base. This value is called a “bias score”, where a bias score greater
than 1 means a tendency to over-forecast, and the opposite situation means a tendency
to under-forecast the prediction. The bias score obtained from Table 2 changes from 1.82
for 2015 to 0.61 for 2016, and finally to the value of 0.45 for 2017. This means that while
the number of indicated near the Earth ICMEs decreases gradually, the number of CME
sources that satisfied our selection algorithm drops sharply along with the decline in the
solar activity. We could relate this to the Step 3 in our algorithm. The number of detected
dimming decreases drastically in 2016 and 2017, as do the number of CMEs satisfied the
Step 3 requirements. There were several months when only one or two dimmings were
detected (December 2016, February 2017, March and May 2017, December 2017). As a
result, the ratio of the final number of events after Step 4 to that of the initial CACTus is
larger in 2015 (= 5%) compared to subsequent years (~ 2%), and this affects the quality of
the forecast. It leads us to the suggestion that we should use different selection steps for the
different phases of the solar activity cycle. Near the maximum phase of the solar cycle, we
can add more selection steps based on the CACTus and Solar Demon data such as dimming
size, intensity, location, CME duration etc., in order to decrease the number of false alarms.
At the same time, we can remove some selection steps for the solar minimum and decrease
the number of misses. From all of the above, it follows that modifying the parameters
of the selection algorithm for different periods is the one possible way to improve the
forecast results.

There are several reasons that could explain the increase in the number of false alarms
and misses. While comparing our results with the CCMC “Average all methods” we
discovered that there are events that were presented in both predictions, but were not
indicated in the ICME catalogs. On the other hand, there were events that could not be
predicted by any model presented in the Scoreboard. That means that the causes of such
false alarms and misses are not in our selection algorithm, but are more likely connected
with the physical processes that govern the CME propagation through the heliosphere. For
example, there was an event observed with LASCO coronagraphs on 9 November 2015
at 14:00 UT. We predicted this event, and so did three different scientific teams (Goddard
Space Flight Center, Greenbelt, USA; Met Office, Exeter, UK; NSSC CAS, Beijing, China),
according to the Scoreboard. However, that CME was not detected at the Earth.

The theory of CME deflection was well developed in [72,73]. The main idea of this
theory is that a CME that moves slower than the background SW is deflected to the west.
In contrast, when a CME moves faster than the background SW, the CME is deflected
to the east. In fact, the DBM model takes into account the influence of the background
solar wind, but does not consider that the background SW moves not radially, but along
the Parker spiral, so it must not only accelerate or decelerate the CME but also deflect it.
However, the research in [74] shows that this effect may not occur when we simulate the
CME shock propagation. In [75], the system (iCAF) that takes into account deflection effect
was proposed. It shows that taking the deflection phenomenon into account improves
the success rate (the hits to observed ratio) by 19 percent. Currently, the SMDC system
uses DBM in one-dimensional mode, but we plan to incorporate the deflection theory in
the future. In addition, by the ensemble modeling it was shown that application of the
correcting coefficients to the modeled QSW speed and optimization of ¢y may noticeably
improve the prediction accuracy.

Another possible origin of the false alarms and miss events can be a type of CME inter-
action in the solar corona that changes the direction of the CME propagation. Gopalswamy
et al. [76] analyzed the influence of coronal holes on the CME propagation and showed
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that open magnetic field lines from coronal holes cause CMEs to move away from their
injtial direction and deflect from the radial propagation. This effect is more pronounced in
the solar activity declining phase, but also could be observed during the solar minimum
and the rising phase. The following articles [77,78] describe different cases of the CME
deflection caused by the background magnetic field.

The multi-CME events represent a more complicated case to forecast. The CME-CME
interaction may influence forecast accuracy and lead to unexpectedly high geo-effectiveness
of the event [71,79]. For example, in 2017 there were events with a CME-CME interaction
which occurred in September. There was one event on the fourth of September and three
events on the sixth of September that we revealed after applying the selection algorithm. In
the present research, we do not take into account the CME-CME interaction effect on the
CME arrival time and speed forecast, but in the future, it is possible with DBM model by
using the speed of the previous CME as a background SW speed for the following CME.
Werner et al. [80] used the MHD simulation for this event, and Scolini et al. [81] analyzed
the geo-effectiveness of such structures.

Finally, we want to address one more cause for misses which is connected to the
question: how do we determine that plasma parameters at the Earth’s orbit are related to
ICME plasma? Each ICME database or catalog uses its own criteria for such determination.
There are papers that have shown that some ICMEs were detected at the Earth’s orbit,
but they did not list in catalogs because they do not meet the criteria [61,82]. Such events
are not very geo-effective or powerful, but we should take them into account to properly
evaluate our forecast methods.

According to the validation results, the most accurate forecasts with the DBM-based
model (minimum dT and dV for appropriate ) are achieved if the relative difference
between the CME and ambient SW speeds at the starting point Ry (| Vp-w | /w) is larger
than 1. In this case, when this value is much less than 1, that is Vo ~ w, the drag force
becomes insignificant, and the expected time of arrival weakly depends on the y-value.
Such a situation is typical for the solar minimum, when the CME speed is low, so even
small inaccuracies in the speed of a CME or background SW can cause large changes in the
calculated arrival time. These cases, when the initial CME speed is less than the ambient
SW speed, most likely need special consideration.

Comparing the results of the basic SMDC presented in Section 3.1 with that of the
optimized ensemble version (Section 3.2) shows that the optimization of the background
SW speed and the y-value can sufficiently increase the accuracies of the arrival time and
speed of ICMEs. The ensemble approach was successfully tested on the selected set of
events and can be applied to improve uncertainties in the operational mode of forecasts.
For this, if a new CME is identified after the initial filtering, the ensemble procedure should
be processed on a sliding set of 10-15 previously positively forecasted (hit) CMEs. As a
result, the optimal values of v and the correction coefficients for the QSW speed will be
defined, so the system will be adjusted to the current conditions of solar activity. The new
forecast of the ICME arrival will be carried out with optimized parameters, and its accuracy
will be defined by probabilities within the updated confidence intervals.

5. Conclusions

In this work we considered the main principles of operation of the SMDC online
prediction system based on the data of available solar catalogs. The basic version of SMDC
was tested on the ICME events of 2015-2017. We studied the possibilities to optimize
predictions given by the system using the ensemble approach for the data from 2013-2015.
The tests showed that the optimized SMDC system is able to provide a prediction of the
ICME arrival to the Earth with high probability within the confidence intervals at the
level of the best ICME forecasting models. The combination of the basic SMDC with the
ensemble preprocessing of the previous events enables improved accuracy of predictions
in the varying conditions of the solar activity.
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